
Novel Solid Electrolytes Derived From Polymer Syntheses 
 

by 
 

Xinyu Zhang 

A dissertation submitted in partial fulfillment 
 of the requirements for the degree of  

Doctor of Philosophy 
(Materials Science and Engineering) 

in the University of Michigan 
2021 

Doctoral Committee: 
 
Professor Richard M. Laine, Chair  
Professor John Heron 
Professor Stephen Maldonado 
Professor Wenhao Sun  
 

 

  



 
 
 
 
 
 
 
 
 
 
 
 
 

Xinyu Zhang 
  

xinyumz@umich.edu  
  

ORCID iD:  0000-0003-2971-9185 
 
  
  

© Xinyu Zhang 2021 



ii 
 

Dedication 
 

To my parents and my friends who supported me and made everything possible. 

In the memory of Prof. Dr. Andreas Hintennach. 

 

 



iii 
 

Acknowledgements 
 

First, I would like to express my appreciation to my advisor, Professor Richard M. Laine, for 

his mentorship. I would not be where I am without his guidance, support, patience and encourage-

ment over the years. I am also grateful for the support of Professor John Heron, Professor Wenhao 

Sun, and Professor Stephen Maldonado for serving on my committee.  

I would also like to thank my colleagues in the Laine group, including Dr. Eleni Temeche, 

Mengjie Yu, Jun Guan, Taylor Brandt, Philyong Kim, and Dr. Eongyu Yi. I also want to thank 

visiting scholars and undergraduate student researchers for their assistance and contribution, espe-

cially Tiffany Liu, Xiaopo Chen, Zejun Sun, Christina Said, Dr. Jonathan Rubio Arias, Monika 

Jansohn and Dr. Mitra Khiabani.  

I want to express my special thanks to my parents, family and friends. In particular, I must 

thank my friend Andrew Alexander for his contribution of the MALDI calculation computer pro-

gram that made it possible for polymer precursor structural analyses, as well as his support and 

partnership along this journey.  

I would like to thank Dr. Eleni Temeche a second time for not only her important contribution 

on electrochemical characterization of the polymer precursors, but also her great friendship.  

Finally, I would like to acknowledge the financial support from Department of Energy, Na-

tional Science Foundation, and Mercedes-Benz Research & Development North America. I espe-

cially thank Mr. Tobias Glossmann and Prof. Dr. Andreas Hintennach for their support, encouragement 

and collaboration.  



iv 
 

 
 
 
 
 

Table of Contents 

 
Dedication .................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ................................................................................................................................ vii 

List of Schemes ................................................................................................................................x 

List of Figures ................................................................................................................................ xi 

List of Appendices .........................................................................................................................xx 

Abstract ................................................................................................................................. xxi 

Chapter 1 Introduction .................................................................................................................1 

1.1 Research background and motivation ......................................................................... 1 

1.2 Polymer electrolytes.................................................................................................... 2 

1.2.1 Polymer matrices ................................................................................................... 4 

1.2.2 Lithium salts .......................................................................................................... 6 

1.3 Inorganic solid electrolytes ......................................................................................... 9 

1.3.1 Garnet-type electrolytes ...................................................................................... 11 

1.3.2 Perovskite-type electrolytes ................................................................................ 12 

1.3.3 NASICON-type electrolytes ............................................................................... 13 

1.3.4 LISICON-type electrolytes ................................................................................. 13 

1.3.5 LiPON-type electrolytes ...................................................................................... 15 

1.3.6 Sulfide-type electrolytes ...................................................................................... 16 

1.4 Overview of subsequent chapters ............................................................................. 17 

References ........................................................................................................................... 20 

Chapter 2 Experimental .............................................................................................................31 

2.1 Introduction ............................................................................................................... 31 



v 
 

2.2 Materials ................................................................................................................... 31 

2.3 Synthetic methods ..................................................................................................... 32 

2.3.1 Oxysilylation of diepoxides ................................................................................ 32 

2.3.2 Syntheses of LiPON-like polymer precursors ..................................................... 33 

2.3.3 Syntheses of LixSiON (x = 2, 4, 6) precursors .................................................... 34 

2.4 Analytical methods ................................................................................................... 37 

References ........................................................................................................................... 41 

Chapter 3 An Approach to Epoxy Resins, Oxysilylation of Epoxides ......................................42 

3.1 Introduction ............................................................................................................... 42 

3.1.1 Epoxy resin syntheses ......................................................................................... 42 

3.1.2 Organic-inorganic hybrid materials .................................................................... 45 

3.2 Experimental section ................................................................................................. 48 

3.3 Results and Discussion ............................................................................................. 49 

3.3.1 Oxysilylation of diepoxides with TMDS ............................................................ 49 

3.3.2 Oxysilylation reaction of diepoxides with OHS ................................................. 59 

3.3.3 Oxysilylations of diepoxides with a mixture of TMDS and OHS ...................... 67 

3.3.4 Oxysilylation of diepoxides with D4H/D5H ........................................................ 69 

3.4 Conclusions ............................................................................................................... 73 

References ........................................................................................................................... 74 

Chapter 4 Design, Synthesis, Characterization and Electrochemical performance of Polymer 

Precursors to LixPON and LixSiPON Glasses ..........................................................79 

4.1 Introduction ............................................................................................................... 79 

4.2 Experimental section ................................................................................................. 82 

4.3 Results and discussion .............................................................................................. 84 

4.3.1 Polymer precursor syntheses and characterization .............................................. 84 

4.3.2 Li+ conductivity measurements ......................................................................... 104 

4.3.3 Electrochemical performance of polymer precursor electrolytes ..................... 106 

4.3.4 LiPON-like polymer precursor solid solutions with PEO ................................. 110 

4.4 Conclusions ............................................................................................................. 115 

References ......................................................................................................................... 118 

Chapter 5 LixSiON (x = 2, 4, 6), A Novel Solid Electrolyte System Derived from Agricultural 

Waste.......................................................................................................................124 



vi 
 

5.1 Introduction ............................................................................................................. 124 

5.2 Experimental section ............................................................................................... 128 

5.3 Results and discussion ............................................................................................ 129 

5.3.1 Characterization of LixSiON precursors ........................................................... 130 

5.3.2 Ionic conductivity measurements ...................................................................... 149 

5.3.3 Electrochemical characterization of Celgard/LixSiON electrolytes .................. 152 

5.3.4 Li4Ti5O12 composite anodes with addition of LiAlO2 and Li6SiON ................. 156 

5.4 Conclusions ............................................................................................................. 159 

References ......................................................................................................................... 161 

Chapter 6 Conclusions and Future Work ................................................................................167 

6.1 Summaries............................................................................................................... 167 

6.2 Future work ............................................................................................................. 169 

6.2.1 LixSiON polymer precursor solid solutions with PEO...................................... 170 

6.2.2 Polymer precursor coated solid-state electrolyte thin films .............................. 171 

6.2.3 Silica dissolution with ethylene glycol .............................................................. 176 

References ......................................................................................................................... 180 

Appendices .................................................................................................................................182 



vii 
 

List of Tables 
 

Table 1.1. Common polymer matrices for PEs and their properties. ..............................................5 

Table 1.2. Properties of reported polymeric single-ion conductors. ...............................................7 

Table 1.3. Conductivities (σ) of selected inorganic solid electrolytes. .........................................10 

Table 2.1. Oxysilylations of diepoxides in solvent catalyzed by B(C6F5)3. ..................................32 

Table 2.2. P, N source and the stoichiometry of the first step of polymer precursor syntheses. ..33 

Table 2.3. Lithiation of polymer precursors. .................................................................................34 

Table 2.4. Syntheses of LixSiON precursors. ................................................................................37 

Table 3.1. GPC data of oxysilylations of diepoxides with TMDS. ...............................................50 

Table 3.2. 1H NMR data for diepoxide oxysilylations with TMDS. .............................................54 

Table 3.3. GPC data for diepoxide oxysilylations with TMDS vs. solvent volumes after 1 d. ....55 

Table 3.4. Molecular weights of oxysilylations of diepoxides with TMDS, with different amounts 

of catalyst and solvent. ...................................................................................................................57 

Table 3.5. Selected TGA-DTA of oxysilylation of diepoxides with OHS. ..................................65 

Table 3.6. Average percent mass gain in solvent impregnation studies. ......................................66 

Table 3.7. BET SSA analysis of oxysilylation of diepoxides with OHS. .....................................66 

Table 3.8. Molecular weights of oxysilylations of diepoxides with TMDS and OHS. ................67 

Table 3.9. Molecular weights of oxysilylations of diepoxides with D4H. ....................................69 

Table 3.10. Molecular weights of oxysilylations of diepoxides with D5H. ..................................69 

Table 4.1. MWs and estimated compositions of polymer precursors. ..........................................89 

Table 4.2. Reported FTIR of LiPON glasses. ...............................................................................89 



viii 
 

Table 4.3. 7Li NMR studies on various compounds in solution from the literature. .....................94 

Table 4.4. 7Li NMR and atomic ratios based on XPS analyses for polymer precursors (RT/vacuum 

dried). .............................................................................................................................................94 

Table 4.5. XPS analyses of LixPON, Li2SiPHN and LixSiPON pellets. .....................................100 

Table 4.6. Total conductivities (σRT) of polymer precursor pellets heated to 200-400 °C/2 h/N2.

......................................................................................................................................................106 

Table 4.7. Calculated atomic compositions from XPS analyses and total conductivities (σRT) of 

PE composite films. .....................................................................................................................111 

Table 5.1. Ionic conductivities (σ) and activation energies (Ea) for Li3+xPO4-xNx, Li3+xVO4-xNx, 

Li2+yZnSiO4-yNy and Li2+yMgSiO4-yNy solid solutions.43 ............................................................126 

Table 5.2. Properties of LixSiON precursors derived from MALDI. ..........................................134 

Table 5.3. Average atomic percentage (At.%) of LixSiON precursors dried at different 

temperatures in comparison with SP (60 °C/12 h/vacuum), analyzed by CasaXPS. ..................143 

Table 5.4. XPS analyses (by CasaXPS) of the Li4SiON precursor treated at different temperatures.

......................................................................................................................................................147 

Table 5.5. Densities (g/cm3) of LixSiON precursors treated under different conditions. ...........149 

Table 5.6. Total conductivities (σRT) of LixSiON pellets heated to 100-400 °C/2 h/N2. ............151 

Table 5.7. Comparison of ionic conductivities (σ) of Li4SiO4 and LiSiON systems with different 

synthesis/processing methods in the literature. ............................................................................152 

Table 5.8. Comparison of tLi+ calculated using eq (5.3) and eq (5.4). ........................................153 

Table 5.9. Comparison of discharge capacities of LTO-composite anode materials at 5 C. ......159 

Table 6.1. Selected properties of 60PEO/LixSiON PE films. .....................................................171 

Table 6.2. Total ambient conductivities (σRT) of LiPON-like precursor coated SE films after 

heating to selected temperatures. .................................................................................................174 

Table A.1. GPC data for oxysilylation of DEB with OHS. ........................................................182 

Table A.2. Possible compositions of LixPON precursors based on Figures A.3-A.4. ................185 



ix 
 

Table A.3. Possible compositions of Li2SiPHN precursor based on Figures A.5-A.6. ..............186 

Table A.4. Possible compositions of LixSiPON precursors based on Figures A.7-A.8. .............189 

Table A.5. Electronegativity of selected elements. .....................................................................191 

Table A.6. Atomic ratios based on EDX analyses for LixPON, Li2SiPHN and LixSiPON after 

heating to various temperatures for 2 h. .......................................................................................193 

Table A.7. Possible compositions of LixSiON precursors based on MALDI.† ...........................197 

Table A.8. Average atomic percentage (At.%) of LixSiON pellets based on EDX analyses. ....203 

Table A.9. Diffusivities and potential gap for pristine and composite LTO electrodes. ............205 

Table D.1. Comparison of ZTA ceramics in literature and this work. ........................................214 

Table D.2. Starting materials of t-ZrO2 (0-50 mol.%) doped δ-Al2O3 suspension. ....................219 

Table D.3. Suspension of coating material: 10 % ZrO2 doped δ-Al2O3. ....................................221 

Table D.4. Selected properties of (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs. .................225 

Table D.5. Compositions of ZTA films. .....................................................................................229 

Table D.6. Lateral shrinkage of ZTA films (A-D per Table D.5) sintered at 1400-1500 °C/5 

h/N2/H2. ........................................................................................................................................233 

Table D.7. AGSs and shrinkages of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm). ...235 

Table D.8. Selected properties of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 

h/N2/H2 with different sintering ramp rates. ................................................................................238 

Table D.9. Selected properties of ~200 µm ZTA films (composition D) sintered at different binder 

burnout conditions with BN insulation. .......................................................................................244 

 



x 
 

 

List of Schemes 
 

Scheme 1.1.Oxysilylation of OHS with diepoxide. ........................................................................6 

Scheme 1.2. Example structures of polymeric lithium salts. ..........................................................8 

Scheme 1.3. Example structures of LixPON, LixSiPON and LixSiON oligomer/polymer 

electrolytes. ......................................................................................................................................9 

Scheme 3.1. General pathway for amine curing of epoxides with 2:1 N:epoxy ratios. ................43 

Scheme 3.2. B(C6F5)3 catalyzed oxysilylation of epoxides gives two products. ...........................43 

Scheme 3.3. B(C6F5)3 catalyzed oxysilylations of diepoxides with OHS. ....................................47 

Scheme 3.4. B(C6F5)3 catalyzed oxysilylations of diepoxides with D4H and D5H. ......................48 

Scheme 3.5. Crosslinking and cyclomer models from diepoxide oxysilylation with D4H and D5H.

  ..........................................................................................................................................71 

Scheme 4.1. Synthesis of LixPON (x = Li/P) precursors. .............................................................85 

Scheme 4.2. Synthesis of LixSiPON (x = Li/P) precursors. ..........................................................85 

Scheme 4.3. Synthesis of LixSiPHN (x = Li/P) precursors. ..........................................................85 

Scheme 4.4. Synthesis of LixSiPON precursors with (Me3Si)2NH/OPCl3 = 1.8. .........................87 

Scheme 6.1. Coating procedure of LiPON-like polymer precursors on SE substrates. ..............173 

Scheme D.1. Liquid feed flame spray pyrolysis (LF-FSP) for nanopowder production. ...........218 

Scheme D.2. Schematics of sample preparation and testing procedure of SEPB test. ................224 



xi 
 

List of Figures 
 

Figure 1.1. Ion transport in SPEs. ...................................................................................................3 

Figure 1.2. Structures of example inorganic solid electrolytes. ....................................................11 

Figure 2.1. Optical images of typical syntheses of LixSiON precursors. ......................................36 

Figure 2.2. Optical images of representative dried LixSiON precursor powders (top) and 

hydraulically pressed pellets (bottom, 5 ksi/20 sec with a 13 mm diameter die). .........................37 

Figure 3.1. Cubic cages. (a) Q8 (Q = SiO4) R = H, vinyl, epoxy, 3-hydroxypropyl, aminopropyl, 

glycidylepoxy, ethylcyclohexylepoxy, methacrylate, etc. (b) R8T8 (T = carbon-SiO1.5) R = alkyl, 

alkene, acetylene, acrylate, R’X (X = halogen, -CN, amine, epoxy, ester, etc. R’ = R same or 

mixed). ...........................................................................................................................................45 

Figure 3.2. Diepoxide structures: (a) 1,3-diepoxybutane (DEB). (b) 1,7-Diepoxyoctane (DEO). 

(c) Bisphenol A diglycidyl ether (DGEBA). (d) 3,4-epoxycyclohexylmethyl-3’,4’-

epoxycyclohexane carboxylate (ECHX). .......................................................................................47 

Figure 3.3. GPC of oxysilylations of diepoxides with TMDS. (a) 1:1 DEB:TMDS, (b)1:1 

DEO:TMDS, (c) 1:1 DGEBA:TMDS, (d) 1:1 ECHX:TMDS. ......................................................51 

Figure 3.4. FTIRs of oxysilylations of diepoxides with TMDS. ..................................................52 

Figure 3.5. 1HNMR models (top) and record (bottom) of 1:1 DEB:TMDS. ................................53 

Figure 3.6. 1HNMR models (top) and record (bottom) of 1:1 DEO:TMDS. ................................53 

Figure 3.7. 1HNMR models (top) and record (bottom) of 1:1 DGEBA:TMDS. ..........................54 

Figure 3.8. Optical images of solventless oxysilylation products. ................................................56 

Figure 3.9. FTIRs of diepoxide oxysilylation with TMDS, 0.5 mg B(C6F5)3, in 2.5 mL DCM + 

2.5 mL hexane. ...............................................................................................................................58 



xii 
 

Figure 3.10. FTIRs of (a) 1:1 DEB:TMDS, (b) 1:1 DEO:TMDS, (c) 1:1 DGEBA:TMDS, (d) 1:1 

ECHX:TMDS before and after boiling in water for 5 h. ...............................................................59 

Figure 3.11. Optical images of as-formed 1:1 DEO:OHS and 1:1 DGEBA:OHS gels, and 1:1 

ECHX:OHS solid (precipitate). .....................................................................................................60 

Figure 3.12. Optical images of dried (100 °C/vacuum/24 h) 1:1 DEO:OHS and 1:1 DGEBA:OHS 

gels, and 1:1 ECHX:OHS solid. ....................................................................................................60 

Figure 3.13. Optical images of a cast 1:1 DEO:OHS film on a PTFE substrate, 5 d of reaction in 

5 mL DCM + 5 mL hexane. ...........................................................................................................61 

Figure 3.14. GPC (a) and FTIR (b) of oxysilylation of DEB with OHS. .....................................62 

Figure 3.15. FTIRs of (a) 1:1 DEO:OHS, (b) 1:1 DGEBA:OHS, (c) 1:1 ECHX:OHS before and 

after boiling in water for 5 h in comparison to OHS. ....................................................................63 

Figure 3.16. TGA/DTA/air/10°C/min of 1:1 DEB:OHS after drying (left) and estimated structure 

of repeating unit of 1:1 DEB:OHS (right). ....................................................................................64 

Figure 3.17. TGA/DTA/air/10°C/min of 1:1 DEO:OHS after drying (left) and estimated structure 

of repeating unit of 1:1 DEO:OHS (right). ....................................................................................64 

Figure 3.18. TGA/DTA/air/10°C/min of 1:1 DGEBA:OHS after drying (left) and estimated 

structure of repeating unit of 1:1 DGEBA:OHS (right). ................................................................65 

Figure 3.19. TGA/DTA/air/10°C/min of 1:1 ECHX:OHS after drying (left) and estimated 

structure of repeating unit of 1:1 ECHX:OHS (right). ..................................................................65 

Figure 3.20. FTIRs of diepoxide oxysilylation with TMDS + 5 mol.% OHS, 0.5 mg B(C6F5)3. .68 

Figure 3.21. FTIRs of diepoxide oxysilylation with D4H (a) and D5H (b), 0.5 mg B(C6F5)3 in 5 

mL DCM + 5 mL hexane. ..............................................................................................................71 

Figure 3.22. FTIRs of (a) 1:1 DEB:D5H, (b) 1:1 DEO:D5H, (c) 1:1 DGEBA:D5H, (d) 1:1 

ECHX:D5H before and after boiling in water for 5 h. ...................................................................72 

Figure 4.1. FTIR spectra of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and Li6SiPON 

(e) precursors at different temperatures. ........................................................................................90 



xiii 
 

Figure 4.2. TGA-DTA (800 °C/10 °C min-1/N2) of Li3PON, Li6PON, Li2SiPHN, Li3SiPON and 

Li6SiPON precursors. .....................................................................................................................91 

Figure 4.3a. 7Li NMR of Li3PON, Li6PON, Li2SiPHN, Li3SiPON and Li6SiPON precursors 

(RT/vacuum dried, dissolved in CDCl3). b. Exemplary structures of LixPON, LixSiPHN and 

LixSiPON precursors with Li+ highlighted. ...................................................................................93 

Figure 4.4. 13C NMR (a) and 29Si NMR (b) of Li2SiPHN, Li3SiPON and Li6SiPON precursors 

(RT/vacuum dried, dissolved in CDCl3) in comparison with (Me3Si)2NH. ..................................96 

Figure 4.5. 1H NMR of Li2SiPHN, Li3SiPON and Li6SiPON precursors (RT/vacuum dried, 

dissolved in CDCl3) in comparison with (Me3Si)2NH. ..................................................................97 

Figure 4.6. XRD plots of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and Li6SiPON 

(e) heated to 100-600 °C/2 h/N2. ...................................................................................................99 

Figure 4.7. SEM fracture surface images of LixPON, Li2SiPHN and LixSiPON pellets heated 

between 100-400 °C/2 h/N2. ........................................................................................................103 

Figure 4.8. Nyquist plots of polymer precursor pellets heated to 200-400 °C/2 h/N2. ...............105 

Figure 4.9a. Ionic conductivity vs. N/P ratio of SS/Celgard + polymer precursor/SS cells, b. tLi+ 

and c. electrical conductivities of Li/Celgard + polymer precursor/Li cells. ..............................108 

Figure 4.10. Specific capacity (a) and coulombic efficiency (b) vs. cycle number plots of 

SPAN/Celgard + Li6SiPON/Li at 0.5 C. ......................................................................................109 

Figure 4.11a. Thermal properties of PEs and PEO films and b. correlation between the N/P ratio 

(black), crystallinity percentage (red), and ionic conductivity at RT of PEs (blue). ...................113 

Figure 4.12a. tLi+ of PE films in Li/60PEO/PEs/Li cell configuration and example precursor 

structures. b. Galvanostatic cycling of Li/60PEO/Li6PON/Li at ±1.5-7.5 mA at RT. ................114 

Figure 4.13. Specific capacity (a) and coulombic efficiency (b) vs. cycle number of 

SPAN/60PEO/Li6SiPON/Li at selected C-rates. .........................................................................115 

Figure 5.1. FTIRs of a. LixSiON precursors (60 °C/1 h/vacuum) and SP (60 °C/12 h/vacuum), b. 

Li6SiON dried at RT, 60 and 100 °C/1 h/vacuum. ......................................................................130 



xiv 
 

Figure 5.2. Positive-ion MALDIs of blank vs. LixSiON precursors, a. Li2SiON, b. Li4SiON and c. 

Li6SiON, and possible compositions of selected peaks. S = SP, A = -NH2, L = Li+. ..................133 

Figure 5.3. 1H NMRs of LixSiON precursors (60 °C/24 h/vacuum) and SP. .............................135 

Figure 5.4. 13C NMRs of LixSiON precursors (60 °C/24 h/vacuum) and SP. ............................136 

Figure 5.5. 7Li NMRs of LixSiON precursors (RT/1 h/vacuum). ...............................................137 

Figure 5.6. TGA-DTAs (800 °C/10 °C min-1/N2) of a. Li2SiON, b. Li4SiON and c. Li6SiON 

precursors dried at 60 °C/1 h/vacuum. .........................................................................................138 

Figure 5.7. XRDs of a. LixSiON precursors (60 °C/1 h/vacuum) and SP (60 °C/12 h/vacuum), b. 

Li6SiON dried at RT, 60 and 100 °C/1 h/vacuum. ......................................................................139 

Figure 5.8. XRDs of a. Li2SiON, b. Li4SiON, c. Li6SiON pellets heated to 100-400 °C/2 h/ N2.

......................................................................................................................................................141 

Figure 5.9. Wide-scan survey XPS spectra of Li2SiON (a), Li4SiON (b) and Li6SiON (c) 

precursors dried at RT, 60 and 100 °C/1 h/vacuum respectively. ...............................................142 

Figure 5.10. N 1s core-level XPS spectra of LixSiON precursors (60 °C/1 h/vacuum). b. Si 2p 

XPS core-level spectra of LixSiON precursors (60 °C/1 h/vacuum) compared to SP (60 °C/12 

h/vacuum). ...................................................................................................................................145 

Figure 5.11a. FTIRs of LixSiON pellets heated to 800 °C/1 h/N2. b. XRDs of Li4SiON (800 °C/1 

h/N2) pellet and powder compared to Li4SiO4 (monoclinic). c. Wide-scan survey XPS spectra of 

Li4SiON treated at RT/1 h/vacuum and 800 °C/1 h/N2. d. C 1s core-level spectra of Li4SiON 

treated at RT/1 h/vacuum and 800 °C/1 h/N2. .............................................................................146 

Figure 5.12. SEM fracture surface images of LixSiON pellets heated to 100-400 °C/2 h/ N2. ..148 

Figure 5.13. Nyquist plots of LixSiON pellets heated to 100-400 °C/2 h/N2. ............................150 

Figure 5.14a.Nyquist plots of SS/Celgard + LixSiON/SS symmetric cells and b. Li/Si ratio vs. 

ionic conductivity at ambient. ......................................................................................................153 

Figure 5.15a. CV plot of Li/Celgard + Li6SiON/SS at sweep rate of 1 mV/sec and b. galvanostatic 

cycling of Li/Celgard + Li6SiON/Li symmetric cell at ambient. .................................................155 



xv 
 

Figure 5.16. Cycle number vs. specific capacity and coulombic efficiency of SPAN/Celgard + 

Li6SiON/Li half-cell cycled between 1-3 V at ambient. ..............................................................156 

Figure 5.17. Preparation of LTO-composite anodes. ..................................................................157 

Figure 5.18. Comparison of discharge capacities of the various electrodes cycled between 0.01 

and 2.5 V at selected C-rates........................................................................................................159 

Figure 6.1. Optical images of 60PEO/Li6SiON (a) and SEM fracture surface images of 

60PEO/LixSiON PE films (b) heated to 65 °C/24 h/vacuum. ......................................................171 

Figure 6.2. SEM fracture surface images of LiAlO2 + LiPON-like precursor films heated to 400°, 

500° and 600 °C/2 h/N2. ..............................................................................................................173 

Figure 6.3. SEM fracture surface images of Li3SiPON precursor bonding interface between LTO 

and LiAlO2 thin films (sample heated to 400 °C/2 h/N2). ...........................................................175 

Figure 6.4. Optical images of a. LixSiO (x = 0.2 and 0.4) dried products and pellets, and b. LixSiO-

5TEA (x = 0.2 and 0.4) dried products and pellets. .....................................................................177 

Figure 6.5. Optical images of Li0.6SiO powders and pellets from the suspension mixture and 

soluble portion. ............................................................................................................................178 

Figure 6.6. Representative Nyquist plots (a) and summarized conductivities (b) of LixSiO (x = 0.2, 

0.4) and Li0.6SiO pellets (100 °C/5 ksi/5min) from the soluble part and suspension mixture. ....179 

Figure A.1. Representative FTIRs of OHS (bottom) and precipitated cubes in diepoxide 

oxysilylation with TMDS + (5-20 mol.%) OHS. .........................................................................182 

Figure A.2. GPC of unlithiated PON, SiPHN and SiPON precursors. .......................................183 

Figure A.3. Negative-ion mode MALDI of Li3PON (left) and Li6PON (right) precursors. .......184 

Figure A.4. Possible LixPON monomer structures. ....................................................................184 

Figure A.5. Negative-ion mode MALDI of the Li2SiPHN precursor. ........................................185 

Figure A.6. Possible monomer structures of Li2SiPHN precursor. ............................................186 

Figure A.7. Negative-ion mode MALDI of Li3SiPON (left) and Li6SiPON (right) precursors. 187 

Figure A.8. Possible LixSiPON monomer structures. .................................................................188 



xvi 
 

Figure A.9. FTIR spectra of unlithiated PON, SiPHN and SiPON precursors. ..........................190 

Figure A.10. 13C NMR of a. (Me3Si)2O and b. Me3SiCl from Chemical Book database. Solvent: 

CDCl3. ..........................................................................................................................................190 

Figure A.11. 1H NMR models of a. Me3SiNH2, b. (Me3Si)2O, and c. Me3SiCl by ChemDraw.

......................................................................................................................................................191 

Figure A.12.Wide-scan survey XPS spectra (600 to 0 eV) of Li3PON (a), Li6PON (b), Li2SiPHN 

(c), Li3SiPON (d), and Li6SiPON (e) pellets (RT/vacuum dried)................................................192 

Figure A.14. Optical image of PEO (60 wt.%)/polymer precursor films. ..................................193 

Figure A.15a. XPS Spectra (600 to 0 eV) of PEs and the PEO film, and b. Nyquist plots of PEs at 

ambient. ........................................................................................................................................194 

Figure A.16. DSC thermograms of pristine PEO and PE films after the 3rd cycle. ...................194 

Figure A.17. FTIRs of Li6SiON (dried at 60 °C/1 h/vacuum) and LiNH2. ................................195 

Figure A.18. Negative-ion mode MALDIs of blank vs LixSiON precursors, a. Li2SiON, b. 

Li4SiON and c. Li6SiON. .............................................................................................................196 

Figure A.19. 1H NMRs of LixSiON precursors (RT/1 h/vacuum), THF and SP. .......................198 

Figure A.20. 13C NMRs of LixSiON precursors (RT/1 h/vacuum), THF and SP. ......................199 

Figure A.21. 7Li NMRs of LixSiON precursors (60 °C/24 h/vacuum). ......................................199 

Figure A.22. 29Si NMRs of LixSiON precursors dried at a. RT/1 h/vacuum and b. 60 °C/24 

h/vacuum. .....................................................................................................................................200 

Figure A.23. TGA-DTA (600 °C/10 °C min-1/N2) of SP (60 °C/12 h/vacuum). ........................200 

Figure A.24. Wide-scan survey XPS spectra of LixSiON precursors dried at RT/1 h/vacuum 

compared to SP (60 °C/12 h/vacuum). ........................................................................................201 

Figure A.25. EDX map of Li2SiON pellets heated to 100-400 °C/2 h/ N2. ................................201 

Figure A.26. EDX map of Li4SiON pellets heated to 100-400 °C/2 h/ N2. ................................202 

Figure A.27. EDX map of Li6SiON pellets heated to 100-400 °C/2 h/ N2. ................................202 



xvii 
 

Figure A.28. CV plots of a. Li/Celgard + Li2SiON/SS and b. Li/Celgard + Li4SiON/SS at sweep 

rate of 1 mV/sec. ..........................................................................................................................203 

Figure A.29. Galvanostatic cycling of a. Li/Celgard + Li2SiON/Li and b. Li/Celgard + Li4SiON/Li 

at ambient. ....................................................................................................................................204 

Figure A.30. SEM images of LTO and LTO-composite powders. .............................................204 

Figure A.31. Long-term cycling stability of LTO-5LiAlO2-10Li6SiON/Li half-cell at 5 C. .....205 

Figure A.32. CV plots of the LTO-pristine, LTO-LiAlO2, and LTO-Li6SiON (a) and LTO-

LiAlO2-Li6SiON (b) half-cells. ....................................................................................................205 

Figure A.33. SEM fracture surface images of LATSP + LiPON-like precursor films heated to 

400°, 500° and 600 °C/2 h/N2. .....................................................................................................206 

Figure A.34. Example optical image of a LixSiO-5TEA pellet. .................................................206 

Figure C.1. Optical images of a. dried 1:1 DEO:OHS + LiClO4 film and b. after sputter coating.

......................................................................................................................................................212 

Figure D.1. Typical sintering schedules, a. in O2, b. in N2/H2. ..................................................220 

Figure D.2. Coating setup of Si3N4 films. ...................................................................................221 

Figure D.3. SEMs of a. as-produced LF-FSP Al2O3 and b. 50 mol.% ZrO2 doped Al2O3 

nanoparticles. ...............................................................................................................................225 

Figure D.4. XRDs of (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs. ....................................226 

Figure D.5. SEM fracture surfaces of sintered (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) thin 

films. ............................................................................................................................................227 

Figure D.6. AGSs vs ZrO2 content b. sintered film thicknesses for (ZrO2)x(Al2O3)1-x (x = 0, 15, 

30, 50 mol.%). ..............................................................................................................................227 

Figure D.7. SEM fractures surfaces of (ZrO2)x(Al2O3)1-x films sintered at 1400 ° C/5 h/N2/H2 (a, 

b, c) and O2 (d, e, f), where x = 15 (a, d), 30 (b, e), and 50 mol.% ZrO2 (c, f). ...........................228 

Figure D.8. SEM fracture surfaces of ZTA films (A-D per Table D.5) sintered at 1300-1500 °C/5 

h/O2. The red arrow suggests transgranular fracture. ..................................................................230 

Figure D.9. XRDs of ZTA films (A-D per Table D.5) sintered at 1300-1500 °C/5 h/O2. .........231 



xviii 
 

Figure D.10. SEM fracture surfaces of ZTA films (A-D per Table D.5) sintered at 1400-1500 °C/5 

h/N2/H2. Red arrows suggest transgranular fracture. ...................................................................232 

Figure D.11. XRDs of ZTA films (A-D per Table D.5) sintered at 1400-1500 °C/5 h/N2/H2. ..233 

Figure D.12. SEM fracture surfaces of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm) 

sintered at 1500 ° C/5 h/O2 (a, c) and 1500 ° C/5 h/ N2/H2 (b, d). Initial thickness ≈ 200 μm before 

sintering........................................................................................................................................235 

Figure D.13. XRDs of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm) sintered at 1500 ° 

C/5 h/O2 (bottom) and 1500 ° C/5 h/N2/H2 (top). .........................................................................236 

Figure D.14. Optical images of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 

h/N2/H2 with different sintering ramp rates. ................................................................................237 

Figure D.15. SEM fracture surfaces of ~200 µm ZTA films (composition D) sintered (1500 ° C/5 

h/N2/H2) at 5 °C/min (a, d), 2.5 °C/min (b, e) and 1 °C/min (c, f). Green film thicknesses were 220-

250 µm before sintering. ..............................................................................................................238 

Figure D.16. XRDs of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 h/N2/H2 with 

different sintering ramp rates. ......................................................................................................239 

Figure D.17. Sintering schedule of ~200 µm ZTA films (composition D) with different binder 

burnout temperatures of 600, 800 and 1100 °C in air, with BN insulation. ................................239 

Figure D.18. Optical images of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 

h/N2/H2, 2.5 ° C/min with different binder burnout temperatures and BN insulation. .................240 

Figure D.19. SEM fracture surfaces of ~200 µm ZTA films (composition D, sintered at 1500 ° C/5 

h/N2/H2, 2.5 ° C/min) debindered at 600 °C/1 h/air (a, d), 800 °C/1 h/air (b, e), and 1100 °C/1 h/air 

(c, f) with BN insulation. .............................................................................................................241 

Figure D.20. XRDs of ~200 µm ZTA films (composition D) sintered at 1500 ° C/5 h/N2/H2, 2.5 ° 

C/min with different binder burnout temperatures and BN insulation. .......................................241 

Figure D.21. TGA (1000 °C/air) of 10 mol.% ZrO2 doped Al2O3 (composition D) green films.

......................................................................................................................................................242 

Figure D.22. Sintering schedule of 200 µm ZTA films with slow binder burnout ramp rates and 

BN insulation. ..............................................................................................................................242 



xix 
 

Figure D.23. Optical images of ~200 µm ZTA films (composition D) before and after binder 

burnout and sintering. Thicknesses and lateral lengths are given on the films and on the right, 

respectively. .................................................................................................................................243 

Figure D.24. SEM fracture surfaces of ~200 µm ZTA film (composition D) sintered with 3-step 

binder burnout procedure per Figure D.22. .................................................................................244 

Figure D.25. Fracture toughness (K1C) of standard Al2O3 films and ~200 µm ZTA films 

(composition D) sintered with 3-step binder burnout procedure per Figure D.22, experiment 

performed by Rogers Germany GmbH. .......................................................................................245 

Figure D.26. Representative examples (a) and dye test (b) of Si3N4 films coated with ZTA 

(composition D) after sintering at 1500 °C/5 h/N2/H2. ................................................................246 

Figure D.27. SEM fracture surface (a) and surface (b) of Si3N4 films coated with ZTA 

(composition D) sintered at 1500 °C/5 h/N2/H2. c. SEM surface of an uncoated Si3N4 film. .....246 

Figure D.28. EDSs of a Si3Ni4 film coated with ZTA (composition D) sintered at 1500 °C/5 

h/N2/H2. ........................................................................................................................................247 

Figure D.29. XRDs of Si3N4 films coated with ZTA (composition D) sintered at 1500 °C/5 

h/N2/H2. ........................................................................................................................................247 

Figure D.30. Optical images of a. uncoated and b. coated Si3N4 films and SEM surfaces of c. 

uncoated and d. coated Si3N4 films with ZTA (composition D) after heating at 1500 °C/1 h/O2.

......................................................................................................................................................248 

 

 



xx 
 

List of Appendices 
 

Appendix A. Supplemental Data ..................................................................................................182 

Appendix B. MALDI-Calculation ................................................................................................207 

Appendix C. Incorporation of LiClO4 to 1:1 DEO:OHS .............................................................211 

Appendix D. t-ZrO2 Toughened Al2O3 Free-standing Films and as Oxidation Mitigating Thin 

Films on Silicon Nitride via Colloidal Processing of Flame Made Nanopowders .......

.................................................................................................................................213 

 

 



xxi 
 

Abstract 
 

Lithium-ion batteries (LIBs) have become the most important electrochemical storage system 

owing to their high energy densities (~250 Wh/kg), providing an escape from consumption of 

fossil fuels. However, current LIBs with flammable organic liquid electrolytes suffer from poor 

electrochemical and thermal stabilities that can lead to severe thermal runaway accidents. All-

solid-state batteries (ASSBs) are regarded as a fundamental solution to address the safety issue by 

applying solid-state electrolytes (SSEs). Therefore, we explore novel polymeric SSE materials and 

develop new synthesis methods with low-cost, scalable and environmentally friendly features.  

 We first explore nanocomposites by oxysilylation of [HSiMe2O(SiO)1.5]8 (OHS) crosslinked 

via ring-opening of epoxy groups. The linkages containing ether oxygens may facilitate Li+ 

transport, while the 3-D ordered organic-inorganic hybrid structure offers mechanical stability. We 

describe oxysilylations of different diepoxides with TMDS [O(SiMe2H)2], OHS, D4H and D5H 

[(CH3SiHO)4,5] catalyzed by B(C6F5)3 at ambient. Although we were able to cast flexible trans-

parent films, they failed to offer ionic conductivity with LiClO4 impregnation due to its rigid struc-

ture. Nevertheless, a novel synthesis of self-reinforced epoxy resin nanocomposites is established.  

We then investigate polymer precursor electrolytes based on lithium phosphorous oxynitride 

(LiPON) glasses. LiPON glasses form lithium dendrite impenetrable interfaces at electrodes of-

fering the potential to replace liquid electrolytes. Unfortunately, to date such materials are intro-

duced only via gas phase deposition. We demonstrate the design and synthesis of easily scaled, 

low-temperature, solution processable inorganic polymers containing LiPON/LiSiPON elements. 
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OPCl3 and (Cl2P=N)3 provide starting points for elaboration using NaNH2 or (Me3Si)2NH produc-

ing OP(NH2)3-x(NH)x, OP(NH2)3-x(NHSiMe3)x and (P=N)3(NHSiMe3)6-x(NH)x. It is followed by 

lithiation with selected amounts of LiNH2 providing varying degrees of lithiation. Produced oli-

gomers/polymers show higher N/P ratios (1-3) than traditional LiPON glasses (≤0.9) correlating 

with enhanced ionic conductivities. Li2SiPHN offers the highest ambient conductivity of 2.7 × 10-

4 S/cm after treating at 400 °C/2 h/N2. These LiPON-like precursor solutions can coat Celgard 

separators and dried (90 °C/12 h/vac) prior to cell assembly. A nearly all-solid-state Li-S battery 

assembled using celgard/Li6SiPON exhibits a reversible capacity of 750 mAh/gsulfur and excellent 

cycle performance at 0.25 and 0.5 C rate over 120 cycles at ambient. They also form solid solutions 

with PEO (60 wt.%) forming composite SSE films for ASSBs offering discharge capacities of 

~1000 mAh/gsulfur (at 0.25-1 C) retaining coulombic efficiency of ~100 % over 100 cycles. 

We also studied another set of LixSiON (Li/Si = x = 2, 4, 6) polymer precursors derived from 

rice hull ash (RHA), an agricultural waste, providing a green route towards ASSBs. Silica, ~90 wt. 

% in RHA, can be catalytically dissolved (20-40 wt.%) in hexylene glycol and distilled directly as 

spirosiloxane [(C6H14O2)2Si, SP] at 200 °C. SP can be lithiated using LiNH2 to produce LixSiON 

oligomers/polymers, and the Li content is easily controlled by LiNH2 amounts correlating with Li+ 

conductivity. Li6SiON exhibits the highest ambient conductivity of ~10-5 S/cm after treating at 200 

°C/2 h/N2. Similar to LiPON-like precursors, LixSiON coated Celgard enable nearly ASSB assem-

bly delivering a reversible capacity of ~725 mAh/g at 0.5 C over 50 cycles. 

Overall, the research objectives for this dissertation are to develop novel polymeric electrolytes 

through polymer syntheses based on LiPON and LISICON type SSEs and establish new synthesis 

chemistries, moving towards the goal of ASSBs assembly through low-cost, scalable and environ-

mentally friendly fabrication methods that can be commercialized.  
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Chapter 1 Introduction 
 

1.1 Research background and motivation 

Replacing traditional combustion-based energy sources, i.e., fossil fuels, with clean and relia-

ble energy supply is one of the most important research goals for the 21st century. Electrochemical 

energy storage/conversion systems, including lithium-ion batteries (LIBs), electrochemical capac-

itors (ECs), and fuel cells (FCs), have thus become subjects of great interest.1–4 LIBs were first 

commercialized in the early 90s and were immediately accepted with increasing interest due to 

their high energy density (reaching 350 Wh/kg in 2020)5, good performance and absence of a 

memory effect as seen with nickel-cadmium (Ni-Cd) or nickel-hydride (Ni-MH) batteries.4,6,7 LIBs 

are now used widely in applications ranging from microbatteries for integrated circuits and medi-

cal devices, to larger scale batteries for portable electronics including smart phones and laptops, 

and are instrumental in the commercialization of electric vehicles.6,8 

Conventional LIBs rely on flammable organic liquid electrolytes due to their high ionic con-

ductivity and excellent wetting of electrode surfaces. However, they often suffer from inadequate 

electrochemical and thermal stabilities giving rise to inherent safety risks and restrained operating 

temperatures.7–10 Non-flammable, solid-state electrolytes (SSEs or SEs) offer an escape from such 

problems offering potential for wider operating temperatures, higher energy-densities, and simpli-

fication in the cell design.11–14 In addition, SSEs with high structural integrity may prevent lithium 

dendrite growth, making it possible to use Li metal as the anode (theoretical capacity 

3860 mAh/g).15,16  
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From a practical standpoint, solid electrolytes for ASSBs should possess offer high ionic con-

ductivity (>10-4 S/cm), negligible electrical conductivity (<10-8 S/cm), wide electrochemical win-

dows (≥5 V vs. Li+/Li), appreciable Li+ transference numbers (close to 1), high critical current 

densities (≥1 mA/cm2), good mechanical and dimensional stabilities for cell assembly, chemical 

stability with electrodes, and thermal stability during extensive cycling.17,18 

There are two general classes of SSEs for LIBs: polymer and inorganic solid electrolytes. The 

following sections of this introduction give detailed background on polymer and inorganic solid 

electrolytes respectively, and development of new methods and materials in an effort to improve 

the current electrolyte properties and synthesis approaches.  

1.2 Polymer electrolytes 

Polymer electrolytes are characterized by low density, low elastic moduli and high ductility, 

offering shape versatility, flexible and light weight features, and therefore reduced fabrication 

costs. However, they often suffer from low ambient ionic conductivity, insufficient electrochemi-

cal stability and poor flame resistance.11,12,18,19  

There are two major groups of PEs, solid polymer electrolytes (SPEs) and gel polymer elec-

trolytes (GPEs). A SPE typically consists of a polymer matrix impregnated with lithium salts, and 

a GPE typically consists of SPE (polymer-salt system) with liquid plasticizer or solvent. Generally, 

SPEs provide features including safety, easy fabrication, low cost, high energy density, good elec-

trochemical stability, and excellent compatibility with lithium salts. However, they also exhibit 

poor ambient ionic conductivities of 10-8-10-4 S/cm.18–21 In contrast, the conductivities of GPEs 

can reach 10-3 S/cm, but poor mechanical strength and poor interfacial properties often arise due 

to the incorporation of a liquid phase.18,22,23 To improve ionic conductivities for SPEs, or improve 

mechanical properties and mitigate electrolyte/electrode compatibility issues and safety hazards 
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for GPEs, ceramic fillers are often incorporated, and such electrolyte systems are called composite 

polymer electrolytes (CPEs).24,25 

Ion transport in PEs is typically achieved by breaking/forming electrostatic interaction between 

alkali-metal cations (M+) with ether oxygen atoms along the polymer backbone, through either 

intrachain or interchain hoping (Figure 1.1).19,26 Polyethers (e.g., PEO) with strong electron-donor 

character are known for their ability to complex M+.19 Ionic conduction is generally attributed to 

the amorphous polymer phase and the presence of free volume above the glass transition temper-

ature (Tg). M+ transport is facilitated by segmental motion of polymer chains along with M+ in-

tra/inter-segmental hopping.26  

 
Figure 1.1. Ion transport in SPEs.  

 

In some cases, ionic conductivity is also reported in the crystalline domains of the polymer 

electrolyte.27 In the crystalline domains, polymer chains fold into cylindrical tunnels that permit 

M+ diffusion via ion hopping, while the anions are separated from the cations located outside these 

tunnels.26,28 Nevertheless, ion transport is typically constrained in crystalline domains, and it is 



4 
 

widely accepted that reducing crystallinity is key to increasing ionic conductivity in polymer elec-

trolytes.26 

1.2.1 Polymer matrices 

PEO is the most studied polymer matrix for PEs owing to its flexible ethylene oxide segments 

and ether oxygen atoms with lone electron pairs that readily interact with Li+ ions, facilitating Li+ 

transport. It also has advantages such as low toxicity, easy fabrication and low cost.18,19,21 Since 

first reported by Fenton et al.29 in 1973, poly(ethylene oxide) (PEO) based PEs have been studied 

extensively, in which a lithium salt is dissolved in the PEO matrix by coordination between the 

Li+ ions and the ether oxygen in the polymer chains.18,19 However, PEO is a semi-crystalline pol-

ymer with Tg ≈ -65 °C and at room temperature (RT), the amorphous phase with limited interchain 

mobility aids ion transportation.  

Typically, PEO based electrolytes show poor ionic conductivities of 10-8-10-4 S/cm at ambient, 

and only show good conductivity (up to 10-3 S/cm) above the melting point (~65 °C), in which 

case the PEO electrolyte becomes a gel electrolyte rather than a SSE.18,19 The PEO gel can gradu-

ally diffuse across the porous solid electrolyte interphase (SEI) layer and can lead to a continuous 

loss of lithium from the cathode. Therefore, suppression of PEO crystallinity is essential for PEO-

based electrolytes. In addition, PEO electrolytes generally show low ionic transference numbers 

(tLi+) of 0.2-0.5, which can result in concentration overpotential, promoting uneven Li plating and 

dendrite formation.12,18,19,30  

To solve these issues, various strategies have been explored including optimization of the lith-

ium salt structure,31–33 the addition of plasticizer34–36 and/or nanofiller,12,24,36–38 polymer blends,39–

41 and designing copolymers with PEO blocks/oligomers including linear,42–44 grafted,45–47 and 

crosslinked structures.38,48–50  
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In addition to PEO, many other polymer matrices have been studied as summarized in Table 

1.1. For SPEs, polymer matrices with a low Tg (<RT) are typically employed, including poly(pro-

pylene oxide) (PPO),51–53 poly[bis(methoxy-ethoxy-ethoxy)phophazene] (MEEP),54,55 polysilox-

ane (PSi),56–58 polycarbonates (PCs),59–61 etc. (Table 1.1), which are amorphous at RT. For GPEs, 

polymers with good mechanical strength and capability to accommodate liquid electrolyte are 

needed, such as polyvinyl chloride (PVC),62,63 polyacrylonitrile (PAN),64–66 poly(methyl methac-

rylate) (PMMA),67,68 polyvinylidene fluoride (PVDF),69–71 poly(vinylidene fluoride-co-hex-

afluoropropylene) (PVDF-HFP),72–74 etc. (Table 1.1).  

Table 1.1. Common polymer matrices for PEs and their properties.  
Polymer matrix Molecular structure Tg (°C) Tm (°C)* Applied PE system 

PEO 
HO

O
H

n  
-65 65 SPE/GPE 

PPO HO
O

H

n

CH3

 
-60 - SPE 

MEEP P N

O

O

O
O

O
O

n

 

-54 - SPE 

PSi Si O
R

R
n

 
<-60 - SPE 

PC 
Contains: 

O
C

O

O  
<0 - SPE 

PVC 
Cl

n
 

80 220 GPE 

PAN 
CN

n
 

125 300 GPE 

PMMA 
O O

n
 

105 - GPE 

PVDF 
F F

n

 
-40 170 GPE 

PVDF-HFP 
F F

x
F CF3

F F

y

 
-90 140 GPE 

*No melting temperature for amorphous polymers.  



6 
 

In this dissertation, organic/inorganic hybrid nanocomposite silsesquioxane cage [HMe2SiO-

SiO1.5]8 (OHS) crosslinked by EO containing oligomers were investigated. The initial goal was to 

develop materials with three-dimensional (3D) networked structures through oxysilylation that 

offer excellent structural and chemical stabilities, good mechanical properties and ionic conduc-

tivities, Scheme 1.1. Although the resulting products failed to facilitate ionic transport, by inves-

tigating various reactions between different diepoxides and Si-H containing compounds under dif-

ferent reaction conditions, a novel and simple approach to self-reinforced epoxy resin nanocom-

posites was established, as discussed in Chapter 3.  
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Scheme 1.1.Oxysilylation of OHS with diepoxide. 

1.2.2 Lithium salts 

The most important requirement for lithium salts is good solubility in the polymer matrix. 

Generally, the bulkier the anion, the higher the ionic conductivity, as larger anions more easily 

dissociate in the polymer matrix leaving free Li+ ions to interact with polar groups along the pol-

ymer backbone, facilitating ionic transport.18,19,75 Therefore, Li salts with delocalized anion and 
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low basicity are preferred. Commonly used lithium salts include LiClO4,76,77 LiPF6,78,79 Li-

AsF6,80,81 LiBF4,82,83 LiCF3SO3 (LiTf),84,85 LiN(SO2F)2 (LiFSI),86,87 LiN(CF3SO2)2 (LiTFSI),88,89 

LiN(SO2C2F5)2 (LiBETI),90,91 etc.  

It is known that the addition of a Li salt reduces PEO crystallinity and significantly reduces Tg 

resulting in enhanced mobility of EO segments and ionic conductivity.19,75,92 Another major draw-

back for polymer-salt systems is that as cations bind to the polymer matrix, anions can move faster 

which increases ionic conductivity, resulting in lower tLi+. The migration of anions to the anode 

induces serious concentration polarization, which can lead to a substantial decay in conductivity. 

Therefore, such PEs are also called bi-ionic conductors. To minimize polarization, a common 

method is to develop single-ion conducting PEs by anchoring anions to the polymer backbone.18,19   

Recent efforts have targeted the synthesis of polymeric lithium salts as single-ion conductors. 

In general, there are three types of polymeric Li salts: homopolymers, copolymers and organic-

inorganic hybrid polymers.18 Reported properties of example single-ion conductors and their struc-

tures are given in Table 1.2 and Scheme 1.2, respectively. 

 

Table 1.2. Properties of reported polymeric single-ion conductors.  

Polymeric lithium salta σ (S/cm) tLi+ Stability window 
(V vs. Li+/Li) Reference 

LiPAMPSb 2.1 × 10-5 (20 °C) - 4.4 93 
LiPSTFSIc ~10-6 (RT) ~1 - 31 
LiOPAABd 2.3 × 10-6 (RT) - 7 94 
LiPVAOBe 6.1 × 10-6 (RT) - 7 100 

P(STFSILi)-b-PEO-b-P(STFSILi) 1.3 × 10-5 (60 °C) ~1 5 95 
Li(PSTFSI-co-MPEGA) 7.6 × 10-6 (25 °C) >0.9 - 96 

Polysiloxane type ~10-6 (RT) ~1 - 57,97,101 
Organic aluminate type 10-6-10-5 (RT) 0.95 5 98,102 

Organoborate type ~10-6 (50 °C) ~0.8 - 99,103 
aStructures of Li salts listed are given in Scheme 1.2. bLiPAMPS: lithium poly(2-acrylamido-2-methylpropanesulfonic acid). 

cLiPSTFSI: lithium poly(4-styrenesulfonyl(trifluoromethylsulfonyl)imide). dLiOPAAB: lithium oxalate polyacrylic acid borate. 
eLiPVAOB: lithium polyvinyl alcohol oxalate borate. 
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Scheme 1.2. Example structures of polymeric lithium salts.18,31,93–99 

 

In studies reported here, we synthesized LixPON, LixSiPON and LixSiON polymeric electro-

lytes (Scheme 1.3) based on lithium superionic conductor (LISICON) type inorganic solid elec-

trolytes, which are introduced in the following section. When impregnated in/on Celgard separa-

tors, these polymer/oligomer electrolytes show conductivities approaching 10-5 S/cm at RT and 

with tLi+ of 0.7-1. When mixed with PEO (60 wt.%), these polymer electrolytes act as polymeric 
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Li salts forming SPEs with high ambient conductivities up to ~3 × 10-3 S/cm and tLi+ up to 0.8. 

Detailed design, synthesis and characterization are discussed in Chapters 4 and 5.  

 

 
Scheme 1.3. Example structures of LixPON, LixSiPON and LixSiON oligomer/polymer electro-

lytes. 
 

1.3 Inorganic solid electrolytes 

Inorganic solid electrolytes (ISEs), typically ceramics, provide greater electrochemical stabil-

ity window and tLi+, enhanced thermal and chemical stabilities, and diminished flammability com-

pared to PEs.17 They are also suitable for rigid battery designs, namely thin-film-based devices, 

due to their high elastic moduli.11,12 However, due to low fracture toughness and ductility, ceramic 

electrolytes often show poor interfacial contact with electrodes and fail to meet requirements for 

fabricating thin and flexible films in practical applications.11,15,30,104 In addition, fabrication costs 

for ISEs are typically high, e.g. solid-state reactions, high temperature sintering and gas phase 

deposition, limiting bulk production for commercialization.  

Ion transport in ceramic ISEs is dominantly facilitated by defects within the crystalline lattice, 

including interstices and vacancies (e.g., Schottky and Frenkel defects), providing pathways for 

fast ion movement.17,26 Lattice distortion near grain/phase boundaries and interfaces allow mobile 
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carriers to redistribute according to potential differences, which may provide additional interfacial 

charge-transport pathways. Additionally, impurity inclusion and/or solid solution induced struc-

tural distortions can also create free space assisting ion transport.26 In general, to achieve fast Li+ 

conduction in ISEs, Li+ should be able to fit through bottlenecks in the conduction channel(s), 

available sites for Li+ should be interconnected allowing continuous diffusion pathways, interac-

tions between Li+ and the framework should be weak, and concentrations of vacancy and intersti-

tial sites should be optimized to minimize migration energy.17  

Common types of ISEs include garnet, perovskite, sodium super ion conductor (NASICON) 

and LISICON crystalline electrolytes and glassy electrolytes such as lithium phosphorus oxyni-

tride (LiPON). Ionic conductivities and structures of representative ISEs are summarized in Table 

1.3 and Figure 1.2, respectively. 

 
Table 1.3. Conductivities (σ) of selected inorganic solid electrolytes.  

Electrolyte Prototype Composition σ (S/cm) Reference 

Garnet Li7La3Zr2O12 
Li7La3Zr2O12 3 × 10-4 (25 °C) 105 

Li6.75La3(Zr1.75Nb0.25)O12 8 × 10-4 (25 °C) 106 
Li6.25Ga0.25La3Zr2O12 1.5 × 10-3 (25 °C) 107,108 

Perovskite Li3xLa2/3-xTiO3 
Li0.34La0.51TiO2.94 2 × 10-5 (RT) 109 

Li3/8Sr7/16Ta3/4Zr1/4O3 2.7 × 10-4 (27 °C) 110 
Li3/8Sr7/16Ta3/4Hf1/4O3 3.8 × 10-4 (25 °C) 111 

NASICON 
LiTi2(PO4)3 

Li1.3Al0.3Ti1.7(PO4)3 7 × 10-4 (25 °C) 112 
2[Li1.4Ti2Si0.4P2.6O12]-AlPO4 1.5 × 10-3 (RT) 113 

Li1.7Al0.3Ti1.7Si0.4P2.6O12 2.4 × 10-3 (RT) 114 

LiGe2(PO4)3 Li1.5Al0.5Ge1.5(PO4)3 4 × 10-4 (RT) 115 
Li1.5Al0.4Cr0.1Ge1.5(PO4)3 6.7 × 10-3 (26 °C) 116 

LISICON γ-Li3PO4 

Li14Zn(GeO4)4 1.3 × 10-6 (33 °C) 117,118 
Li4-xSi1-xPxO4  
(x = 0.5, 0.6) ~10-6 (RT) 119 

Li10.42Ge1.5P1.5Cl0.08O11.92 3.7 × 10-5 (27 °C) 120 
Li4Al1/3Si1/6Ge1/6P1/3O4 9 × 10-4 (RT) 121 

LiPON glass defective  
γ-Li3PO4 Li3PO4 (deposition target) 2-3 × 10-6 (RT) 122–124 

Sulfide glass/glass-
ceramic Li2S-P2S5 70Li2S-30P2S5 10-2-10-3 (RT) 125,126 

80Li2S-20P2S5 9 × 10-4 (RT) 127 

Thio-LISICON 
Li4GeS4 Li3.25Ge0.25P0.75S4 2.2 × 10-3 (25 °C) 128 

Li10GeP2S12 Li10GeP2S12 1.2 × 10-2 (RT) 129 
Li9.54Si1.74P1.44S11.7Cl0.3 2.5 × 10-2 (RT) 130 
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Figure 1.2. Structures of example inorganic solid electrolytes. 

 

1.3.1 Garnet-type electrolytes 

Garnet-type materials have the general formula A3B2Si3O12, where the A and B cations have 

eightfold and sixfold coordination, respectively.14 Since first discovered in 1969 for 

[Li3M2Ln3O12 (M = W or Te)],131 a series of garnet-type materials has been developed. The repre-

sentative systems are Li5La3M2O12 (M = Nb or Ta), Li6ALa2M2O12 (A = Ca, Sr or Ba; M = Nb or 

Ta), Li5.5La3M1.75B0.25O12 (M = Nb or Ta; B = In or Zr), and the cubic systems 

Li7La3Zr2O12 (LLZO) and Li7.06M3Y0.06Zr1.94O12 (M = La, Nb or Ta).105,132–135 A high ionic con-

ductivity of 1.5 × 10-3 S/cm was achieved at RT for Ga doped LLZO, Li6.25Ga0.25La3Zr2O12.107,108 

However, they are generally not stable in contact with moisture or CO2 in ambient atmosphere, 

and it is important to improve LLZO stability through material modifications.136 In addition, dense 
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cubic LLZO films (≥ 94 % dense, <40 μm thick) are typically sintered at 1100-1250 °C for 10-40 

h.105,137 To shorten the sintering time, energy and equipment intensive processes are used, such as 

hot-pressing, and field assisted or spark plasma sintering, which can reduce sintering temperature 

and time to 1000-1100 °C/≤ 1 h.138–140 Previously we reported processing Al3+ or Ga3+ doped, 

dense and flexible LLZO thin films (<30 μm) by pressureless sintering at ~1100 °C/≤1 h from 

flame made nanopowders (NPs).107,141 

1.3.2 Perovskite-type electrolytes 

The representative perovskite SE is (ABO3)-type Li3xLa2/3-xTiO3 (LLTO, 0 < x < 0.16) exhibits 

a bulk Li+ conductivity exceeding 10-3 S/cm at RT, and total conductivity of ~2 × 10-5 S/cm.14,109,142 

The high bulk conductivity derives from the crystal structure of tetragonal Li3xLa(2/3-x)□(1/3-

2x)TiO3 (□ = vacancy) with a large concentration of A-site vacancies that allow Li+ motion by 

vacancy diffusion and through a square planar bottleneck formed by four O2- between two neigh-

boring A sites.136,142  However, LLTO is not stable at voltages below about 1.8 V vs. Li/Li+, mak-

ing it incompatible with low potential anode materials, including Li metal which can lead to re-

duction of Ti4+.14,143 A different perovskite-type SE LiSr1.65Zr1.3Ta1.7O9 was found to be stable in 

contact with Li as Zr4+ and Ta5+ oxidation states are stable against reduction. However, its ionic 

conductivity is as low as 1.3 × 10-5 S/cm at 30 °C.144 Further studies on 

Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ) and Li3/8Sr7/16Ta3/4Hf1/4O3 (LSTH) show improved ionic conductiv-

ities of 2-4 × 10-4 S/cm at 25 °C.110,111 Although LSTZ/LSTH is promising for applications in 

ASSBs, they are typically sintered at ~1300 °C, which is incompatible with electrode materials for 

battery construction using co-sintering methods.136,142  
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1.3.3 NASICON-type electrolytes 

First studied in the 1960s, Na1+xZr2SixP3-xO12-like compounds gave rise to the term ‘NA-

SICON’.14,145 These materials generally have an AB2(PO4)3 formula with the A site occupied by 

Li, Na or K. The B site is usually occupied by Ge, Zr or Ti.14,146 The structure can be described as 

a covalent skeleton [B2P3O12]- consisting of BO6 octahedra and PO4 tetrahedra, which form 3D 

interconnected channels and two types of interstitial positions (M’ and M”) where conductor cati-

ons A+ are distributed. A+ can move from one site to another through bottlenecks, the size of which 

depends on the nature of the skeleton ions and the carrier concentrations in both sites (M’ and 

M”).142,147 

In particular, the LiTi2(PO4)3 system has been widely investigated. The ionic conductivity of 

LiZr2(PO4)3 is very low (~10-8 S/cm),148,149 but can be improved by substitution to form Li1+xMxTi2-

x(PO4)3 (M = Al, Cr, Ga, Fe, Sc, In, Lu, Y or La), with Al substitution, Li1+xAlxTi2-x(PO4)3 (LATP), 

having been demonstrated to be the most effective (bulk σ = 3 × 10-3 S/cm at RT).150–153 The 

Li1+xAlxGe2-x(PO4)3 (LAGP) system has also been widely investigated because of its relatively 

wide electrochemical stability window (up to 7 V vs. Li/Li+) and high ionic conductivity > 10-

4 S/cm.151,154,155 NASICON-type materials are considered suitable SEs for high-voltage solid elec-

trolyte batteries. However, one of the LAGP precursor, GeO2, is expensive and can significantly 

increase the cost of LAGP based ASSBs. Therefore, it is necessary to develop cost effective 

new NASICON electrolytes.136 

1.3.4 LISICON-type electrolytes 

Typical LISICON-type compounds crystallize into structures similar to γ-Li3PO4 with an or-

thorhombic unit cell and Pnma space group, where all cations are tetrahedrally coordi-

nated.17,156 The Li+ ions located in LiO4 tetrahedra diffuse between these tetrahedra and interstitial 

https://www-sciencedirect-com.proxy.lib.umich.edu/topics/chemistry/nasicons
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sites located in the PO4 network.157 A LISICON-type SE, Li14Zn(GeO4)4, was first reported in 

1978 showing ionic conductivities of 1.25 × 10-1 S/cm at 300 °C and 1.3 × 10-6  S/cm at 

33 °C.117,118 It was proposed that Li+ can diffuse freely between interstitial sites in the 

[Li11Zn(GeO4)]3- network. Bottlenecks between interstitial sites are large enough for Li+ transport, 

and each O2- is bonded to four network cations (Li+, Zn2+, Ge4+) and bonds weakly to mobile Li+, 

which is similar to the γ-Li3PO4 structure.136,158  

 Aliovalent substitution of P5+ by Si4+ or Ge4+ in γ-Li3PO4 can create compositions such as 

Li3+x(P1-xSix)O4,117,119,159 which gives rise to fast Li+ conduction and the LISICON-type SE family. 

The excess Li+ created by such substitution occupies interstitial sites, as it cannot be accommo-

dated in tetrahedral sites, making the adjacent Li-Li+ distances unusually short and resulting in a 

high conductivity of 3 × 10-6 S/cm.17  

By partially substituting O2- with Cl- forming compositions of Li10.42Si1.5P1.5Cl0.08O11.92 and 

Li10.42Ge1.5P1.5Cl0.08O11.92, ionic conductivities increase to 1.0 and 3.7 × 10-5 S/cm at 27 °C, respec-

tively, and the electrochemical stability with Li metal is up to 9 V vs. Li/Li+.120 As Cl- is larger 

than O2- while having a lower electronegativity, lattice constants and bottleneck sizes increase for 

Li+ diffusion and weaker bonding forms between Li+ and Cl- compared to Li+ and O2-, resulting in 

increased ionic conductivities.120,136  

Molecular dynamics (MD) simulation of Li4±xSi1-xXxO4 (X = P, Al, or Ge) reveals temperature-

dependent (from low to high) Li+ diffusion mechanisms: local oscillation, isolated hopping, and 

superionic motion.121 Substitution of Si in Li4SiO4 by P, Al or Ge can induce mixed polyanion ef-

fects, lowering transition temperatures for diffusion mechanisms and therefore increasing ionic 

conductivities. Li4Al1/3Si1/6Ge1/6P1/3O4 was predicted to have an ionic conductivity of 9 × 10-4 

S/cm at RT, much higher than that of Li4SiO4 (~2 × 10-7 S/cm).121,136 
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Overall, LISICON-type of SEs have good chemical and electrochemical stability, but low ionic 

conductivities compared with other oxide solid electrolytes.136 

1.3.5 LiPON-type electrolytes 

Different from the above ISEs, LiPON is a type of amorphous Li+ SE. In principle, LiPON can 

be considered a Li+ defective γ-Li3PO4 with O partially substituted by N, with an example compo-

sition of Li2.88PO3.73 N0.14.142,160,161 LiPON was first synthesized at the Oak Ridge National Labor-

atory by radio frequency magnetron sputtering (RFMS) Li3PO4 target in N2 plasma, which showed 

an ionic conductivity of 2 × 10-6 S/cm at RT and was found to be stable to Li metal from 0 to 

5 V.122 In thin-film form, LiPON is an important SE for all-solid Li ion microbatteries.124,142 

In general, the ionic conductivity of LiPON thin films increases significantly while the activa-

tion energy (Ea) for Li diffusion decreases with the atom percentage (at.%) of N incorporated in 

the structure.160 Bates et al.123,124 showed that ionic conductivity increased more than 45× at 25°C 

when increasing the N content from 0 at.% (σ = 7 × 10-8 S/cm) to 6 at.% (σ = 3.3 × 10-6 S/cm). It 

was proposed that N bridged among P atoms with double (Nd) or triple (Nt) coordination, and these 

crosslinked structures might increase the Li+ mobility by providing interconnected pathways.122,123  

However, another argument was made by Wang et al.162 that most N would form PO3N as 

apical N (Na) and the rest would be Nd. By applying MD simulations, Lacivita et al.160 and Li et 

al.161 both found Nd bridges and apical Na configurations in LiPON structures with no triple Nt 

bridges between P atoms found. The overall conductivity is correlated with the amount of disorder 

and therefore amorphous LiPON exhibits higher conductivities than crystalline γ-Li3PO4, and Nd 

bridging increases the connectivity which enables amorphous LiPON to act as a single-ion con-

ductor.160,161  
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LiPON thin films are typically processed by gas phase deposition methods, such as RF mag-

netron sputtering,122–124 ion beam assisted deposition (IBAD),163,164 metalorganic-chemical vapor 

deposition (MOCVD),165 etc. Low deposition rates (typically <100 nm/min) and specialized appa-

ratus required for gas phase depositions drive up the fabrication cost for large, homogeneous com-

position targets at commodity scales. In addition, although LiPON glasses are promising for thin-

film ASSBs, they are not appropriate for bulk ASSBs due to low ionic conductivities of 10-6-10-

5 S/cm at RT.136 

As discussed in Chapters 4 and 5, we explored polymer synthesis methods of preparing 

LiPON-like and LixSiON (based on N-doped LISICON-type SE) precursors that exhibit ambient 

conductivities of ~10-5 S/cm, providing a novel, low cost, low temperature and scalable approach 

towards SSEs. Especially for LixSiON precursors which are derived from agricultural waste, rice 

hull ash, a green synthesis method is established.  

1.3.6 Sulfide-type electrolytes 

Research into sulfide-type SEs started in 1986 with the Li2S-SiS2 system,166,167 with the highest 

reported conductivity of 7 × 10-4 S/cm achieved by doping the Li2S-SiS2 system with γ-Li3PO4.168 

In 2001, a class of thio-LISICON crystalline material was found in the Li2S-P2S5 system.128 Gen-

erally, substituting O2- by S2- in LISICON-type electrolytes gives rise to the thio-LISICON fam-

ily.17 As interactions between S2- and Li+ are weaker than those between O2- and Li+, the sulfide-

type SEs exhibit higher Li+ mobility and ionic conductivities than the oxide-type counter-

parts.136,169 There are generally three types of sulfide SEs: glasses, glass-ceramics and ceramics, 

which all show ionic conductivities comparable to organic liquid electrolytes. Glass/glass-ceramic 

Li2S-P2S5 and ceramic thio-LISICON Li4-xGe1-xPxS4 (0 < x < 1) are the most promising SEs, see 

examples in Table 1.3.136 
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The Li10MP2S12 (M = Si, Ge, or Sn)129,170,171 and Li11Si2PS12172 families show the highest Li+ 

conductivities, above 10-2 S/cm at RT. The Li10GeP2S12 (LGPS) structure consists of (Ge0.5P0.5)S4, 

PS4 and LiS4 tetrahedra and LiS6 octahedra. (Ge0.5P0.5)S4 tetrahedra and LiS6 octahedra connect to 

one another forming one-dimensional (1D) chains along c-axis, and these chains are connected by 

PS4 tetrahedra. It was found that thermal vibrations of Li+ inside the LiS4 tetrahedra (16h and 8f 

sites) are highly anisotropic, and the Li+ are displaced toward interstitial sites between two 16h 

sites and between 16h and 8f sites forming 1D conduction pathways.17,136,173,174 As a result, 

Li10GeP2S12 shows a high bulk ionic conductivity of >10-2 S/cm at RT and is stable with Li up to 

5 V vs. Li/Li+.17,136 

Overall, sulfide-type SEs have the highest ionic conductivities of the order of 10-2 S/cm at RT. 

However, they are not stable in ambient atmosphere reacting with moisture to form H2S gas. There-

fore, they must be used in a controlled atmosphere for bulk batteries and not for thin-film applica-

tions due to immature deposition technologies for sulfide electrolytes.14,136 Additionally, compat-

ibility issues between electrode materials and sulfide SEs make it difficult to achieve stable cycling 

performance.175,176 The strong reducing capability of Li metal towards almost all sulfide SEs 

makes the use of Li metal as the anode directly against sulfide electrolyte extremely challeng-

ing.177,178 Moreover, the uneven Li deposition leads to dendrite formation, which can penetrate 

through the soft electrolyte resulting in catastrophic failure.175,179 

1.4 Overview of subsequent chapters 

The following chapters are organized as follows. 

Chapter 2 describes synthetic and experimental techniques used in this dissertation. Synthesis 

procedures include oxysilylation of diepoxides with various Si-H sources, LiPON-like polymer 
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precursor syntheses, and LixSiON precursor syntheses. Aanalytical methods include Fourier-trans-

form infrared spectroscopy (FTIR), matrix-assisted laser desorption/ionization-time of flight 

(MALDI-ToF), thermogravimetric analysis (TGA) and differential thermal analysis (DTA), multi-

nuclear magnetic resonance spectroscopy (NMR), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), scanning electron microscopy (SEM) and energy-dispersive X-ray spectros-

copy (EDX) and electrochemical impedance spectroscopy (EIS). 

Chapter 3 describes several basic aspects of oxysilylation of diepoxides with TMDS (HMe2Si-

OSiMe2H, tetramethyldisiloxane), OHS [HSiMe2OSiO1.5]8, D4H [(CH3SiHO)4, tetramethylcyclo-

tetrasiloxane] and D5H [(CH3SiHO)5, pentamethylcyclopentasiloxane] in mixtures of dichloro-

methane and hexane, or as simple mixtures catalyzed by B(C6F5)3 at ambient, which offers a 

method of synthesizing self-reinforced epoxy resin nanocomposites that avoids the use of polyam-

ines.  

Chapter 4 presents the design and synthesis of easily scaled, low-temperature, low-cost, solu-

tion processable inorganic polymers containing LiPON/LiSiPON elements, providing a novel 

method of fabricating LiPON emulating SEs. OPCl3 and hexachlorphosphazene [Cl2P=N]3 pro-

vide starting points for elaboration using MNH2 (M = Li/Na) or (Me3Si)2NH followed by reaction 

with controlled amounts of LiNH2 to produce oligomers/polymers with MWs ≈1-2 kDa. Detailed 

characterization and electrochemical performance tests are discussed. 

Chapter 5 presents a set of LixSiON (x = 2, 4, 6) polymer precursors to a novel SSE system 

were synthesized starting from rice hull ash (RHA), an agricultural waste, providing a green route 

towards all solid-state batteries (ASSBs). Silica, ~90 wt. % in RHA, can be catalytically (alkali 

base) dissolved (20-40 wt %) in hexylene glycol (HG) and distilled directly from the reaction 

mixture as the spirosiloxane [(C6H14O2)2Si, SP] at 200 °C. SP can be lithiated using controlled 
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amounts of LiNH2 to produce LixSiON oligomers/polymers with MWs up to ~1.5 kDa as charac-

terized by FTIR, MALDI-ToF, multinuclear NMR, TGA-DTA, XRD, XPS, SEM and EDX, fol-

lowed by electrochemical performance tests. 

Finally, Chapter 6 gives an overall summary and conclusions of this work followed by a dis-

cussion of future work. 
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Chapter 2 Experimental 
 

2.1 Introduction 

This chapter summarizes synthesis and experimental methods, and characterization tools used 

in this dissertation. Detailed descriptions can be found in each chapter.  

2.2 Materials 

All chemicals and solvents were obtained from commercial suppliers, their detailed infor-

mation is as follows. Octakis(dimethylsiloxy)octasilsesquioxane [(HSiOSiO1.5)8, OHS] was sup-

plied by Mayaterials Inc. Tetramethyldisiloxane (HMe2SiOSiMe2H, TMDS) was purchased from 

Gelest Inc. Tetra- and penta- methylcyclotetrasiloxane [(CH3SiHO)4,5, D4H/D5H], phosphorus ox-

ychloride (OPCl3) and hexamethyldisilazane [HMDS, (Me3Si)2NH] were obtained from Alfa Ae-

sar. Diepoxybutane (DEB), diepoxyoctane (DEO), bisphenol A diglycidyl ether (DGEBA) and 

3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ECHX) were purchased from 

Sigma-Aldrich. Hexane and dichloromethane (DCM) were purchased from Fisher Scientific. So-

dium amide (NaNH2), lithium amide (LiNH2) and 2-Methyl-2,4-pentanediol (hexylene glycol, 

HG) were obtained from Acros Organics. Hexachlorophosphazene (Cl6N3P3) was purchased from 

abcr GmbH.  

Rice hull ash (RHA) was provided by Wadham Energy LP (Williams, CA); it was milled in 

dilute hydrochloric acid (HCl) to remove impurities prior to use.1,2 HCl and tetrahydrofuran (THF) 

were purchased from Sigma-Aldrich. THF was distilled over sodium benzophenone ketyl prior to 

use. All other chemicals were used as received. 
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2.3 Synthetic methods 

2.3.1 Oxysilylation of diepoxides 

All oxysilylations were performed with Si-H 1:1 molar equivalent with epoxy group. Detailed 

experimental conditions are provided in Table 2.1. 

Oxysilylation of diepoxides in solvent  

To a 25 mL round bottom flask equipped with a magnetic stirrer, diepoxide and Si-H reactant 

(see Table 2.1) were dissolved in a mixture of DCM and hexane, three different solvent volumes 

were chosen: 5 mL DCM + 5 mL hexane, 2.5 mL DCM + 2.5 mL hexane, and 1 mL DCM + 1 mL 

hexane. The solution was stirred at RT for 5 min, then the prepared solution of 1 mg/mL B(C6F5)3 

(0.1-3 mg, 0.2-6 μmol) in DCM was added using a syringe. The solution was then kept stirring 

magnetically for 1 week (w). The final products were dried in a vacuum oven at 60 °C/24 h/vac-

uum. 

 
Table 2.1. Oxysilylations of diepoxides in solvent catalyzed by B(C6F5)3.  

Reaction Si-H reactant 
(Si-H = 11.3 mmol) 

Diepoxide 
(epoxy = 11.3 mmol) 

Diepoxide + TMDS TMDS (1 mL, 5.7 mmol) 

Diepoxide (5.7 mmol): 
DEB (0.49 g) 
DEO (0.80 g) 

DEGBA (1.92 g) 
ECHX (1.43 g) 

Diepoxide + OHS OHS (1.4 g, 1.4 mmol) 

Diepoxide + TMDS + 5 mol.% OHS TMDS (0.95 mL, 5.4 mmol) 
OHS (0.07 g, 0.07 mmol) 

Diepoxide + TMDS + 10 mol.% OHS TMDS (0.9 mL, 5.1 mmol) 
OHS (0.14 g, 0.14 mmol) 

Diepoxide + TMDS + 20 mol.% OHS TMDS (0.8 mL, 4.6 mmol) 
OHS (0.29 g, 0.28 mmol) 

Diepoxide + D4H D4H (0.7 mL, 2.8 mmol) 
Diepoxide + D5H D5H (0.7 mL, 2.3 mmol) 

 

Oxysilylation of diepoxides without solvent  

In a 25 mL round bottom flask equipped with a magnetic stirrer, the mixture of diepoxide (5.7 

mmol, except DGEBA) and TMDS (1 mL, 5.7 mmol) was stirred at RT for 5 min, then prepared 

solution of 1 mg/mL B(C6F5)3 (0.1-3 mg, 0.2-6 μmol) in DCM was added using a syringe.  



33 
 

For DGEBA, it was first melted in an oil bath at 50 °C in a 25 mL round bottom flask. TMDS 

was added after removing the oil bath and the mixture was stirred at RT for 5 min, then B(C6F5)3 

(0.1-3 mg, 0.2-6 μmol, 1 mg/mL in DCM) was added following the same procedure as described 

above. 

All solventless reaction products were dried in a vacuum oven at 60 °C/24 h/vacuum. 

2.3.2 Syntheses of LiPON-like polymer precursors 

LiPON-like polymer precursors, LixPON, LixSiPON (x = 3, 6) and Li2SiPHN, are synthesized 

in two steps. The first step is to substitute the -Cl in the phosphorus source (OPCl3 or Cl6N3P3) 

with -NH2 (from NaNH2) or -NHSiMe3 [from (Me3Si)2NH] producing byproduct NaCl or Me3SiCl 

(Table 2.2). It is followed by lithiation from the lithium source LiNH2.  

 
Table 2.2. P, N source and the stoichiometry of the first step of polymer precursor syntheses. 

Polymer precursor (unlithiated) P source N source Byproduct Stoichiometry 
PON OPCl3 NaNH2 NaCl Na/Cl = 1.1 

SiPON OPCl3 (Me3Si)2NH Me3SiCl Me3Si/Cl = 1.2 
SiPHN Cl6N3P3 (Me3Si)2NH Me3SiCl NH/Cl = 1.1 

 

Typical synthesis procedures. In a dried 200 mL round bottom Schlenk flask, NaNH2 (7.0 g, 

0.179 mol) or (Me3Si)2NH (20.1 mL, 96.6 mmol) was first added to 80 mL of distilled THF, then 

OPCl3 (5.0 mL, 53.6 mmol) or Cl6N3P3 (5.2 g, 14.9 mmol) was added. All was done in an ice bath 

under N2. The ice bath was removed after 1 d of reaction and the reaction mixture was kept running 

at RT/N2/1 w. Centrifugation was followed to separate the soluble and insoluble parts of the reac-

tion mixture. The supernatant was collected into another dried 200 mL round bottom Schlenk flask.  

Thereafter, LiNH2 (see Table 2.3) was added to the supernatant under N2 in an ice bath. The 

reaction mixture stayed cloudy due to low solubility of LiNH2. After 1 d of reaction, the ice bath 

was removed and changed to an oil bath for heating. The reaction was kept running at 40 °C/N2 
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for 1 w. Centrifugation was followed to separate the soluble and insoluble parts in the reaction 

mixture. The supernatant was collected into another dried 200 mL round bottom Schlenk flask. 

To obtain the yield, a small sample (3 mL) was taken from the centrifuged supernatant and 

vacuum dried at 60 °C on a Schlenk line and the mass of the product was measured. The total 

volume of the supernatant was measured by a graduated pipette.  

Table 2.3 lists the LiNH2 used in the lithiation, and the properties of final products.  

 
Table 2.3. Lithiation of polymer precursors.  

Polymer precursor LiNH2/-NHa Appearanceb Typical yieldc, % 
Li3PON 1 Light-yellow suspension 50-70 
Li6PON 2 Light-yellow suspension 50-70 

Li2SiPHN 1 Orange solution 80-90 
Li3SiPON 1 Yellow solution ≥90 
Li6SiPON 2 Orange solution ≥90 

aThe molar ratio of LiNH2 to the -NH in the unlithiated precursors. bThe appearance of the centrifuged precursor supernatants. 
cThe obtained yield divided by the theoretical yield.  

 

2.3.3 Syntheses of LixSiON (x = 2, 4, 6) precursors 

Rice hull ash (RHA) impurity removal 

RHA (200 g) was milled mechanically for 48 h in a 2 L bottle with 200 g of milling media 

(yttria-stabilized zirconia, Φ = 3 mm) and 2 L of HCl solution (3.7 wt.% HCl). Thereafter, the acid 

milled RHA was recovered by suction filtration through a Buchner funnel. The recovered RHA 

was then washed with 500 mL deionized water.  

Thereafter, the acid milled RHA and 1 L of deionized water were introduced to a 2 L flask 

equipped with a stir bar and a reflux condenser. The mixture was boiled for 24 h before separation 

by filtration through a Buchner funnel. The boiling and filtration processes were repeated. After 

the second filtration, the filtered water was confirmed neutral by pH test. The treated RHA was 

dried at 60 °C/vacuum/overnight.  
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Synthesis of spirosiloxane (SP) 

Silica from RHA can react with hexylene glycol (HG) using catalytic base forming SP at 200 

°C,3,4 which distills directly out of the reaction mixture per equation (2.1). 

Si
O

O

O

O
SiO2

    +    2
200 οC/-2H2OHO OH

Catalytic NaOH (10 mol. %)

Spirosiloxane (SP)

Rice Hull Ash
87 wt.% silica

+ SDRHA (~65 wt.% SiO2
 + ~35 wt.% C)

Silica Depleted RHA
220 m2/g

(2.1)

Hexylene glycol (HG)  
 

Typical SP synthesis: to a dry 500 mL round-bottom flask were added 300 mL HG (excess 

amount) and NaOH (3.0 g, 75 mmol). The solution was heated to 200 ℃/3 h with stirring to re-

move water, then dried RHA (~50 g, ~90 wt.% silica content) was added. After 100 mL HG distills 

off, another 100 mL HG was added until 500 mL HG reacted and/or distilled out as a mixture of 

SP, H2O and HG during silica depolymerization. 

The distilled mixture of SP, H2O and HG (500 mL) was then washed with hexane (500 mL) 

and water (3 × 250 mL) as HG is soluble in water while SP is not. Then the hexane layer (contain-

ing SP) was dried over magnesium sulfate and collected. In the final step, the hexane was removed 

on a rotary evaporator to yield 37 g of the SP product (~70 % yield). The SP product can be further 

purified by redistillation. The product was dried at 60 °C/12 h/vacuum.  

LixSiON precursor syntheses 

LixSiON precursors are synthesized by reacting SP with LiNH2 (mole ratio of LiNH2/SP = x), 

as suggested in equation (2.2). In theory, one SP molecule can be envisioned to offer two coordi-

nation sites for LiNH2 (Li2SiON).5 But as suggested in Chapter 5, excess LiNH2 can react with SP 

forming Li4SiON and Li6SiON precursors, likely by partial displacement of one or more Si-O 

bonds, or by interaction of Li+ with O from SP forming clusters.  
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(2.2)Si

O

O

O

O

+ x LiNH2 Si

O

O

O

O
NH2

NH2

RT-60 οC/THF

Spirosiloxane (SP) LixSiON

Li+

Li+

 
 

Example of Li6SiON synthesis: in a 200 mL round bottom Schlenk flask equipped with a reflux 

condenser, SP (3.9 g, 15.0 mmol) and LiNH2 (2.2 g, 95.8 mmol) were added to ~80 mL distilled 

THF under N2. The reaction was kept running at 60 °C/2 w/N2. Initially, the reaction was a cloudy 

white mixture that turns darker over time. After running at 60 °C/2 w, the reaction mixture became 

a brown solution (Figure 2.1).  

To obtain the yield, the reaction mixture was allowed to settle for 1 h, a small sample (5 mL) 

was taken from the top of the mixture to a 25 mL Schlenk flask, and vacuum dried at 60 °C/1 h. 

The product was a 0.37 g orange solid indicating a total yield for the solution of ~6 g; slightly 

lower than the mass sum of the starting materials (6.1 g) suggesting the product is almost fully 

soluble and stable in THF. Table 2.4 records the LiNH2 quantities used for different precursors.  

 
Figure 2.1. Optical images of typical syntheses of LixSiON precursors. 
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Table 2.4. Syntheses of LixSiON precursors.  
Precursor LiNH2/SPa Appearanceb 
Li2SiON 2.1-2.2 Orange/light-brown solution 
Li4SiON 4.2-4.4 Orange/light-brown solution 
Li6SiON 6.4-6.6 Brown solution 

aTypically, a 5-10 mol.% excess LiNH2 is added. bThe appearances of precursor THF solutions (Figure 2.1).   
 

Dried LixSiON products (60 °C/1 h/vacuum) can be hydraulically pelletized at 5 ksi/20 sec 

with a 13 mm diameter die, Figure 2.2. 

 
Figure 2.2. Optical images of representative dried LixSiON precursor powders (top) and hydrau-

lically pressed pellets (bottom, 5 ksi/20 sec with a 13 mm diameter die). 
 

2.4 Analytical methods 

The following procedures were used as a standard set of characterization methods for materials 

synthesized in this dissertation. 

Gel permeation chromatography (GPC) analyses were run on a Waters 440 system equipped 

with Waters Styragel columns (7.8 × 300, HT 0.5, 2, 3, 4) with RI detection using an Optilab DSP 

interferometric refractometer and THF as the solvent. The system was calibrated using polystyrene 

standards. Analyses were performed using Empower 3 Chromatography Data Software (Waters, 

Corp.). 
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Fourier-transform infrared spectroscopy (FTIR) was run on a Nicolet 6700 Series FTIR spec-

trometer (Thermo Fisher Scientific, Inc.). Samples (1 wt.%) were mixed with KBr powder (400 

mg, Alfa Aesar); the mixtures were ground rigorously with an alumina mortar pestle, and the dilute 

samples were packed in a metal sample holder to be analyzed. Prior to data acquisition in the range 

of 4000-400 cm-1, the sample chamber (rubber sealed) was purged with N2 for 10-20 min.   

Matrix-assisted laser desorption/ionization-time of flight (MALDI-ToF) was done on a Bruker 

AutoFlex Speed MALDI-TOF, both negative- and positive-ion reflectron modes were used. Tri-

hydroxyanthracene was used as the matrix. Samples were prepared by mixing solutions of the 

matrix (10 mg/mL in THF) and polymer precursor solution (1 mg/mL in THF), 1:1 volumetric 

ratio, and blotting the mixture on the target plate (MSP 96 polished steel BC, Bruker). For positive-

ion mode, a AgNO3 solution (1 mg/mL in THF) is added (AgNO3:matrix = 1:5 vol.) as the ion 

source. The calculation of polymer precursor structures based on MALDI was done by a Python 

program MALDI-Calculation, see Appendix B for details and https://github.com/haveamis-

sion/MALDI-Calculation for the newest version and instructions. 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed 

on an SDT Q600 series simultaneous TGA/DTA (TA instrument, Inc.). Samples (10-20 mg) were 

hand-pressed in a 3-mm dual-action die and placed in alumina pans; the experiments ramped to 

800-1000 °C at 10 °C/min under constant N2 flow (60 mL/min).  

Nuclear magnetic resonance spectroscopy (NMR). All NMR spectra were collected from dried 

samples dissolved in CDCl3 (0.1 g/mL) and recorded on a Varian vnmrs 500 MHz spectrometer. 

7Li NMR spectra were collected using a spectral width of 39 kHz, a relaxation delay of 0.1 s, 32 k 

data points, a pulse width of 250. An aqueous solution of LiCl (9.7 M) was used as the reference 

(δ = 0 ppm). 1H NMR spectra were collected using a spectral width of 6 kHz, a relaxation delay of 

https://github.com/haveamission/MALDI-Calculation
https://github.com/haveamission/MALDI-Calculation
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0.5 s, 30 k data points, a pulse width of 38°, and CHCl3 (7.26 ppm) as the internal reference. 13C 

NMR spectra were collected using a spectral width of 30 kHz, a relaxation delay of 0.1 s, 32 k data 

points, a pulse width of 250, and CHCl3 (77.16 ppm) as the internal reference. 29Si NMR spectra 

were collected using a spectral width of 20 kHz, a relaxation delay of 2.0 s, 16 k data points, a 

pulse width of 2.5. Tetramethylsilane (TMS, δ = 0 ppm) was used as the reference for 1H, 13C and 

29Si NMR spectra. 

X-ray diffraction (XRD) was performed on dried precursor powders (60 °C/1 h/vacuum) using 

a Rigaku MiniFlex 600 XRD and Rigaku Smartlab XRD spectrometers (Rigaku Denki., LTD., 

Tokyo, Japan). Cu Kα (λ = 1.54 Å) radiation operates at a working voltage of 40 kV and currents 

of 15 and 44 mA. Scans were continuous from 10 to 80° 2θ using a scan rate of 5° min-1 in 0.01 

increments. The presence of crystallographic phases was determined by using Jade 2010 (Version 

1.1.5 from Materials Data, Inc.), Rigaku PDXL II (version 2.8.4.0) and Expo2014 (version 

1.20.03). 

X-ray photoelectron spectroscopy (XPS) experiments were carried out on a Kratos Axis Ultra 

XPS system at RT below 10-7 Torr using monochromatic Al source (14 kV and 8 mA). The bind-

ing energies of all the elements were calibrated relative to Au 4f7/2 at 84 eV. All data were analyzed 

by CASAXPS software using linear type background.  

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). JSM-

IT300HR In Touch Scope SEM (JEOL USA, Inc.) was used to analyze the microstructures and 

elemental compositions of polymer precursor pellets (pelletized hydraulically at 5 ksi/20 sec, Φ = 

13 mm).  
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Electrochemical impedance spectroscopy (EIS). AC impedance data were collected with a 

broadband dielectric spectrometer (Biologics) in a frequency range of 7 MHz to 1 Hz. “EIS spec-

trum analyser” software was used for extracting total resistance. Concentric Au/Pd electrodes (3 

mm in diameter) were deposited using an SPI sputter coater on both surfaces of polymer precursor 

pellets using a deposition mask. An equivalent circuit consisting of (RtotalQtotal)(Qelectrode) was used 

to measure the ionic resistivity. R and Q denote resistance and constant phase element, respec-

tively. The total conductivity (σt) was calculated using the equation σt= t/(A×R), where t is the 

thickness of the polymer precursor pellet (0.2-0.3 mm), A is the active area of the polymer precur-

sor, and R is the total resistivity obtained from the Nyquist plots.  
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Chapter 3 An Approach to Epoxy Resins, Oxysilylation of Epoxides 
 

Published: Zhang, X.; Yu, M.; Laine, R. M. Macromolecules 2020, 53 (6), 2249–2263. 

3.1 Introduction 

3.1.1 Epoxy resin syntheses 

Epoxy resins are ubiquitous in our society finding applications ranging from fiber-reinforced 

composites for aircraft components, to paints, to dental restoratives, to flip-chip underfill, to bond-

ing glues for household use.1–7 The typical epoxy resin is a two-component mixture where one 

component contains two or more epoxy groups and a hardener that is most often a diamine. In 

some instances, accelerating catalysts can be added to promote curing at low temperatures. Several 

mechanistic pathways to curing are typically recognized as suggested in Scheme 3.1. 

Many properties rely on the chemical structure of the epoxy, the hardener used, and the ratio 

of one to the other though this is typically 2:1. One of the more troubling issues with epoxy resins 

is their susceptibility to moisture uptake leading to mass and volume changes coincident with 

changes in multiple physical properties.8–12 One solution is to employ protective coatings; e.g. 

topcoats for aircraft primer layers.13–15 Alternately one should avoid applications that support hu-

mid environments. There are books and multiple reviews covering many of these aspects and a 

review here is not pertinent to the current work.1–3,5–7,16 

Here, we present an alternate conceptual approach to what might be termed epoxy resins. Our 

approach also employs two components and a catalyst. One component is a traditional diepoxide. 

However, the “hardener” consists of compounds containing two or more Si-H groups, and the 



43 
 

reaction is affected using catalytic amounts of B(C6F5)3 [tris(pentafluorophenyl)borane]. The cur-

ing reaction adds Si-H across one epoxide C-O bond to form new Si-O and C-H bonds coincident 

with ring-opening.17–20 We term this reaction oxysilylation, as suggested in Scheme 3.2. 

O On

+ n H2N

NH2

HO H
N

OH

N
H n

+
O On

HO
N

OH

N
n

HO

OH

 
Scheme 3.1. General pathway for amine curing of epoxides with 2:1 N:epoxy ratios. 
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Scheme 3.2. B(C6F5)3 catalyzed oxysilylation of epoxides gives two products. 

 

The basic concept arises from research reported originally from the Piers-Rubinsztajn groups 

as illustrated in reactions (3.1) and (3.2):21–26 

 

R3Si H + R'3Si
O

R
Cat. B(C6F5)3

Various solvents
0-70 oC

RH + R3Si
O SiR'3

High yields

(3.1)
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Crivello et al. studied the ring-opening photopolymerization of epoxides from Si-H containing 

monomers.27–32 Such syntheses require a two-step manner where noble metal complex‐catalyzed 

monomers formed prior to photoinitiated cationic polymerization, whereas the proposed approach 

reacts epoxy and Si-H groups directly. Another advantage is the low concentration required for 

B(C6F5)3 as a catalyst in comparison with polyamines. 

Our first efforts in this area were prompted by work of the Brook group.18,33–36 The work re-

ported here extends from simple attempts to promote the polymerization of diepoxides using both 

TMDS (HMe2SiOSiMe2H, tetramethyldisiloxane) and/or [HMe2SiOSiO1.5]8 (OHS) to form either 

linear (Scheme 3.2) or highly crosslinked polymers. Initial efforts focused on exploring using sol-

vents to produce processable polymers, but it became evident that the reactions are akin to those 

for forming epoxy resins and moved to solvent-free curing. As in traditional epoxy resin chemistry, 

the structures of both components will control eventual properties; however, one advantage to the 

current systems is that the products are typically hydrophobic and even resist hydrolysis in boiling 

water for up to 5 h. 

The goal of the work reported here is simply to demonstrate the potential utility of oxysilylation 

of epoxides as a route to new epoxy resins but not to completely detail all the possible properties 

as this will be a goal for future studies. 

R3Si

O
R'3Si C

H

B(C6F5)3H
-

COR'3Si SiH2R3 + H2 COR3Si SiR'3 + H2

main stream
- B(C6F5)3

R3SiOSiR'3 CH3CH2CH3
+

Side reactions

(3.2)
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3.1.2 Organic-inorganic hybrid materials 

Organic-inorganic hybrid materials typically show considerable enhancement in a variety of 

physical properties such as processability, toughness, thermal and oxidative stability, especially 

when the component sizes approach nanometer scales.37,38 Silsesquioxanes [(RSiO1.5)8,10,12] and 

the corresponding Q cages  [(RSiMe2OSiO1.5)8] can be regarded as molecular level organic-inor-

ganic hybrid materials. Such cages possess a rigid cubic structure where the central inorganic core 

(Si8O12, 0.5 nm) is functionalized with appended organic moieties (R or RSiMe2O, 1-2 nm de-

pending on the structure) at each corner (Figure 3.1). The rigid silica core provides excellent ther-

mal and chemical stability. In addition, these cubic cages offer entrée to a variety of highly sym-

metrical and star-shaped 3-D structures. Thus, they have received considerable attention as build-

ing blocks for constructing many types of hybrid molecules and materials.39–62 

 
Figure 3.1. Cubic cages. (a) Q8 (Q = SiO4) R = H, vinyl, epoxy, 3-hydroxypropyl, aminopropyl, 
glycidylepoxy, ethylcyclohexylepoxy, methacrylate, etc. (b) R8T8 (T = carbon-SiO1.5) R = alkyl, 

alkene, acetylene, acrylate, R’X (X = halogen, -CN, amine, epoxy, ester, etc. R’ = R same or 
mixed).37–40 

 

Epoxy resins have been developed extensively and are now widely used commercially as ther-

mosets with excellent engineering properties including useful thermal, mechanical, and electrical 

properties. They are used in diverse applications as noted above including as adhesives, coatings, 

and composite matrices.63–65 Previous work in our group explored the reactions of epoxy group 

terminated octakis(glycidyldimethylsiloxy)octasilsesquioxane [(glycidylMe2SiOSiO1.5)8] (OG) 
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and octa(dimethylsiloxyethylcyclohexyl epoxide) Q cages linked using an aromatic amine curing 

agent to form tethers and cross-linked, three-dimensional (3-D) nanocomposites.40,65–68 The effects 

of the tether length, rigidity, and structure on physicochemical properties were assessed to estab-

lish structure-processing-property relationships. These studies demonstrated that epoxy resin 

nanocomposites can be very well-defined in terms of chemical bonding/structural periodicity and 

can be completely discontinuous at nanometer length scales. The tether structures combined with 

variations in stoichiometric control of crosslinking chemistries and processing conditions strongly 

affect thermomechanical properties.66–68 

Here, we explore a new approach to 2-D and 3-D nanostructured hybrid epoxy resins using 

oxysilylation of diepoxides with both the difunctional siloxane TMDS and octafunctional cubic 

silsesquioxane OHS. In typical oxysilylation, a Si-H bond reacts with an R-O-Si linkage to form 

siloxane (Si-O-Si) linkages and RH in the presence of catalytic amounts of B(C6F5)3. The sug-

gested mechanism is shown as reaction (3.2).21,22  

In earlier work,69 we reported that oxysilylation of OHS with ethoxysilanes in hexane rapidly 

(minutes) forms irreversible microporous 3-D networks with surface areas >700 m2/g and average 

pore sizes of ~0.6 nm.  

In this work, we report a new route to linear polymers via the oxysilylation of diepoxides using 

TMDS per Scheme 3.2. B(C6F5)3 catalyzed oxysilylation opens the epoxy ring to form new Si-O 

and C-H bonds. As shown in Scheme 3.2, two possible products can form. Thus, our first efforts 

to create new families of epoxy resins begin with studies of the reaction of TMDS with: 1,3-di-

epoxybutane (DEB), 1,7-diepoxyoctane (DEO), bisphenol A diglycidyl ether (DGEBA), and 3,4-

epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ECHX) respectively (Figure 3.2). 
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Optimization of the reaction conditions for these studies allowed further efforts wherein we sought 

to generate 3-D ordered networks by reacting OHS with diepoxides per Scheme 3.3.  

 
Figure 3.2. Diepoxide structures: (a) 1,3-diepoxybutane (DEB). (b) 1,7-Diepoxyoctane (DEO). 
(c) Bisphenol A diglycidyl ether (DGEBA). (d) 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclo-

hexane carboxylate (ECHX). 
 

 
Scheme 3.3. B(C6F5)3 catalyzed oxysilylations of diepoxides with OHS. 

 

However, it is found that these reactions typically gel before completion of the reaction, leav-

ing unreacted Si-H function groups in the system. Therefore, alternate studies with D4H 

[(CH3SiHO)4, tetramethylcyclotetrasiloxane] and D5H [(CH3SiHO)5, pentamethylcyclopenta-

siloxane] as the Si-H source with the ability to introduce crosslinking were also explored by sys-

tematically varying conditions, per Scheme 3.4.  
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Scheme 3.4. B(C6F5)3 catalyzed oxysilylations of diepoxides with D4H and D5H. 

 

Our initial goal was to prove that the oxysilylation of epoxy with Si-H groups occurred as 

anticipated with diepoxides and TMDS to give linear polymer chains per the Scheme 3.2 mecha-

nism. The influences of the amount of solvent and catalyst are also investigated. As shown in 

Schemes 3.3 and 3.4, oxysilylation also works on reacting different diepoxides with OHS and 

D4H/D5H providing access to polymers with MW’s up to ~30 kDa or gel-like materials as found 

before.69 

3.2 Experimental section 
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calculated from the difference between wet and dry mass using the following formula: 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
× 100% = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑔𝑔𝑚𝑚𝑔𝑔𝑔𝑔. 

Water stability studies. Deionized water (20-30 mL) was added into clean 50-mL round-bot-

tom flasks topped with a reflux condenser. They were heated to 100 °C to allow the water to boil. 

Gels/solids (300-500 mg) were then placed into the boiling water for 5 h. FTIR spectra on gels 

were obtained before and after the boiling experiment for comparison. 

Specific surface area (SSA) and porosity analyses based on Brunauer-Emmett-Teller (BET) 

were carried out using an ASAP 2020 sorption analyzer (Micromeritics Inc., Norcross, GA). Sam-

ples (1-2 g) were ground into fine powders using and degassed at 150 °C/8 h. Each analysis was 

done at -196 °C (77 K) with N2. The SSAs were determined by the BET multipoint method using 

ten data points at relative pressures (p/p0) of 0.05-0.30. The micropore size distribution was deter-

mined by the Horvath-Kawazoe method. Data points were collected with low-pressure incremental 

dose mode at 0 < p/p0 ≤ 0.1. Mesopore size distributions were calculated using the BJH method 

from data points collected at 0 < p/p0 ≤ 0.1. 

Synthetic methods and other characterization procedures are given in Chapter 2. 

3.3 Results and Discussion 

3.3.1 Oxysilylation of diepoxides with TMDS 

In general, oxysilylation of diepoxides with TMDS takes place rapidly and violently. Within 

seconds to minutes of catalyst addition, bubbling is observed. Oxysilylation of ECHX with TMDS 

gives a gel immediately after bubbling ceases. In this instance, a mixture of 5 mL dichloromethane 

(DCM) and 5 mL hexane was used as solvent with a catalytic amount (3 mg, 6 μmol) of B(C6F5)3, 

which will be relevant in later discussions.  



50 
 

GPC studies (Table 3.1 and Figure 3.3) show that TMDS oxysilylations of DEB and DEO 

produce polymers with MWs of ~1 and 5 kDa just minutes after addition of the catalyst at RT. 

Thereafter the polymers remain stable. For 1:1 DGEBA:TMDS, MWs decrease over time, likely 

due to a second type of oxysilylation reaction that breaks initially formed Si-O-CH2 bonds forming 

new Si-O-Si or reacts with C-O bonds in DGEBA forming another Si-O-CH2. For 1:1 

ECHX:TMDS, a polymer with an Mw ≈ 20 kDa forms before gelation. 

 
Table 3.1. GPC data of oxysilylations of diepoxides with TMDS. 

Polymer Reaction time Mn (kDa) Mw (kDa) PDI 

1:1 DEB:TMDS 
1 min 0.6 1.2 2.1 
1 d 0.7 1.3 2.0 
2 d 0.6 1.3 2.1 

1:1 DEO:TMDS 
5 min 2.5 5.1 2.0 
1 d 2.4 4.9 2.0 
2 d 2.3 4.6 2.0 

1:1 DGEBA:TMDS 
1 min 9.4 20 2.1 
1 d 6.8 13 1.9 
2 d 6.2 12 1.9 

1:1 ECHX:TMDS 1 min* 12 23 1.9 
*GPC MWs obtained before gelation.  
 

The epoxide group steric environment tracks with the found MWs: DEB < DEO < DGEBA < 

ECHX. Surprisingly, the more encumbered the epoxide group, the higher the MW of the resulting 

polymer. It is possible that cyclomers form with unencumbered epoxy groups, while with more 

encumbered epoxies, the polymers are more rigid and hence less likely to cyclize favoring the 

formation of linear polymers resulting in longer chains with higher MWs. These reactions are 

similar to condensation polymerization reactions which is in agreement with the found PDIs close 

to 2. 
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Figure 3.3. GPC of oxysilylations of diepoxides with TMDS. (a) 1:1 DEB:TMDS, (b)1:1 

DEO:TMDS, (c) 1:1 DGEBA:TMDS, (d) 1:1 ECHX:TMDS. 
 

Figure 3.4 shows FTIR spectra of products from oxysilylations of diepoxides with TMDS. A 

νSi-H band at 2134 cm-1 and a νSi-O band at 1074 cm-1 are seen in TMDS, whereas no νSi-H band 

is observed in any of the products, and new νSi-O bands appear typically at 1050-1100 cm-1. The 

complete absence of a νSi-H band and the appearance of new νSi-O bands suggest that reactions 

go to completion. 
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Figure 3.4. FTIRs of oxysilylations of diepoxides with TMDS. 

 

Figures 3.5-3.7 show recorded 1H NMRs for each reaction and suggested models from 

ChemDraw, and Table 3.2 details 1H NMR analyses of oxysilylation of diepoxides (DEB, DEO, 

and DGEBA) with TMDS. For each reaction, two different structures are possible depending on 

the epoxy ring-opening mechanism (Scheme 3.2 and Figures 3.5-3.7), the main difference is 

whether there is a resulting -CH2 or -CH3 group formed. Integration shows that the number of 

protons for -CH2 and -CH3 is between the two suggested models (Figures 3.5-3.7), but all the 

results show that protons from -CH3 are more than those from -CH2 with a typical ratio of 4:1, 

suggesting the dominate ring-opening mechanism follows the second structure per Scheme 3.2.  
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Figure 3.5. 1HNMR models (top) and record (bottom) of 1:1 DEB:TMDS. 

 

 
Figure 3.6. 1HNMR models (top) and record (bottom) of 1:1 DEO:TMDS. 
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Figure 3.7. 1HNMR models (top) and record (bottom) of 1:1 DGEBA:TMDS. 

 

Table 3.2. 1H NMR data for diepoxide oxysilylations with TMDS. 

Diepoxy 
Model 1 Model 2 Found 

Proton 
type δ No. of 

H+ 
Proton 
type δ No. of 

H+ 
Proton 
type δ Int. *No. of 

H+ 

DEB 

Si-CH3 0.1 12 Si-CH3 0.1 12 Si-CH3 0.1 57.6 12 
CH3 - - CH3 1.2 6 CH3 1.1 25.1 5.2 
CH2 1.6 4 CH2 - - CH2 1.6 2.7 0.6 

CH2O 3.8 4 CHO 3.6 2 CHO/ 
CH2O 3.8 11.4 2.4 

DEO 

Si-CH3 0.1 12 Si-CH3 0.1 12 Si-CH3 0.1 41.1 12 
CH3 - - CH3 1.2 6 CH3 1.1 12.1 3.5 

CH2 1.3-
1.6 12 CH2 1.2-

1.4 8 CH2 1.3-
1.5 36.2 10.6 

CH2O 3.8 4 CHO 3.6 2 CHO/ 
CH2O 3.8 10.0 2.9 

DGEBA 

Si-CH3 0.1 12 Si-CH3 0.1 12 Si-CH3 0.1 30.9 12 
Benzyl 

CH3 1.7 6 Benzyl 
CH3 1.7 6 Benzyl 

CH3 1.6 16.4 6.4 

CH3 - - CH3 1.2 6 CH3 1.3 13.1 5.1 
CH2 2.1 4 CH2 - - CH2 2.0 1.1 0.4 

CH2O 3.8, 
4.3 8 CHO/ 

CH2O 
4.0-
4.3 6 CHO/ 

CH2O 
3.7-
4.3 16.4 6.4 

Ph-H 6.9, 
7.3 8 Ph-H 6.9, 

7.3 8 Ph-H 6.8, 
7.1 20.8 8.1 

*Number of protons using Si-CH3 as reference. 
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When the solvent volume is halved from 5 mL DCM + 5 mL hexane (listed as 5 mL for con-

venience) to 2.5 mL DCM + 2.5 mL hexane (listed as 2.5 mL) provided everything else remains 

the same, MWs and reaction rate increase as might be expected, Table 3.3. 

If reduced solvent volumes increase MWs, it is reasonable to assume that solventless reactions 

will lead to even higher MWs. This then would be the equivalent of epoxy resins. Therefore, sol-

ventless reactions were carried out using 1:1 DEB:TMDS, 1:1 DEO:TMDS, and 1:1 ECHX:TMDS 

systems provided all the reactants involved are liquid at RT. Because all the reactions with solvent 

were violent with heating and bubbling, the amount of catalyst was reduced from 3 to 1 mg. How-

ever, smoke was generated from all the reactions and gels formed immediately after addition of 

the catalyst. This implies that these systems could be used as epoxy resin analogs if catalyst activity 

was reduced. This suggests efforts should be directed to develop less active catalysts to aid in 

better designing epoxy resin analogue systems. 

 
Table 3.3. GPC data for diepoxide oxysilylations with TMDS vs. solvent volumes after 1 d. 

Epoxy Solvent volume (mL) Mn (kDa) Mw (kDa) PDI Reaction time 

DEB 5 0.7 1.3 2.0 < 20 s 
2.5 1.7 3.5 2.1 < 10 s 

DEO 5 2.4 4.9 2.0 3-5 min 
2.5 2.7 5.7 2.1 2-3 min 

DGEBA 5 6.8 13 1.9 10-30 s 
2.5* 15 30 2.0 < 10 s 

ECHX 5* 12 23 1.9 3-5 min 
2.5* - - - 1-2 min 

*These reactions fully or partially gel, GPC MWs obtained before gelation or for soluble portion.  
 

Thus, the amount of catalyst was further reduced to 0.25 mg eliminating the violent phenom-

enon as reaction rates were reduced significantly, 1:1 DEB:TMDS and 1:1 DEO:TMDS gelled 

overnight, and 1:1 ECHX:TMDS gelled in ~1 h. Images of the products of solventless oxysilyla-

tions are shown in Figure 3.8.  
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Figure 3.8. Optical images of solventless oxysilylation products. 

 

DGEBA, on the other hand, is a solid at RT (melting point Tm = 40 °C). If it were to be reacted 

in a solventless reaction at RT, only the surface will participate resulting in incomplete reaction. 

Therefore, 1:1 DGEBA:TMDS solventless reactions were warmed to 50 °C. Based on the violent 

reaction phenomena observed in other oxysilylation systems, a reduced amount of catalyst (0.25 

mg) was used but smoke was still generated on the addition of B(C6F5)3 resulting in a gel. There-

after, the catalyst amount was reduced to 0.1 mg; however, smoke was generated again. The in-

creased temperature is the problem here despite low amounts of catalyst used. Again, one solution 

would be to find a less active catalyst as noted just above. 

The halved solvent and solventless reactions reveal influences of solvent volume and catalyst 

concentration on reaction rates and product MWs. To further investigate their relationships, oxysi-

lylations with varying amounts of catalyst and solvent were carried out, the MWs of the resulting 

products are summarized in Table 3.4. Overall, MWs increase with decreasing solvent volumes 

and increasing catalyst amounts. With 1 mL DCM + 1 mL hexane (listed as 1 mL), most of the 

oxysilylations gels due to resulting high MWs and insufficient solvent volumes. Additionally, the 

MWs of products track with the MWs of the diepoxides, that is more encumbered epoxides give 

higher MWs polymer, in good agreement of the Table 3.1 results.  
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More interestingly for 1:1 ECHX:TMDS, when the catalyst amount is reduced to 0.1 mg, the 

products in different solvent volumes stay in solution; with 0.5 mg of catalyst, precipitates form 

over time for reactions in 1 and 2.5 mL of solvent; when the catalyst is ≥ 1.0 mg, gels form. This 

unique observation, especially the formation of precipitates, suggests a structural difference be-

tween epoxy resins via oxysilylation with ECHX compared to the other systems, see below. 

 
Table 3.4. Molecular weights of oxysilylations of diepoxides with TMDS, with different 

amounts of catalyst and solvent. 

Epoxy Cat. (mg)a Solvent volume 
1 mL 2.5 mL 5 mL 

DEB 
0.25 1.0 kDa 0.6 kDa 0.5 kDa 
0.5 (Gel) 0.6 kDa 0.7 kDa 
1.0 (Gel) 10 kDa 1.7 kDa 

DEO 
0.1 1.0 kDa 0.9 kDa 1.0 kDa 
0.5 (Gel) 3.4 kDa 1.8 kDa 
0.75 (Gel) 20 kDa 9.0 kDa 

DGEBA 
0.05 (Gel) 3.2 kDa 0.8 kDa 
0.1 (Gel) (Gel) 18 kDa 
0.5 (Gel) (Gel) 20 kDa 

ECHX 
0.25 6.0 kDa 3.0 kDa 2.0 kDa 
0.5 (PPT)b (PPT) 30 kDa 
1.0 (Gel) (Gel) 31 kDa 

aCat. = catalyst. bPPT = precipitate.  
 

Nevertheless, most oxysilylations listed in Table 3.4 are quite exothermic. More specifically, 

all oxysilylations of 1:1 DEB:TMDS, 1:1 DEO:TMDS with ≥ 0.5 mg catalyst, and 1:1 

DGEBA:TMDS with ≥ 0.1 mg catalyst cause solvent to boil within 10 min, again speaking to the 

need for a different less reactive catalyst. 

Representative FTIRs of the oxysilylations of diepoxides with TMDS with 0.5 mg of catalyst 

in 2.5 mL DCM + 2.5 mL hexane are shown in Figure 3.9. All spectra reveal residual νSi-H at 

~2100 cm-1 indicative of incomplete reactions, as also seen in Table 3.4, but differing from Figure 

3.4, where no νSi-H is observed with 3 mg of catalyst. Note that all FTIR studies shown in this 
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work are run 3-5 d after reaction and constant MWs were observed by GPC. Clearly the extent of 

reaction relies on catalyst concentration but at the expense of a highly exothermic process. 

 
Figure 3.9. FTIRs of diepoxide oxysilylation with TMDS, 0.5 mg B(C6F5)3, in 2.5 mL DCM + 

2.5 mL hexane.  
 

Water stability studies were conducted on gels/solids formed in 1 mL solvent per Table 3.4. 

All gels/solids remain stable after boiling in water for 5 h, no obvious decomposition or degrada-

tion observed. Figure 3.10 shows representative FTIRs of solids before and after boiling in water 

for 5 h.  

A decreased intensity of νSi-H (~2100 cm-1) is shown after boiling. It’s likely that any unre-

acted TMDS was distilled off in boiling water. Otherwise, all IRs show very little difference in 

FTIR before and after. A small νO-H band at ≈ 3400 cm-1 is observed for 1:1 DEO:TMDS and 1:1 

ECHX:TMDS, which suggests some water uptake as well as hydrolysis forming Si-OH groups. 

Overall, reasonably good water stability is surprising as Si-O bonds are normally water sensi-

tive.70–73 
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Figure 3.10. FTIRs of (a) 1:1 DEB:TMDS, (b) 1:1 DEO:TMDS, (c) 1:1 DGEBA:TMDS, (d) 1:1 

ECHX:TMDS before and after boiling in water for 5 h. 
 

3.3.2 Oxysilylation reaction of diepoxides with OHS 

In principle, this reaction should generate 3-D ordered structures, gels. All the reactions do 

result in gels/solids with the exception of 1:1 DEB:OHS. Optical images of as-formed and dried 

gels/solids are shown in Figures 3.11 and 3.12 respectively. All reactions in this section were cat-

alyzed by 3 mg of B(C6F5)3. 
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Figure 3.11. Optical images of as-formed 1:1 DEO:OHS and 1:1 DGEBA:OHS gels, and 1:1 

ECHX:OHS solid (precipitate).  
 

 
Figure 3.12. Optical images of dried (100 °C/vacuum/24 h) 1:1 DEO:OHS and 1:1 

DGEBA:OHS gels, and 1:1 ECHX:OHS solid.  
 

For the 1:1 DEO:OHS system, gels form only after 10-12 d of reaction, the slow gelation rate 

makes it possible to cast films, Figure 3.13. The cast 1:1 DEO:OHS films are transparent, flexible, 

and hydrolytically stable, which makes it a potential candidate for thin film processing applica-

tions. As discussed in Appendix C, in an attempt to cast polymer electrolyte films using 1:1 

DEO:OHS incorporated with LiClO4, a translucent, flat, and brittle 1:1 DEO:OHS + LiClO4 film 

formed. However, the film failed to show ionic conductivity owing to its highly crosslinked rigid 

structure that inhibits Li+ mobility.  

In contrast, 1:1 DGEBA:OHS gives rigid gels exothermically in 20-30 min preventing film 

processing. The 1:1 ECHX:OHS system forms solids/precipitates in 1-2 d, similar to precipitates 

that form in some of the 1:1 ECHX:TMDS oxysilylations. 
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Figure 3.13. Optical images of a cast 1:1 DEO:OHS film on a PTFE substrate, 5 d of reaction in 

5 mL DCM + 5 mL hexane. 
 

DEB is the simplest diepoxide and never forms a polymer with high enough MW to gel, it is 

possible that cyclomers form as the main product. One can envision using it as a comonomer for 

reactions to control various properties.  

Table A.1 and Figure 3.14a show GPC traces for oxysilylation of DEB with OHS. No signifi-

cant changes occur over time in the product MW and PDI. The reaction exotherms (boils) 10-30 

min after addition of B(C6F5)3, this process lasts ≈ 1 min. GPC data suggest that further reaction 

stops following heat generation.  

Figure 3.14b shows the FTIR of oxysilylation of DEB with OHS vs. OHS. Residual νSi-H is 

seen indicating that the reaction stops before completion. A new νSi-O band appears at 1110 cm-1 

with retention of the original cage νSi-O band at 1100 cm-1. 
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Figure 3.14. GPC (a) and FTIR (b) of oxysilylation of DEB with OHS. 

 

Water stability, TGA-DTA, and solvent impregnation studies were conducted on the gels/sol-

ids formed from diepoxide oxysilylation with OHS. All diepoxide:OHS gels/solids remain stable 

after boiling in water for 5 h; no decomposition or degradation is observed. Figure 3.15 compares 

the FTIR of each gel before and after boiling in water for 5 h. All show very little difference in 

FTIR before and after, only 1:1 DEO:OHS shows a very small νO-H band at ≈3400 cm-1 suggest-

ing some water uptake and/or hydrolysis forming Si-OH groups. Overall, diepoxide:OHS gels/sol-

ids exhibit good water stability.  

The presence of νSi-H in all of the gels indicates the reaction is incomplete. The high viscosity 

of the resulting gels prevents completion. This may allow future modification to introduce new 

functionality. 
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Figure 3.15. FTIRs of (a) 1:1 DEO:OHS, (b) 1:1 DGEBA:OHS, (c) 1:1 ECHX:OHS before and 

after boiling in water for 5 h in comparison to OHS. 
 

TGA (1000 °C/air) and the estimated structures for the dried oxysilylation products are shown 

in Figures 3.16-3.19. Table 3.5 summarizes ceramic yields (CY) and decomposition temperatures 

(Td), showing reasonable agreement with theory, where the theoretical CYs were calculated from 

the estimated structures. All the gels decompose ~200 °C associated with an exotherm likely oxi-

dation of residual Si-H groups. The 1:1 DGEBA:OHS system offers higher decomposition tem-

peratures (Td ≈ 300 °C) likely because of the phenyl component.  

The 1:1 ECHX:OHS system shows two main mass losses: 200-270 °C, and 400-440 °C. The 

first mass loss may be associated with oxidation of residual Si-H groups. The second mass loss is 
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similar to other systems involves oxidation of carbon species (≥ 350 °C). The slow mass loss from 

440° to 600 °C is typical for hybrid materials that decompose with partitioning of the products into 

gaseous fragments and char, the char then slowly oxidizes at higher temperatures in air. Unlike the 

other resins, the CY of 1:1 ECHX:OHS is ~10 % lower than calculated, likely due to the steric 

environment of epoxide groups in ECHX that impedes oxysilylation with Si-H groups, leaving a 

large amount of unreacted Si-H groups or OHS, which can sublime, resulting in lower CY. 

 
Figure 3.16. TGA/DTA/air/10°C/min of 1:1 DEB:OHS after drying (left) and estimated struc-

ture of repeating unit of 1:1 DEB:OHS (right). 
 

 
Figure 3.17. TGA/DTA/air/10°C/min of 1:1 DEO:OHS after drying (left) and estimated struc-

ture of repeating unit of 1:1 DEO:OHS (right). 
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Figure 3.18. TGA/DTA/air/10°C/min of 1:1 DGEBA:OHS after drying (left) and estimated 

structure of repeating unit of 1:1 DGEBA:OHS (right). 
 

 
Figure 3.19. TGA/DTA/air/10°C/min of 1:1 ECHX:OHS after drying (left) and estimated struc-

ture of repeating unit of 1:1 ECHX:OHS (right). 
 

Table 3.5. Selected TGA-DTA of oxysilylation of diepoxides with OHS. 
Epoxy resin CY (wt %, found) CY (wt %, theory) Td (°C) 

1:1 DEB:OHS 73 71 220 
1:1 DEO:OHS 58 61 200 

1:1 DGEBA:OHS 38 40 300 
1:1 ECHX:OHS 39 47 200, 270 

 

Gels produced with OHS can be considered to be modified silica with octahedral units bridged 

by linear linkers (Scheme 3.3). Simple water boiling tests reveal almost no water uptake as well 
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as excellent stability suggesting hydrophobic properties. On the other hand, the gels offer some 

affinity for solvents as seen in Table 3.6. Mass gains for 1:1 DEO:OHS and 1:1 DGEBA:OHS gels 

vary 20-80 %, but 1:1 ECHX:OHS shows a much lower solvent uptake. This may suggest high 

stiffness of the 1:1 ECHX:OHS solid, owing to the two cyclohexyl rings in the ECHX struc-

ture.74,75 

It is worth mentioning that most of oxysilylations of ECHX form precipitates, despite different 

Si-H sources (TMDS, OHS, D4H, and D5H), which could be a result of high MWs as well as high 

stiffness as condensation proceeds.  

One surprising result comes from Brunauer-Emmett-Teller (BET) specific surface area (SSA) 

analyses conducted on all the dried OHS derived resins, Table 3.7. The 1:1 ECHX:OHS offers a 

SSA of 35 m2/g and small pore size of 3 nm compared to all the other epoxy resins. Given the rigid 

nature of ECHX one can suggest that this porosity arises from an inability of the gel nanostructure 

to collapse.  

 
Table 3.6. Average percent mass gain in solvent impregnation studies. 

Solvent [Snyder’s Polarity Index] 1:1 DEO:OHS 1:1 DGEBA:OHS 1:1 ECHX:OHS 
Acetonitrile [5.8] 18% 24% 21% 

Tetrahydrofuran [4.0] 25% 21% 4% 
Dichloromethane [3.1] 65% 50% 11% 

Toluene [2.4] 63% 81% 14% 
Hexane [0.0] 62% 25% 3% 

 

Table 3.7. BET SSA analysis of oxysilylation of diepoxides with OHS. 
Epoxy resin Surface Area, m2/g Pore Size, nm 

1:1 DEB:OHS 0.4 26 
1:1 DEO:OHS 0.6 23 

1:1 DGEBA:OHS 0.3 25 
1:1 ECHX:OHS 35 3 

 

Taken in toto, the above data show materials ranging from flexible and transparent to brittle, 

quite porous and hydrophobic. One can conclude that our premise that these materials may offer 
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alternative epoxy resins is valid, but much more work needs to be done. 

3.3.3 Oxysilylations of diepoxides with a mixture of TMDS and OHS 

Given that oxysilylation of diepoxides with TMDS gives linear polymers, while with OHS, 

highly crosslinked 3-D gels result; it is reasonable to assume that adding OHS provides crosslink-

ing allowing properties tailoring. 

Thus, a series of oxysilylations were run replacing 5-20 mol.% of Si-H from TMDS with OHS 

in various amounts of solvent. Table 3.8 compares the MWs of selected reactions with TMDS and 

OHS at 0, 5, and 10 mol.%. No significant increase in MW arises as the amount of OHS increases. 

In fact, crystalline OHS cubes precipitate out (Figure A.1) especially with 10-20 mol.% OHS 

and/or in low solvent volumes (1 and 2.5 mL). On adding OHS >10 mol.%, no obvious changes 

in MWs are seen, therefore the results are omitted here.  

 
Table 3.8. Molecular weights of oxysilylations of diepoxides with TMDS and OHS. 

Epoxy Solvent (mL) Cat. (mg) OHS 
0 % 5 % 10 % 

DEB 1 0.25 1.0 kDa 1.3 kDa 1.3kDa 
0.5 (Gel) (Gel) 18 kDa 

DEO 1 0.1 1.0 kDa 1.3 kDa 1.4 kDa 
0.5 (Gel) (Gel) (Gel) 

DGEBA 5 
0.1 18 kDa 1.7 kDa 1.7 kDa 
0.25 18 kDa 12 kDa (Gel) 
0.5 20 kDa 14 kDa (Gel) 

ECHX 5 0.25 2.0 kDa 3.0 kDa (Gel) 
0.5 30 kDa 30 kDa (Gel) 

 

In contrast, oxysilylation of DGEBA shows an interesting trend: the MW decreases when 5 

mol.% OHS compared to without OHS, but it increases when the amount of OHS is increased to 

10 mol.%. It is possible that the epoxy groups in DGEBA react with Si-H in TMDS preferably and 

the presence of a small amount of OHS impedes the reaction between DGEBA and TMDS, and 

further reaction between DGEBA and OHS is hindered due to the rigidity of their structures. When 
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the amount of OHS is increased, the abundance of OHS promotes the competing reaction with 

DGEBA resulting in a gel.  

For oxysilylations of DEB and DEO, reactions in higher solvent volumes (2.5 and 5 mL) give 

lower MWs (see Table 3.4) with the same trend as with 1 mL solvent in Table 3.8 and are thus 

omitted here. For oxysilylation of DGEBA and ECHX, reactions in lower solvent volumes (1 and 

2.5 mL) give gels, therefore only the reactions with 5 mL solvent are listed.  

Figure 3.20 shows representative FTIRs of oxysilylations of diepoxides with TMDS and 5 

mol.% of OHS with 0.5 mg of catalyst. All spectra show a small νSi-H at ~2100 cm-1, except for 

the oxysilylation of DGEBA where almost no νSi-H is seen. This suggests that the reactions are 

close to completion. Compared to the 1:1 epoxide:TMDS systems with the same amount of cata-

lyst (Figure 3.9), the intensity of νSi-H reduces when 5 mol.% of TMDS is replaced with OHS. 

Based on the observation of pure OHS precipitates, it’s likely that OHS is not fully reacted, hence 

the observed νSi-H band, but the reaction between the epoxides and TMDS is close to completion.   

 

 
Figure 3.20. FTIRs of diepoxide oxysilylation with TMDS + 5 mol.% OHS, 0.5 mg B(C6F5)3. 
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3.3.4 Oxysilylation of diepoxides with D4H/D5H 

Mixing OHS with TMDS shows little improvement in MWs, prompting exploration of alter-

nate Si-H sources D4H/D5H. The cyclic nature of D4H/D5H offers a 2-D opportunity to imbue 

crosslinking. 

Tables 3.9 and 3.10 summarize the MWs of diepoxide oxysilylation with D4H and D5H, re-

spectively. Compared to TMDS (Table 3.4), most oxysilylations with D4H show decreased MWs 

per Table 3.9. Oxysilylations with D5H on the other hand, show large increases in MWs compared 

with Table 3.4, with the exception of 1:1 DEO:D5H (Table 3.10). Precipitates form in 1:1 

DEB:D4H in 1 mL of solvent simply as a result of the small solvent volume, at higher volumes, 

no precipitates form.   

 
Table 3.9. Molecular weights of oxysilylations of diepoxides with D4H. 

Epoxy Cat. (mg) Solvent (mL) 
1 2.5 5 

DEB 0.5 (PPT) 3.0 kDa 1.7 kDa 
1.0 (PPT) 3.5 kDa 1.9 kDa 

DEO 0.5 1.8 kDa 1.3 kDa 0.7 kDa 
1.0 1.9 kDa 1.2 kDa 0.8 kDa 

DGEBA 0.5 32 kDa 2.0 kDa 1.0 kDa 
1.0 (Gel) 9.0 kDa 1.3 kDa 

ECHX 0.5 (PPT) (PPT) (PPT) 
1.0 (PPT) (PPT) (PPT) 

 

Table 3.10. Molecular weights of oxysilylations of diepoxides with D5H. 

Epoxy Cat. (mg) Solvent (mL) 
1 2.5 5 

DEB 0.5 (Gel) (Gel) 39 kDa 
1.0 (Gel) (Gel) 38 kDa 

DEO 0.5 13 kDa 1.3 kDa 0.8 kDa 
1.0 (Gel) 1.4 kDa 1.4 kDa 

DGEBA 0.5 (Gel) (Gel) 38 kDa 
1.0 (Gel) (Gel) 38 kDa 

ECHX 0.5 (PPT) (PPT) (PPT) 
1.0 (PPT) (PPT) (PPT) 
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The clear difference in MWs from oxysilylations with D4H vs. D5H seems quite surprising 

because they vary by just one additional Si-H group. Scheme 3.5 depicts two idealized scenarios: 

(a) crosslinking with one bridge between every two monomers, and (b) cyclomer formed. Never-

theless, the actual structure is likely a mixture of the two and/or irregular partial cyclomers.  

Statistically, half of the Si-H groups in D4H need to react to connect all D4H molecules by 

diepoxides, while only 40 % of Si-H groups in D5H are needed (Scheme 3.5 left). Additionally, 

D5H (300.6 g/mol) has a higher MW than D4H (240.4 g/mol); as a result, with the same number 

of Si-H groups reacted, diepoxide oxysilylation with D5H will have a higher MW than D4H, about 

1.5 times higher to be exact.  

However, the difference between the resulting MWs of oxysilylation with D4H and D5H shown 

in Tables 3.9 and 3.10 is much higher, reaching almost 20× in some cases. Another explanation 

may be that oxysilylation with D4H gives bridging cyclomers and no extra free Si-H is available 

to form polymers, hence low MWs. But for D5H, the additional free Si-H can bridge cyclomeric 

intermediates promoting chain growth as suggested by Scheme 3.5 right. Furthermore, the penta-

gon-like structure of D5H requires linkers with different lengths for cyclomers to form, which may 

make it difficult when only one diepoxide species available.  

On the other hand, both oxysilylations of DEO with D4H and D5H show lower MWs than the 

other diepoxides. One distinctive feature of DEO is that its four-carbon chain between the two 

epoxy groups gives it higher flexibility compared to the other diepoxides, such flexibility enables 

cyclomers with D5H to form, resulting in lower MWs.  
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Scheme 3.5. Crosslinking and cyclomer models from diepoxide oxysilylation with D4H and 

D5H. 
 

Figure 3.21 compares the FTIRs of oxysilylations of diepoxides with D4H and D5H. All the 

oxysilylations show νSi-H at ~2100 cm-1, suggesting the reactions are incomplete. On the other 

hand, oxysilylations with D5H shows a higher intensity νSi-H band (~2100 cm-1) compared to 

D4H. This indicates that epoxy groups react with Si-H groups in D4H more easily than D5H given 

the same conditions, likely due to the slight structural differences between D4H and D5H.  

 

 
Figure 3.21. FTIRs of diepoxide oxysilylation with D4H (a) and D5H (b), 0.5 mg B(C6F5)3 in 5 

mL DCM + 5 mL hexane. 
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Water stability was also assessed for 1:1 diepoxide:D5H gels/solids formed in 1 mL solvent 

per Table 3.10. Again, all gels/solids remain stable after boiling in water for 5 h, no obvious de-

composition or degradation occurs. Figure 3.22 shows representative FTIRs of solids before and 

after boiling in water for 5 h.  

 

 
Figure 3.22. FTIRs of (a) 1:1 DEB:D5H, (b) 1:1 DEO:D5H, (c) 1:1 DGEBA:D5H, (d) 1:1 

ECHX:D5H before and after boiling in water for 5 h. 
 

The decreased intensity of νSi-H (~2100 cm-1) may be a result of the loss of unreacted D5H in 

boiling water. Otherwise, all IRs show little difference in FTIR before and after, some solids show 

a small νO-H band at ≈ 3400 cm-1 suggesting water uptake and/or hydrolysis forming Si-OH 
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groups after boiling. For the 1:1 ECHX:D5H system, an νO-H band is exhibited before boiling (see 

Figure 3.21 also), it’s possible that not only the epoxy groups in ECHX reacted with Si-H, the 

C=O group may also participate in the reaction resulting in O-H bonds. In general, these gels/solids 

show reasonably good water stability. 

3.4 Conclusions 

We have demonstrated a new oxysilylation reaction of Si-H bonds with epoxides that provides 

additional utility to this recently discovered reaction. Studies of the reaction of diepoxides with 

TMDS give linear polymers with good to excellent MWs. These reactions are quite rapid and may 

be useful in the development of novel self-curing systems. With low solvent volume (1 mL), di-

epoxide oxysilylations with TMDS give gels/solids that are stable in boiling water up to 5 h sug-

gesting good water stability.  

Highly ordered networks can be made through oxysilylation of diepoxides with a cubic sym-

metry Q-cage (OHS). Due to high crosslink density, gels/solids form from reactions of diepoxides 

with OHS and show good water stability, solvent affinities, and solvent uptake. The 1:1 DEO:OHS 

system in particular, can be cast as transparent and flexible thin films. In contrast, the 1:1 

ECHX:OHS system gives brittle solids with lower solvent affinity and much higher SSAs com-

pared to other gels, which may be a result of the stiffness of the ECHX structure.  

The addition of OHS to oxysilylations of diepoxides with TMDS shows little improvement in 

MWs. For the alternative Si-H sources D4H/D5H; D5H shows superior MWs compared to D4H or 

a mixture of TMDS and OHS.  
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Chapter 4 Design, Synthesis, Characterization and Electrochemical performance of Pol-
ymer Precursors to LixPON and LixSiPON Glasses 

 

Published: Zhang, X.; Temeche, E.; Laine, R. M. Macromolecules 2020, 53 (7), 2702–2712. 

4.1 Introduction 

Micro-electronic devices play an increasingly important role in our lives. A main component 

of these devices is the power source/energy storage unit-battery. Currently, rechargeable lithium 

ion batteries are widely employed for their high energy densities and long cycle lives. Classical 

Li+ batteries use liquid electrolytes that consist of inorganic salts dissolved in organic solvents 

which often restricts their size, design, and have inherent safety risks that together restrain operat-

ing temperature windows.1,2 In contrast, solid-state electrolytes offer considerable design potential 

especially for miniaturization and/or scaling, improved safety and a wider operating temperature 

window.2–5  

However, most solid electrolytes suffer from low ionic conductivities, a limited stability win-

dow, or from irreversible reduction [e.g. LASi(Ge)TP materials]6–11 on cycling or lithium dendrite 

growth along grain boundaries (e.g. LLZO materials)11–16 leading to short circuiting. Fortunately, 

amorphous lithium phosphorus oxynitrides (LixPON) has been found to offer protection against 

both processes.9,16–19 

 LiPON is one of the most commonly employed solid-state electrolytes owing to its broad 

electrochemical stability window (0-5 V vs. Li+/Li),20,21 high critical current density (>10 

mA/cm2),22–25 and negligible electronic conductivity (10-13 S/cm).1,26,27 However, due to its limited 
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ionic conductivity (10-8-10-6 S/cm),1,20,21,26,28,29 its application is restricted to thin-film batteries 

with limited energy densities and capacities.2,25,30,31 

Recently, silicon-containing LiPON (or LiSiPON) has attracted attention due to its increased 

ionic conductivity induced by silicon doping. Lee et al.32,33 report that LiSiPON films can reach 

10-5 S/cm at RT and increasing Si/P ratios reduces the activation energy (Ea) for ionic transport. 

Su et al.34 reported depositing LiSiPON thin films (~1 μm) by radio frequency magnetron sputter-

ing (RFMS) with ionic conductivities at ambient ≈10-5 S/cm and an Ea of 0.41 eV at Si/P =1. 

Famprikis et al.35 reported LiSiPON thin films with ionic conductivity of 2.06 × 10-5 S/cm (Ea = 

0.45 eV) at RT by sputtering Li3+xSixP1-xO4 under N2. 

LiPON-like thin films are typically processed by gas phase methods, such as RFMS,20,32–34,36 

pulse laser deposition,37 ion beam assisted deposition,38 plasma-assisted direct vapor deposition,39 

plasma-enhanced metalloorganic chemical vapor deposition,40 atomic layer deposition,41 etc. The 

main limitations of gas phase deposition are low deposition rates (typically <100 nm/min),36–39  

the need for specialized apparatus, fabrication of large, homogeneous composition targets and 

likely costly economics at commodity scales. Thus, there are considerable economic and perfor-

mance mandates driving the search for easier processing routes to the same materials especially 

for the practical processing of ASSBs. The use of chemical precursor routes to the same materials 

seems to offer considerable potential to solve these issues.  

The concept of designing ceramic materials “atom by atom” using molecular precursors had 

its origins in work published by Chantrell and Popper et al.42 and Aylett et al.43 in the mid 1960’s, 

but became main stream with a review by Wynne and Rice from the Office of Naval Research,44 

and coincidental efforts by Ulrich et al. from the Air Force Office of Scientific Research through 

the “Better Ceramics Through Chemistry” symposia in the 80’s.45,46 
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This field has progressed considerably since that time and there is now sufficient literature to 

allow development of design principles for generating precursors with multiple desirable proper-

ties including: control of final elemental compositions, high ceramic yields from initial compo-

nents while engendering processability and minimizing unwanted off gassing of supporting moie-

ties used to enhance processability.47–50 Base on these design principles, we have explored the 

development of LiPON and LiSiPON-like, and LixSiPHN precursors and demonstrated their effi-

cacy as ion conducting polymers in Li-S half-cells.51 These materials seem to offer properties su-

perior to gas phase deposited LiPON materials. 

Our designed approach uses easily available starting materials, either OPCl3 or [Cl2P=N]3. The 

logic behind the synthetic designs and approaches are detailed in the following sections. The re-

sulting precursors are typically oligomers or low MW polymers derived from lithiation of 

OP(NH2)3-x(NH)x [from OP(NH)3], OP(NH2)3-x(NHSiMe3)x and [P=N]3(NHSiMe3)6-x(NH)x, re-

spectively. Selected amounts of LiNH2 provide varying degrees of lithiation and Li+ conducting 

properties commensurate with Li+ content. After heating the dried precursor pellets to various 

temperatures between 200-400 °C/2 h, they exhibit conductivities up to 2.7 × 10-4 S/cm at RT.  

The current report presents in-depth characterization of the above-mentioned precursors 

providing detailed analyses of various structural components, and Li+ environments. A diverse set 

of analytical methods were used including GPC, TGA, MALDI, NMR and XPS. Furthermore, 

FTIR, XRD and EIS characterization was conducted on all precursors following heating to 100-

600 °C), as phase and compositional changes are anticipated to influence materials’ processing 

methods and conductivities, and shed light on potential applications for such materials as polymer 

and/or ceramic electrolytes.  
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To further study electrochemical properties, these LiPON emulating polymer precursors were 

coated with Celgard separators fabricating polymer electrolytes and used as stable interface be-

tween Li metals for symmetrical cells, and Li and a sulfur-based cathode (SPAN) for half cells.51,52 

Polymer electrolytes impregnated in/on Celgard exhibit Li+ conductivities up to ∼1 × 10-5 S/cm at 

RT and are thermally stable to ∼150 °C. The SPAN/Celgard + Li6SiPON/Li half-cell exhibits an 

initial capacity of 2000 mAh/gsulfur and excellent cycle performance at 0.25 and 0.5 C rate over 

120 cycles at RT. 

We also explored the possibility of using the polymer precursors as active fillers in PEO matrix 

forming SPE films. The PEO solid-solution films exhibit enhanced ionic conductivities of ∼0.1-2 

× 10-3 S/cm at ambient and low Ea (0.2-0.5 eV) for cation transport. In addition, galvanostatic 

cycling of the SPAN/PEs/Li battery shows discharge capacities of 1000 mAh/gsulfur at 0.25C and 

800 mAh/gsulfur at 1C with high (∼100 %) coulombic efficiency over extensive cycles. 

4.2 Experimental section 

Electrochemical impedance spectroscopy (EIS). Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and 

Li6SiPON precursors were heated to 100 °C/vacuum/24 h. The dried polymer precursors (3 g) 

powder were compacted into a pellet using a Φ = 13 mm die at 5 ksi/RT. The resulting pellets 

were heated between alumina plates to 200-400 °C/2 h at 1 °C/min under 120 mL/min N2 flow. 

Concentric Au/Pd electrodes (Φ = 3 mm) were deposited using a SPI sputter coater on both surface 

of the pellets using a deposition mask. For Celgard/polymer precursor electrolytes, precursor THF 

solutions (0.05 g/mL in THF, 20 μL) were coated on Celgard separators (18 mm × 25 µm) and 

assembled between stainless steel (SS) disks (Φ = 8 mm) forming symmetrical cells.  
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An equivalent circuit consisting of (RtotalQtotal)(Qelectrode) was used. R and Q denote resistance 

and constant phase element, respectively. The total conductivity (σt) was calculated using the equa-

tion σt = t/(A×R), where t is the thickness of the polymer precursor pellet or coated Celgard PE, A 

is the active area and R is the total resistivity obtained from the Nyquist plots. 

Lithium transference number (tLi+) was determined following the procedure and equation sug-

gested by Evans et al.53 Symmetrical cells (Li/polymer coated Celgard electrolytes/Li) were mon-

itored under chronoamperometry until a steady-state current was reached. The initial (I0) and 

steady-state (ISS) currents in addition to the initial (Z0) and steady-state (Zss) resistances were ob-

tained from the chronoamperometry and EIS measurements. tLi+ was calculated using the equation 

tLi+ = ISS(DV-Z0×I0)/I0(DV-ZSS×ISS). 

Electronic conductivities of the polymer electrolytes were determined by DC measurements of 

the current under potential polarization using Bio-Logic SP 300 potentiostat with low current func-

tions (current resolution < 1nA). The potential was ramped in the ranges of ±0.03 V with a step of 

10 mV and was held at each step for up to 1 h. The stabilized current at each step was used to 

determine the electronic conductivity. The electronic conductivity is deduced from the stabilized 

current (Iss) using the relation: σe = (t×Iss)/(A×U), where t is the thickness of the Celgard (25 

µm), A is the area of the Li electrode (radius = 8 mm), and U is the applied voltage.  

Galvanostatic cycling tests were conducted using SP-300 potetntiostats/galvanostat (Bio-Logic 

Science Instruments, Knoxville, TN). Detailed cell fabrication procedures and cycling conditions 

are reported elsewhere.51,54  

Differential scanning calorimetry (DSC) measurements of PEO based polymer electrolyte 

films were performed from RT to 100 °C at a heating rate of 3 °C/min for three cycles. Thermal 
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properties were determined during the third scan of DSC measurements, while the first scan serves 

to erase the thermal history of which the samples had been subjected to.  

Detailed synthetic methods, processing techniques, and other characterization procedures are 

given above in Chapter 2. 

4.3 Results and discussion 

4.3.1 Polymer precursor syntheses and characterization 

The syntheses of LiPON-like oligomer/polymer precursors start with phosphoramide, 

OP(NH2)3. The simplest synthetic approach to OP(NH2)3 is via ammonolysis, reaction (4.1). How-

ever, it is difficult to remove byproduct NH4Cl which can interfere with purification depending on 

the solvent.46-49 The alternative is to use NaNH2 per reaction (4.2). The higher solubility of LiCl 

vs. NaCl in polar solvents can prevent simple precipitation, therefore NaNH2 is preferable to 

LiNH2. 

O
PCl

Cl Cl
+ 6 NH3

O

P
H2N

H2N
NH2

+ 3 NH4Cl (4.1)

                                      
O
PCl

Cl Cl
+ 3 NaNH2

O

P
H2N

H2N
NH2

+ 3 NaCl (4.2)

          
 

Designs of LiPON-like oligomer/polymer precursor syntheses are presented in Schemes 4.1-

4.3. For both LixPON and LixSiPON precursors, the syntheses start by reacting OPCl3 with NaNH2 

or (Me3Si)2NH respectively [reaction sequences (4.3) and (4.4)]. On gently heating (40 °C/1 week) 

or reacting at RT for 1-2 weeks, the product forms oligomeric/polymeric PON (SiPON) precursor. 

The byproduct NaCl in the LixPON system precipitates and is removed simply by filtration. The 

byproduct Me3SiCl (b.p. = 57 °C) is removed by vacuum evaporation at 40 °C.   
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Scheme 4.1. Synthesis of LixPON (x = Li/P) precursors.  
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Scheme 4.2. Synthesis of LixSiPON (x = Li/P) precursors. 
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Scheme 4.3. Synthesis of LixSiPHN (x = Li/P) precursors.  

 

For LixSiPHN precursors, the first step is amination via silyl exchange between the phos-

phazene cyclomer [Cl2P=N]3 and (Me3Si)2NH obtaining SiPHN [synthesis sequence (4.5)] coin-

cident with volatile byproduct Me3SiCl.  
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Thereafter, all precursors can be lithiated using controlled amounts of LiNH2. The Li content 

in the LiPON-like precursors is readily controlled by the amount of LiNH2 added, as confirmed by 

XPS studies below. In this work, the “x” in LixPON, LixSiPHN and LixSiPON, stands for the Li 

content based on the theoretical Li/P ratios used in the corresponding precursor syntheses. 

One precursor design principle targets high ceramic yields (CYs) to minimize excessive vol-

ume changes associated with pyrolytic conversion precursors (average precursor density ≈ 1) to 

ceramic materials (ave. density >2.5).47–50,55 Higher CYs minimize pore formation from gaseous 

degradation products.  

CYs typically improve with increases in MW.55 For LixPON and LixSiPON systems, one ap-

proach to promote polymerization is to reduce the ratio of NaNH2 or (Me3Si)2NH to OPCl3 prior 

to lithiation, as suggested by reactions (4.6), (4.7). However, for the LixPON system, reducing the 

ratio of NaNH2:OPCl3 produces HCl [reaction (4.6)], resulting in an acidic environment which can 

be detrimental for lithiation and electrochemical performances.56,57  

 

O
PCl

Cl Cl
+ 4 NaNH2 O

P
H2N

H
N O

P
N
H

NH2

+ 4 NaCl + 2 HCl2
Ambient

THF (4.6)
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PMe3SiHN

Me3SiHN N
H

P

O

NHSiMe3

NHSiMe3
6 Me3SiCl+2

THF

O
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Cl Cl
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In contrast, for LixSiPON system, where no HCl is produced; a reduced (Me3Si)2NH/OPCl3 

ratio of 1.8 is used, Scheme 4.4 [synthesis sequence (4.8)].         
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Scheme 4.4. Synthesis of LixSiPON precursors with (Me3Si)2NH/OPCl3 = 1.8. 

 

In this section we characterize the reaction (4.3) derived Li3PON and Li6PON precursors. Sim-

ilar results are presented for the Li2SiPHN precursor from (4.5), and Li3SiPON and Li6SiPON 

precursors from (4.8).  

Figure A.2 shows representative GPCs of the lithium-free PON, SiPHN and SiPON starting 

materials. The SiPHN and SiPON precursors show similar MWs of 0.2-2 kDa, while PON shows 

MWs of ≤0.5 kDa. Both SiPHN and SiPON precursors are soluble in THF forming clear solutions, 

while the PON precursor forms as a suspension. Since the GPC only analyzes soluble compounds, 

the actual MWs of the PON precursor are higher as demonstrated by MALDI-ToF.  

MALDI of the lithiated precursors and their possible monomer structures are given in Figures 

A.3-A.8. A computer program was developed to check all the possible combinations as given in 

Appendix B. Negative-ion mode was used due to its higher resolution of LiPON-like precursors 

compared to the positive-ion mode. The ion source in negative-ion mode comes from the precursor 

itself which loses one Li+. Tables A.2-A.4 list example calculations leading to the proposed struc-

tures representative of the precursors (LixPON, LixSiPHN, and LixSiPON). Table 4.1 summarizes 

MWs and estimated compositions of the polymer precursors based on GPC and MALDI studies. 

Note that the Li2SiPHN precursor consists of monomers with higher individual MWs (300-600 
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g/mol) than LixPON (80-150 g/mol) and LixSiPON (80-220 g/mol) precursors, thus Li2SiPHN 

oligomers have lower average numbers of monomer units than the other precursors despite 

MALDI spectra in similar mass ranges. 

Figure A.9 shows FTIR spectra of unlithiated PON, SiPHN and SiPON precursors. Table 4.2 

summarizes literature reported FTIRs of LiPON glasses. Typically, the unlithiated precursors ex-

hibit νN-H (~3000 cm-1) and N-H overtone (~1500 cm-1), νP=O (1150-1300 cm-1), νP-O- (1000-

1150 cm-1), and νP-N=P (800-900 cm-1) absorption bands.40,58–61 For the SiPHN precursor, since 

no oxygen is present, peaks at ~1200 and 970-850 cm-1 can be assigned to νP-N and νP-N=P, 

respectively.40,59,61  

The lithiated precursors were heated to 100-600 °C (10 °C/min) under vacuum or N2, Figure 

4.1 shows the FTIR spectra of precursors at different temperatures (RT-600 °C). In general, pre-

cursors below 200 °C show spectra similar to the unlithiated precursors, νN-H (~3000 cm-1, ~1500 

cm-1), νP=O (1150-1300 cm-1), νP-O- (1000-1150 cm-1), νP-N=P (800-900 cm-1) and νP-O-P 

(1150, 780-680 cm-1).40,58–61 Additionally, Li2SiPHN (Figure 4.1c) and LixSiPON (Figures 4.1d-

e) precursors exhibit νC-H at ~2950 cm-1, which disappears at ~300 °C. Often, we observe νO-H 

at ~3400 cm-1, possibly from excess LiNH2 that reacts with trace moisture during sample prepara-

tion forming LiOH. 

In addition to the aforementioned adsorptions, a small peak at ~2200 cm-1 is observed in some 

precursors, especially for the Li3PON precursor. Pichonat et al.61 and Stallworth et al.62 suggest 

that peaks at 2200-2100 cm-1 may come from P-N<𝑃𝑃
𝑃𝑃 or P-N=P bonds. In general, the intensity of 

this peak decreases as temperature increases and disappears at 300 °C, suggesting rearrangement 

or reaction of these bonds. The intensities of νO-H/N-H bonds reduce as temperatures increase, 

the dominant peak at ~1040 cm-1 at 600 °C can be assigned to νP-O-.63,64  
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Table 4.1. MWs and estimated compositions of polymer precursors. 
Polymer 
precursor 

MWa, 
kDa 

No. monomer 
unitsb Possible monomer structuresc 

Li3PON 0.6-1.4 5-15 

,  
Li6PON 0.6-1.9 5-20 

Li2SiPHN 0.7-1.5 2-4 

P
NN

P P
N

Me3SiN

NX

NX , 

P
NN

P P
N NXSiMe3

Me3SiXN

NSiMe3

NX

, 
P

NN

P P
N

Me3SiXN NXSiMe3

NXSiMe3

Me3SiXN

NSiMe3  

Li3SiPON 0.5-1.0 5-13 

, , , 

 

Li6SiPON 0.7-1.5 6-15 

aMW = molecular weight. bNumber of monomer units calculated based on MALDI (Figures A.3-A.8, Tables A.2-A.4).  cIn 
the monomer structures, X = H or Li. 

 

Table 4.2. Reported FTIR of LiPON glasses. 
IR bands Wavenumber, cm-1 Reference 

P=O 1150-1300 

40,58–61 P-O- 950-1150 
P-O-P 1150, 780-680 
P-N=P 800-900 

P-N=P or P-N<𝑃𝑃
𝑃𝑃 2200-2100 61,62 

-NH2/-NH ~3400 40 
Li-O-P 450-550, 850-925, 1450-1500 58 

 

Figure 4.2 compares representative TGA-DTA (800 °C/10 °C min-1/N2) of the vacuum dried 

(100 °C/1 h) precursors (LixPON, LixSiPHN, and LixSiPON). All precursors typically have 5 % 

mass loss temperatures (T5%) ≥ 150 °C, and similar ceramic yields (CYs) of 50-60 wt.% at 800 °C. 

An endotherm at ~600 °C is exhibited for all the precursors, which suggests melting. This provides 

the potential of melt bonding for solid-state battery assembly.  
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Figure 4.1. FTIR spectra of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and 

Li6SiPON (e) precursors at different temperatures. 
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Figure 4.2. TGA-DTA (800 °C/10 °C min-1/N2) of Li3PON, Li6PON, Li2SiPHN, Li3SiPON and 

Li6SiPON precursors. 
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Figure 4.3a compares 7Li NMR (CDCl3) of vacuum dried (RT) polymer precursors, the band 

width of LixSiPON precursors is qualitatively greater than found for the LixPON and Li2SiPHN 

precursors suggesting these precursors may have several Li+ chemical environments.  

Based on the above proposed precursors structures, one can suggest possible Li+ environments 

per Figure 4.3b. If we consider Li+ bonded to N of (H)N-P as type A, typical for LixPON (marked 

as red in Figure 4.3b), and Li+ bonded to an N between SiMe3 and P as type B, typical for LixSiPHN 

(marked as green in Figure 4.3b), then LixSiPON precursors will have both types in agreement 

with the 7Li NMRs for both LixPON and Li2SiPHN precursors, which show single sharp peaks at 

different chemical shifts. In contrast, the LixSiPON precursors show broader peaks with chemical 

shifts similar to Li2SiPHN due to the presence of SiMe3 groups.  

Of import, precursors with higher Li+ contents also seem to show higher chemical shifts 

(Li6PON > Li3PON and Li6SiPON > Li3SiPON) in agreement with See et al.65 using a mixture of 

dioxolane and dimethoxyethane (DOL/DME, 1:1). This group found that 7Li resonances shift to 

higher frequencies with increases in Li+ concentration. These results may derive from increased 

numbers of solvated Li+ ions causing a deshielding effect but may also be due to changes in the 

Li+ coordination number. 
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Figure 4.3a. 7Li NMR of Li3PON, Li6PON, Li2SiPHN, Li3SiPON and Li6SiPON precursors 
(RT/vacuum dried, dissolved in CDCl3). b. Exemplary structures of LixPON, LixSiPHN and 

LixSiPON precursors with Li+ highlighted. 
 

Table 4.3 lists 7Li NMR studies of various compounds in solution from the literature. Typi-

cally, a standard reference (0.1M or 1M LiCl in D2O or THF-d8) is used. In general, Li+ in a 

complex structure with considerable electron shielding shows upfield chemical shifts. In contrast, 

Li+ cations in the LiClO4 solution are highly dissociated and show a large downfield chemical shift 

(2.12 ppm). The positive chemical shifts found for the LixPON, LiSiPHN, and LixSiPON precur-

sors suggest the Li+ ions are well solvated and dissociated which is in accord with our findings 

that they offer superior properties in a set polymer electrolyte batteries with Li-S cathodes and as 

ceramic precursors on ceramic electrolytes.51,54 
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Additionally, N/P ratios may also influence chemical shifts (Table 4.4). As suggested by 

Muñoz et al.,66 higher nitrogen contents (N/P ratios) lead to increases in the chemical shifts of the 

7Li NMR resonances, related to decreases in average Li+ coordination numbers.66,67 

 
Table 4.3. 7Li NMR studies on various compounds in solution from the literature. 

Compound Structure Solvent Chemical shift δ 
(ppm) Ref. 

LiClO4 
 

CD3CN/CDCl3 2.12 

68 
Lasalocid lithium salt 

 

CDCl3 -1.02 

[Li+⊂o-Me2-1.1.1]TPFPB- 

 

CDCl3 -1.85 69 

Benzyl cyclopentadienyl lith-
ium 

 

THF-d8 -8.06 70 

Me5C605-/Cor4-/9Li+ 

 

THF-d8 -5.91; -7.36 71 

 

Table 4.4. 7Li NMR and atomic ratios based on XPS analyses for polymer precursors (RT/vac-
uum dried).  

 Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON 
7Li NMR (ppm) 0.15 0.20 0.57 0.25 0.39 

O/P 4.6 4.8 1.3 1.7 3.0 
N/P 1.1 1.4 3.0 1.9 2.0 
Li/N 1.0 2.0 0.3 0.95 1.4 
Li/P 1.1 2.7 0.9 1.8 2.8 
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Figure 4.4a shows 13C NMRs of Li2SiPHN and LixSiPON precursors (C-containing precur-

sors). All precursors exhibit a peak at ~2.5 ppm similar to (Me3Si)2NH (δC = 2.64 ppm), corre-

sponding to carbons in the NH-SiMe3 groups. However, this peak is slightly shifted upfield (Δδ = 

0.10-0.15 ppm). NMR chemical shifts are affected by electron density, when (Me3Si)2NH loses 

one SiMe3 and bonds with P=O or P-N=P (see examples in Figure 4.3b) in the polymer backbone, 

the carbon environment changes slightly (more shielded), causing a Δδ ≈ 0.2 ppm upfield shift.  

Additionally, a small peak at ~2 ppm is exhibited in all precursors, which may be Me3SiO- 

group. As shown in Figure A.10a, (Me3Si)2O has a δc of 1.94 ppm. 

Some precursors also show a small peak at ~3.9 ppm, which may be Me3SiCl or Me3SiNH2. 

As shown in Figure A.10b, Me3SiCl has a δc of 3.26 ppm,72 slightly different from our observation. 

Therefore, the peak at ~3.9 ppm is likely Me3SiNH2 (NMR spectrum not found in literature). 

Figure 4.4b shows 29Si NMRs of silicon-containing polymer precursors. All precursors show 

a peak at 2.3 ppm corresponding to NH-SiMe3 groups, similar to the chemical shift of (Me3Si)2NH 

at 2.42 ppm. In accordance with 13C NMR, the upfield shift (Δδ ≈ 0.1 ppm) suggests the silicon 

environment becomes more shielded when (Me3Si)2NH loses one -SiMe3 and bonds to the polymer 

backbone. 
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Figure 4.4. 13C NMR (a) and 29Si NMR (b) of Li2SiPHN, Li3SiPON and Li6SiPON precursors 

(RT/vacuum dried, dissolved in CDCl3) in comparison with (Me3Si)2NH. 
 

Some precursors also show a smaller peak at 7.2 ppm, which may be Me3SiNH2 or Me3SiCl, 

as the silicon would be less electronically shielded (lower electron density near H and higher elec-

tronegativity with Cl) compared to P=O-NH(SiMe3)2 or P-N=P-NH(SiMe3)2. Table A.5 shows the 

electronegativity of selected elements. However, Me3SiCl has a δSi of 31 ppm.72,73 Therefore, the 

corresponding compound at 7.2 ppm is likely Me3SiNH2, which is in agreement with the δc at 3.9 

ppm for 13C NMR study.  

Due to the lower sensitivity of 29Si NMR, fewer peaks are observed compared to 13C NMR.  

Figure 4.5 shows 1H NMRs of proton-containing polymer precursors and (Me3Si)2NH. In gen-

eral, protons from methyl groups and THF are observed. Since the precursors are dried at RT, there 

is a trace amount of THF left. All precursors show a large peak at 0.01 ppm, which is similar to 
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the -CH3 groups from (Me3Si)2NH at 0.06 ppm, but slightly shifted to upfield, likely a result of 

polymerization causing a shielding effect in agreement with 13C and 29Si NMR studies.  

 

 
Figure 4.5. 1H NMR of Li2SiPHN, Li3SiPON and Li6SiPON precursors (RT/vacuum dried, dis-

solved in CDCl3) in comparison with (Me3Si)2NH. 
 

Additionally, small peaks at 0.15-0.2 ppm are exhibited. Figure A.11 shows 1H NMR models 

of Me3SiNH2, (Me3Si)2O, and Me3SiCl by ChemDraw, the main δH peaks are 0.08, 0.21 and 0.42 

ppm respectively. The chemical shift at 0.15-0.2 ppm may be Me3SiO- groups that shifted to up-

field due to interaction with the polymer precursors.  

Overall, only -SiMe3 protons are observed, no proton migration is suggested by 1H NMR.  

Figures 4.6a-b show XRD patterns of LixPON pellets (5 ksi/RT/20 s, Φ = 13 mm) heated to 

100-600 °C/2 h/N2. The XRD of Li3PON pellets heated to 100 °C shows a small peak near 35° 2θ, 

corresponding to Li2O0.75N0.25 phase (PDF-01-080-4542) with space group 225: Fm3m. However, 

it is mostly dominated by a broad peak 20° 2𝜃𝜃 corresponding to amorphous nature of the material. 
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Three peaks at 30°, 33°, and 35° 2θ can be indexed to partially crystalline Li2.88PN0.14O3.73, Li2NH2, 

and Li2O0.75N0.25 phases when the pellet is heated to 200-400 °C. These peaks shift to 35° and 37° 

2θ along with additional doublet peaks near 23° 2θ when the pellet is heated to 500° and 600 °C 

corresponding to Li2.88PN0.14O3.73. Similar peaks are present for Li6PON pellets, Figure 4.6b.  

Figure 4.6c shows XRD patterns of Li2SiPHN pellets heated to 100-600 °C/2 h/N2. The XRD 

of Li2SiPHN pellets heated to 100-300 °C is mostly dominated by a broad peak corresponding to 

poorly crystalized compound indicating amorphous nature of the pellet. Two main peaks at 22° 

and 29° 2θ can be indexed to partially crystalline Li4P2O7 when heated to 500 °C. The double 

peaks near 24° and 25° 2θ can be indexed to Li6.6SiPO8.  

Figures 4.6d-e show XRD patterns for LixSiPON pellets heated to 100-600 °C/2 h/N2. XRDs 

of Li3SiPON pellets heated to 100-300 °C is dominated by a broad peak corresponding to poorly 

crystallized compound indicating an amorphous nature. Two main peaks at 22° and 29° 2θ can be 

indexed to partially crystalline Li4P2O7 (PDF-01-084-7598) after heating to 400° and 500°C. The 

single peak ~29° 2θ started to split in to double peaks when the pellet was heated above 500 °C. 

The XRD of Li3SiPON pellets heated 600 °C show sharp peaks matching Li4P2O7 (PDF-01-083-

9707) indicating loss of nitrogen doping.  
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Figure 4.6. XRD plots of Li3PON (a), Li6PON (b), Li2SiPHN (c), Li3SiPON (d), and Li6SiPON 

(e) heated to 100-600 °C/2 h/N2. 
 



100 
 

XRDs of Li6SiPON pellets heated to 100° and 200 °C are mostly dominated by broad peak 

(Figure 4.6e). The pellet heated to 300 °C showed doublet peaks ~20° and 30° 2θ indexed to par-

tially crystalline Li3PO4. The XRD of Li6SiPON pellets heated to 400-600 °C show sharp peaks 

matching Li3PO4 (PDF-04-007-2815) indicating loss of nitrogen doping.  

XRD studies at 100 °C show mainly amorphous phase, hence this technique cannot detect the 

targeted elements nor quantify the components and or elemental ratios. Hence XPS studies were 

run on Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON precursors dried under vacuum for 

3 d/RT. The dried precursor (0.5 g) powders were pelletized using 13 mm diameter die/5 ksi/RT. 

XPS wide scan spectra and analyses are given in Figure A.12 and Table 4.5, respectively. 

 
Table 4.5. XPS analyses of LixPON, Li2SiPHN and LixSiPON pellets. 

 Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON 

Li 1s B.E.a (eV) 52 52 52 53 53 
At.%b 7.0 12.6 6.7 13 17.6 

P 2p B.E. (eV) 130 130 130 131 130 
At.% 6.2 4.6 7.4 7.2 6.2 

O 1s B.E. (eV) 528 529 528 529 528 
At.% 28.7 22 9.5 12.3 18 

N 1s B.E. (eV) 396 396 395 396 396 
At.% 7.0 6.4 21.8 13.6 12.5 

C 1s B.E. (eV) 282 282 281 282 282 
At.% 43.5 47.6 44.5 37 40 

Cl 2p B.E. (eV) 195 195 195 196 196 
At.% 7.6 6.8 7.3 12.3 4.0 

Si 2p B.E. (eV) - - 98 98 98 
At.% - - 2.8 4.6 1.7 

aB.E. = binding energy. bAt.% = atomic percentage.  
 

The Figure A.12a-b wide-scan XPS survey spectra of Li3PON and Li6PON pellets provides 

elemental compositions of Li3PON and Li6PON pellets confirming the signature elements, with 

minor peaks for C and Cl. The presence of chlorine likely arises from residual NaCl. Carbon is 

ubiquitous in XPS spectra but also may reflect brief exposure of the precursor to air forming 

Li2CO3 during pelletization. Results obtained from XPS are summarized in Tables 4.4 and 4.5. 
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They confirm the presence and incorporation of nitrogen into the pellets and reinforce the fact that 

the chemical makeup of the Li3PON and Li6PON pellets are similar to those found in previous 

studies of gas phase deposited materials.21,61,74 

The deduced atomic composition shows that the Li At.% increased from ~7 to 12.6 when 

LiNH2 was doubled from Li3PON to Li6PON. Moreover, XPS analysis also provides information 

about bonding environments. The O 1s peak is attributed to the Li-O-Li, P-O-P, and P=O bonds. 

The N/P ratio (1.1-1.4) is higher than what is reported by gas phase deposition techniques (typi-

cally <1) which seems to be reflected in the higher Li+ conductivities seen in the materials prepared 

here.61,75  

The Figure A.12d-e wide-scan survey XPS spectra of Li3SiPON and Li6SiPON pellets also 

present representative LiSiPON elemental signatures and minor peaks for C and Cl. The presence 

of chlorine might be from residual NaCl or Me3SiCl. The presence of carbon can arise as noted 

above or from (Me3Si)2NH. As shown in Table 4.5, the Li At.% increased from ~13 to 18 when 

more LiNH2 is introduced in synthesizing Li6SiPON. In addition, the Li amount is higher than 

calculated for Li3PON (7) and Li6PON (12.6) pellets. This may be due to incorporation of silicon 

in the polymer precursor. It has been reported that partial substitution of P by Si in LiPO4 results 

in an increase in Li+ mobility by shortening the distance between adjacent positions for Li+ hop-

ping.76  

Furthermore, it has also been demonstrated that increases in N in LiSiPON films increases 

conductivity. The increase in the Si/P ratio has been hypothesized to improve the N content.32 The 

experimental ratio of N/P was calculated to be 3, the decrease in the ratio from XPS points to 

polymerization by loss of nitrogen. However, the N/P ratio (~2) is still higher than for Li3PON and 

Li6PON in Table 4.4. The Li6SiPON polymer electrolyte also shows the lowest Cl At.%. 
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The Figure A.12c wide-scan survey XPS of Li2SiPHN presents the expected elemental signa-

tures and minor peaks for C and Cl. The latter elements are likely sourced as noted above. The 

results obtained from XPS are summarized in Tables 4.4 and 4.5. 

The calculated atomic composition shows an Li/P ratio of 0.9 as listed in Table 4.4. However, 

this ratio is smaller than what is calculated experimentally for Li2SiPHN, the discrepancies are 

thought to arise from polymerization that reduces the number of sites that can be lithiated. Another 

explanation might be due to the fact that XPS could only be used to predict the composition of thin 

films and not bulk pellets.  

SEM and EDX studies were conducted to characterize the microstructures and the composition 

of the polymer precursors. Figure 4.7 shows SEM fracture surface images of Li3PON, Li6PON, 

Li2SiPHN, Li3SiPON, and Li6SiPON precursor pellets heated to 100-400 °C/2 h/N2. The pellets 

heated to 100 °C in general showed a very smooth, uniform, and dense microstructure. This might 

be ascribed to the fact that these precursors show a very small mass loss before 200 °C as demon-

strated by the TGA-DTA in Figure 4.2. The pellets heated between 200-300 °C showed a 3D 

network of structures forming micro globules. When the heating schedule increased to 400 °C, the 

pellets showed porous microstructure ascribed to the loss of volatile and organic compounds, in-

dicating the ceramization of the precursors as supported by the XRD in Figure 4.6.  

Figure A.13 shows EDX map images of polymer precursor pellets heated to 100 °C/2 h/N2. 

Well-distributed signature elements (N, O, P, and Si) are exhibited, and the presence of impurities 

such as Cl from the starting material and C from Li2CO3 is in good agreement with XPS data 

shown in Figure A.12 and Table 4.5. Quantitative EDX results are summarized in Table A.6. The 

N/P ratio seems to increase with the heating temperature of the polymer precursor pellets, which 
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might be ascribed to the loss of CO2 during heating. The Li6PON pellets showed a lower N/P ratio 

compared to Li3PON, resulting in a lower ionic conductivity in the Li6PON pellets. 

 

 
Figure 4.7. SEM fracture surface images of LixPON, Li2SiPHN and LixSiPON pellets heated be-

tween 100-400 °C/2 h/N2. 
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4.3.2 Li+ conductivity measurements 

Conductivity measurements were run on compacted pellets rather than thin films as reported 

in complementary manuscripts.51,54 Figure 4.8 shows Nyquist plots of Li3PON, Li6PON, Li2Si-

PHN, Li3SiPON, and Li6SiPON pellets heated to 200-400 °C/2 h/N2. All the measurements were 

conducted at RT.  

Table 4.6 summarizes the total ambient conductivity of the polymer precursor pellets heated 

to 200-400 °C/2 h/ N2. The highest conductivities are obtained on heating to 400 °C. The conduc-

tivity seems to improve with increasing temperature improving pathways for Li+ diffusion due to 

phase change as demonstrated by XRD plots in Figure 4.6. Li2SiPHN shows the highest conduc-

tivity of 3 × 10-4 S/cm at 400 °C. This polymer precursor also shows the densest microstructure 

when compared to LixSiPON polymer precursors (Figure 4.7). The Li3SiPON showed the lowest 

conductivity when heated to 400 °C ascribed to the increased porosity in the microstructure (Figure 

4.7). The LixPON polymer precursors showed poor ionic conductivity compared to the Si based 

polymer precursors, these phenomena can be explained by the low N/P ratios (< 1.5) as well as the 

poor microstructure as shown in Table 4.4 and Figure 4.7, respectively. 
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Figure 4.8. Nyquist plots of polymer precursor pellets heated to 200-400 °C/2 h/N2. 
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Table 4.6. Total conductivities (σRT) of polymer precursor pellets heated to 200-400 °C/2 h/N2. 
Precursor pellets Temp. (°C) σRT(S/cm) 

Li3PON 
200/2 h 1.1 × 10-5 
300/2 h 1.8 × 10-5 
400/2 h 4.5 × 10-5 

Li6PON 
200/2 h 1.9 × 10-6 
300/2 h 5.3 × 10-6 
400/2 h 1.2 × 10-5 

Li2SiPHN 
200/2 h 5.7 × 10-5 
300/2 h 1.5 × 10-4 
400/2 h 2.7 × 10-4 

Li3SiPON 
200/2 h 2.0 × 10-6 
300/2 h 1.6 × 10-6 
400/2 h 4.0 × 10-6 

Li6SiPON 
200/2 h 1.9 × 10-5 
300/2 h 2.0 × 10-5 
400/2 h 3.3 × 10-5 

 

4.3.3 Electrochemical performance of polymer precursor electrolytes 

To further investigate electrochemical properties of these polymer precursors, Celgard separa-

tors were coated with polymer precursor solutions (0.05 g/mL in THF, 20 μL) and heated to 90 

°C/12 h/vacuum prior to cell assembly. SS/Celgard + polymer precursor/SS and Li/Celgard + pol-

ymer precursors/Li symmetrical cells and SPAN (sulfur-based cathode)/Celgard + polymer pre-

cursors/Li half cells were then assembled. Detailed cell fabrication procedure, characterization 

methods, results and discussion are reported elsewhere.51  

Figure 4.9a shows the correlation of N/P ratio with ionic conductivities of SS/Celgard + poly-

mer precursor/SS cells. Note that the N/P ratio is derived from XPS studies on polymer precursor 

pellets after heating to 90 °C/12 h/vacuum, slightly different results from values in Table 4.4. The 

increase in the N/P ratio results in a nearly linear increase in conductivity for coated Celgard. A 

maximum conductivity of 8.8 × 10-6 S/cm is achieved for the Celgard + Li6SiPON polymer elec-

trolyte with an N/P ratio of 2.4. The N/P ratio is very high compared to traditional gas-phase tech-



107 
 

niques resulting in enhanced ionic conductivity.61,75 The positive correlation between ionic con-

ductivity and the N/P ratio can be attributed to the decrease in electrostatic energy as adding more 

Nd bridging and increased disorder that increases Li+ mobility.77,78  

Figure 4.9b compares the average transference numbers (tLi+) of polymer precursor coated Cel-

gards assembled in symmetric cell configuration (Li/Celgard + polymer precursor/Li). Overall, all 

polymer precursor coated Celgard electrolytes exhibit tLi+ ≥ 0.7, much higher than traditional pol-

ymer electrolytes (0.2-0.5).79,80  The Li2SiPHN precursor showed an ideal transference number of 

∼0.9 comparable to solid-state electrolytes. The increase in the tLi+ for the polymer electrolytes is 

indicative of a chemical interaction between Li and -PON, -SiPHN and -SiPON polymeric back-

bones, that in turn afforded high Li+ mobility and near single-ion conduction. From these prelimi-

nary results, the tLi+ is in the order of Li6SiPON < Li3PON < Li3SiPON < Li6PON < Li2SiPHN. 

The electronic conductivities of polymer precursors coated Celgard coated measured by DC 

polarization experiments are given in Figure 4.9c. Li3PON and Li6PON polymer electrolytes show 

an average electrical conductivity of ∼3 and 2.6 × 10-10 S/cm, respectively. These values are higher 

than what is reported for LixPON systems (10-15-10-12 S/cm),27,81 but much lower than LLZO (10-

8-10-7 S/cm)82 and Li2S-P2S5 (10-9-10-8 S/cm)83 solid electrolytes. The Li2SiPHN polymer electro-

lyte exhibits an average electrical conductivity of ∼2.7 × 10-9 S/cm, whereas Li3SiPON and 

Li6SiPON polymer electrolytes show lower average electronic conductivities of ∼6.2 and 1.8 × 

10-10 S/cm, respectively. The increase in Li+ concentration from Li3SiPON to Li6SiPON seems to 

reduce the electrical conductivity. Similar phenomena are observed when the Li concentration in-

creased from Li3PON to Li6PON. It is also worth noting that the electrical conductivity measure-

ments are done on the polymer precursor coated separators, the precursor by itself might have 

lower electronic conductivity. 
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Figure 4.9a. Ionic conductivity vs. N/P ratio of SS/Celgard + polymer precursor/SS cells, b. tLi+ 

and c. electrical conductivities of Li/Celgard + polymer precursor/Li cells. 
 

Interestingly, the Li6SiPON coated Celgard shows the lowest electrical conductivity, the high-

est ionic conductivity and high critical current density (3.75 mA/cm2).51 The Li6SiPON polymer 

precursor electrolyte was then used to assemble a half cell with Li metal and SPAN cathode. De-

tailed synthesis and performance of SPAN cathodes can be found elsewhere.52 Figure 4.10a shows 

specific capacity of SPAN/Celgard + Li6SiPON/Li half-cell cycled at 0.5 C rates for 220 h, from 

1 to 3 V for 122 cycles. The Li-SPAN battery shows no polarization or voltage fluctuation during 

cycling. The half-cell showed an initial capacity ∼2000 mAh/gsulfur, higher than the theoretical 

capacity for sulfur (1672 mAh/g), suggesting that the π-conjugated pyridinic carbon framework of 

SPAN contributes to the initial capacity, which is likely a combination of Faradaic processes in 



109 
 

forming the SEI on carbon during the first cycle and a non-Faradaic pseudo-capacitance that may 

persist over subsequent cycles.52,84,85  

 

 
Figure 4.10. Specific capacity (a) and coulombic efficiency (b) vs. cycle number plots of 

SPAN/Celgard + Li6SiPON/Li at 0.5 C. 
 

The capacity decreases to 1000 mAh/gsulfur after the 40th cycle and gradually to 750 mAh/gsul-

fur thereafter, which is much improved compared to typical Li-S batteries assembled with polymer 

electrolytes (50-200 mAh/gsulfur).51,86 The fast capacity fade for the first 40 cycles may be ascribed 

to the loss of electrical contact during cycling, which can also lead to a decrease in coulombic 

efficiency (Figure 4.10b). There may be a few causes for the electrical contact loss, including the 

formation of large particles of highly resistive sulfur or lithium sulfide, the migration of polysul-

fides away from the carbon phase, and the agglomeration of sulfur or carbon particles as a result 

of the pressure exerted on the cell. 

Nevertheless, the half-cell with Li6SiPON polymer electrolyte shows good electrochemical 

stability at 0.5 C for 122 cycles. As shown in Figure 4.10b, the coulombic efficiency shows a slight 

decrease from 95 to 92 % after the first 40 cycles and remains at ∼92 % thereafter. The stability 
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and high performance of the nearly ASSB can be ascribed to the unique performance of SPAN 

and the polymer electrolyte. The most important feature of SPAN is that the sulfur is covalently 

bound to a polyaromatic backbone and forms different structural motifs that reduce detrimental 

polysulfide dissolution, which in turn minimizes capacity loss.52,87 

Future work will rely on the optimization of the electrical contact between the SPAN cathode 

and the polymer precursor electrolytes. The interfacial behavior directly dictates the lifespan, en-

ergy density, and safety of ASSBs. The reported polymer electrolytes bring potentials to lower the 

interfacial resistance and stabilize the interfacial performance of ASSBs. 

4.3.4 LiPON-like polymer precursor solid solutions with PEO 

In our efforts to develop LixPON, LixSiPON, and LixSiPHN polymer precursors, we realized 

that it might be possible to use these precursors as active fillers in PEO matrix forming polymer 

electrolytes (PEs), either as miscible or immiscible active second phases. As the polymer precur-

sors turn into ceramics on heating as suggested by XRD studies above (Figure 4.6), it is anticipated 

that they offer flame retardance or resistance. More importantly, they exhibit high tLi+ ≥0.7, unlike 

most liquid or polymer electrolytes. Therefore, a systematic study was carried out on PEO/precur-

sor composite properties.  

PEO/precursor films were made by mixing PEO (Mw = 900 kDa) dissolved in acetonitrile with 

polymer precursor THF solution. After clear solutions formed, they were cast onto PTFE plates, 

and the solvent was allowed to evaporate at ambient for 24 h. The resulting transparent films were 

then dried at 65 °C/vacuum/24 h. In general, higher PEO concentrations result in poorer ionic 

conductivity, while lower PEO concentrations result in poorer mechanical properties. It was de-

termined that solid solutions of polymer precursors form readily with 60 wt.% PEO, and such 
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compositions show good-to-excellent conductivities as discussed below, denoted as 60PEO/poly-

mer precursor or PE films. Figure A.14 shows optical images of dried 60PEO/PE films. Detailed 

fabrication procedure, characterization methods, results and discussion are reported elsewhere.54 

Table 4.7 summarizes N/P and Li/P ratios derived from XPS studies and measured conductiv-

ities of PE composite films at RT. XPS plots and Nyquist plots of PE films are given in Figure 

A.15. Based on XPS analyses (Figure A.15a), the resulting At.% suggests the Li/P ratio increases 

from ∼1.1 to 1.3 with increasing amounts of LiNH2 for the 60PEO/LixSiPON films. However, this 

ratio is smaller when compared to the Li3PON (2.1) and Li6PON (2.8) polymer composite films, 

which may be due to the introduction of silicon in LixSiPON. The deduced N/P ratio is smaller 

than what is experimentally calculated (3), which is associated with the loss of N by polymeriza-

tion. Nevertheless, compared to gas-phase-deposited LiPON glasses (typically <1), the obtained 

N/P ratios (1-1.5) for the PE films are higher.61,75 The relation between the N/P ratio and ionic 

conductivity is discussed below. 

 
Table 4.7. Calculated atomic compositions from XPS analyses and total conductivities (σRT) of 

PE composite films. 
 Li3PON   Li6PON   Li2SiPHN   Li3SiPON Li6SiPON 

N/P 1.1 1.1 1.5 1.2 1.0 
Li/P 2.1 2.8 1.7 1.1 1.3 

σRT(S/cm) 4.4 × 10-4 3.7 × 10-4 1.1 × 10-3 2.8 × 10-3 2.7 × 10-4 
 

Figure 4.11a compares found melting temperatures (Tm) and percent crystallinities (χc) derived 

from DSC studies of PEO and polymer composite films (Figure A.16). χc is of the order Li2SiPHN 

> Li6PON > Li3PON > Li6SiPON > Li3SiPON. Tm decreases with the introduction of the polymer 

precursors, suggesting that PEO crystallization is hindered. The crystallization temperature is also 

reduced from 40 °C for PEO to 38-30 °C for PE composite films (Figure A.16).  



112 
 

Figure 4.11b demonstrates the relation between N/P ratio, χc, and ionic conductivity (at RT) of 

the PEs. As discussed above, the reported N/P ratios in this study are relatively high compared to 

the gas-phase-deposited LixPON electrolytes, resulting in significant improvements in the ionic 

conductivity. The 60PEO/Li2SiPHN showed the highest N/P ratio (1.5), resulting in a decrease in 

electrostatic energy; however, this alone did not result in fast ion mobility compared to the 

60PEO/Li3SiPON thin film, which is ascribed to the fact that the 60PEO/Li2SiPHN film exhibits 

the highest crystallinity (χc ≈ 56 %). Similar relations are observed for the 60PEO/LixPON PEs, 

suggesting the main limiting factor for fast Li+ diffusion is the mobility of the PEO matrix. Alt-

hough some reports show that crystalline PEO can offer fast ionic transport, prevailingly, the crys-

talline region inhibit ion transport due to the slower chain dynamics upon crystallization.80  

The decrease in the crystallinity of 60PEO/Li3SiPON (χc ≈ 15 %) along with the high N/P ratio 

resulted in superior ionic conductivity of 2.8 × 10-3 S/cm at ambient, much higher than gas-phase-

deposited LixPON (typically 10-6 S/cm at ambient),20,21,28 and also higher than simple PEO/Li+ salt 

polymers.80 This is ascribed to the solvation ability of the polymer backbone and homogenous 

miscibility of the polymer precursor in PEO, as shown in Figure A.14. In addition, the LixSiPON 

polymer precursor with high N contents seems to favor Li solvation better than the LixPON poly-

mer precursors. 
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Figure 4.11a. Thermal properties of PEs and PEO films and b. correlation between the N/P ratio 

(black), crystallinity percentage (red), and ionic conductivity at RT of PEs (blue). 
 

Figure 4.12a compares tLi+ of PE films in Li/60PEO/PEs/Li cell configuration. All PEs 

show tLi+ ≥0.5, suggesting the interaction between Li+ and polymeric -PON, -SiPON, and -SiPHN 

backbones results in fast Li+ mobility, as discussed above. The 60PEO/Li2SiPHN film shows a 

high tLi+ of ∼0.8, comparable to single-ion conducting polymer electrolytes.88,89 However, tLi+ of 

the PEO/precursor films are lower compared to the above pristine LiPON-like polymer precursors 

(tLi+ >0.7). This might be a result of the increased mobility of both cations and anions in PE films 

due to high flexibility of the PEO segments. The increase in tLi+ of Li2SiPHN might be due to its 

cyclometric structure of -SiPHN (Figure 4.12a); the molecule is bulkier than -SiPON and -PON, 

hence lower anion mobility.  

Galvanostatic cycling of Li/60PEO/PEs/Li at ambient are studied as reported elsewhere.54  

Among all PEs, 60PEO/Li6PON shows optimum performance at ±1.5-7.5 mA, Figure 4.12b. The 

symmetric cell shows a stable voltage response of 0.02 V for the first 40 h; the interfacial resistance 
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seems to increase indicated by the increase in voltage to 0.05 V after the 20th cycle. The 

60PEO/Li6PON film show stable voltage response (0.04 V) vs. Li metal at higher current densities 

(3.25 mAh/cm2, active cross-sectional area = 2 cm2) compared to the traditional PEO/Li salt elec-

trolytes (0.1 mA/cm2).90 Furthermore, unlike most PEO/Li salt studies are performed at elevated 

temperatures (>65 °C),91 these symmetric cell studies are performed at RT. Most polymer/solid 

electrolytes are limited by the solid-solid diffusion at the interface, resulting in lower critical cur-

rent densities.92 Here, we were able to enhance the interface between Li metal and the PE films by 

melt bonding PEs on the Li surface. 

 

 
Figure 4.12a. tLi+ of PE films in Li/60PEO/PEs/Li cell configuration and example precursor 

structures. b. Galvanostatic cycling of Li/60PEO/Li6PON/Li at ±1.5-7.5 mA at RT. 
 

Figure 4.13a shows the specific capacity of SPAN/60PEO/Li6SiPON/Li half cells cycled at 

various C rates at 1 to 3 V for 100 cycles. Minimal voltage fluctuation was observed.54 More 

specifically, the Li-S cell was cycled for 30 cycles at 0.25 C, 20 cycles at 0.5 and 1 C, and the last 

20 cycles at 0.25 C. The half-cell showed initial discharge capacities of ∼1800 mAh/gsulfur, higher 

than the theoretical capacity for sulfur (1672 mAh/g), likely due to the C framework of SPAN that 
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irreversibly contributes to the initial capacity, similar to SPAN/Celgard + Li6SiPON/Li above (Fig-

ure 4.10).84,85 

The half-cell charges and discharges to the targeted potentials with minimal polarization for 

100 cycles at the desired C-rates. The capacity decreases to 1000 mAh/gsulfur after the first cycle, 

and a slight decrease to 950 and 800 mAh/gsulfur at 0.5 and 1 C is exhibited. However, the capacity 

was recovered when cycled back to 0.25 C. Overall, the Li/S cathode shows high capacity, high 

cycle stability, and high discharge/charge capacity. The 60PEO/Li6SiPON polymer electrolyte also 

shows high electrochemical stability at high rates of 0.25, 0.5, and 0.1 C for 100 cycles. A cou-

lombic efficiency of ∼100 % was maintained throughout the cycle (Figure 4.13b). 

 

 
Figure 4.13. Specific capacity (a) and coulombic efficiency (b) vs. cycle number of 

SPAN/60PEO/Li6SiPON/Li at selected C-rates.  
 

4.4 Conclusions 

In summary, we present here the synthesis of a set of polymers that emulate LiPON chemistries 

and that allow simple and extensive control of composition, degree of lithiation, and incorporation 

of silicon as well as exclusion of oxygen and understand their effects on the ionic conductivity. 
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The intent was to find a simple alternative to the equipment and energy intensive gas phase depo-

sition methods. Our approach involves the synthesis of O=P(NH2)3 from OPCl3 followed by lithi-

ation with LiNH2. A detailed characterization of LiPON-like oligomer/polymer precursors are pre-

sented, including MALDI, FTIR, TGA-DTA, NMR, XRD, XPS, impedance and electrochemical 

studies. For all the precursors, the MWs are estimated to be ≈1-2 kDa, and the CYs at 800 °C are 

50-60 %. They are thermally stable to 150-200 °C. FTIR spectra fit well with typical LiPON 

glasses synthesized by gas phase methods.40,58–62 7Li NMR suggests that Li+ ions in these precur-

sors are well solvated and dissociated, which is beneficial for their electrochemical performances. 

The structures of Si (C) containing precursors were further investigated by 1H, 13C and 29Si NMR 

studies, which suggests that Si doping was achieved by bonding NH-SiMe3 with P=O or P-N=P 

onto the polymer backbone.  

Crystalline phases of these polymer precursors at different temperatures (100-600 °C) were 

characterized by XRD. However, they are primarily amorphous at 100 °C, hence XPS studies were 

performed to quantify the elemental composition of the precursors. Overall, all the precursors show 

higher N/P ratios (1-3) compared to traditional gas phase methods (<1), and there seems to be a 

correlation between the N/P ratio and 7Li NMR chemical shift. All the polymer precursors show 

the highest ambient conductivity after treating at 400 °C/2 h. In general, the conductivities of pol-

ymer precursor pellets seem to be Li2SiPHN > Li6SiPON > Li3PON > Li6PON > Li3SiPON, and a 

maximum conductivity of 2.7 × 10-4 S/cm at RT is achieved for Li2SiPHN after heating at 400 

°C/2 h/N2. 

For Celgard/polymer precursor electrolytes, the conductivity increases with increasing 

amounts of Li and N/P ratio. Maximum ambient conductivity of ∼1 × 10-5 S/cm is achieved for 

the Li6SiPON with an N/P ratio of 2.4. The Li2SiPHN precursor showed an ideal transference 
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number of ∼0.9, comparable to SSEs. Furthermore, the Li6SiPON polymer electrolyte was used 

to assemble a nearly all solid-state Li/SPAN battery. The stability and high performance of the 

half-cell was attributed to the unique performance of the SPAN and the polymer electrolyte. 

For PEO/polymer precursor composite films, a maximum ionic conductivity of 2.8 × 10-3 S/cm 

is achieved for the 60PEO/Li3SiPON films at ambient, and all PE films show tLi+ ≥0.5. The en-

hancement in conductivity of this PE is ascribed to the suppression of the PEO crystallinity and 

the increase in the N/P ratio. The high Li+ transference number of Li2SiPHN (tLi+ ≈ 0.8) indicates 

that anion mobility is limited due to the polymer precursor bulky backbone. In addition to the 

enhanced ionic conductivities vs. traditional PEO electrolytes, these active polymer precursor fill-

ers offer improved stability against Li metal at higher current densities. Galvanostatic cycling of 

the SPAN/PEs/Li cell shows discharge capacities of 1000 mAh/gsulfur at 0.25 C and 800 mAh/gsul-

fur at 1 C. The cell also shows high-capacity retention over 100 cycles with ~100 % coulombic 

efficiency. 
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Chapter 5 LixSiON (x = 2, 4, 6), A Novel Solid Electrolyte System Derived from Agricul-
tural Waste 

 

Published: Zhang, X.; Temeche, E.; Laine, R. M. Green Chem. 2020, 22 (21), 7491–7505. 

5.1 Introduction 

To reduce the consumption of traditional energy sources, i.e., fossil fuels, and emission of 

greenhouse gases, researchers have long sought to replace combustion-based energy technologies. 

Electrochemical energy storage/conversion systems, including lithium-ion batteries (LIBs), have 

become subjects of great interest.1–3 Although LIBs are now used intensely in applications ranging 

from simple replacements for traditional batteries in toys, medical devices, portable electronics 

and are instrumental in the commercialization of electric vehicles; the use of organic solvent based 

liquid electrolytes with inadequate electrochemical and thermal stabilities introduces inherent 

safety risks and restrains operating temperatures.4–7 Non-flammable, solid-state electrolytes offer 

an escape from such problems offering potential for both wider operating temperatures coincident 

with higher energy-densities.4–6,8 The potential to formulate solid-state electrolytes from agricul-

tural waste (e.g. rice hull ash, RHA) therefore offers two exciting opportunities. One is to valorize 

the waste of a commodity product (rice hull ash) and the potential to coincidentally reduce the 

carbon footprint of extensively used battery materials. This then is the motivation for work re-

ported here.  

Li+-containing oxynitride amorphous thin films are promising materials for electrochemical 

applications as solid electrolytes due to their high ionic conductivity, mechanical stability and 
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chemical durability. Most studies focus on LiPON thin films as suggested by the extensive litera-

ture on this topic.9–35 There are a few reports on borate analogs, lithium boron oxynitrides 

(LiBON).36–39 However, the ionic conductivity (at ambient) for LiBON (10-8 S/cm) is much lower 

than LiPON (10-6 S/cm).9–12 Studies on other Li-containing oxynitrides are also reported including 

lithium sulfur oxynitride (LiSON) with ambient conductivities of 10-6-10-5 S/cm,40,41 and lithium 

vanadium oxynitride (LiVON) with conductivities of 10-4-10-5 S/cm at 330 °C.42,43  

A number of research groups have explored MSiON (M = Li, Na) glass-ceramics with respect 

to their crystallization and bonding arrangements,44–48 mechanical properties,44,47 chemical dura-

bility and conductivities.49,50 Typically, such glasses are prepared by melt mixing Li2O or Na2O, 

SiO2 and Si3N4 at 1400-1500 °C/1-3 h in BN crucibles under N2.45,46,48–50 The conductivity for 

MSiON is attributed to alkali ion transport, which increases with increasing N content.49,50 The 

literature explanation for this behavior suggests that Si-N bonds are more covalent (less ionic) than 

Si-O bonds, the electrostatic force exerted on alkali ions decreases upon nitridation resulting in 

reduced activation energy (Ea).44–50 A similar N for O effect is found for LiPON glasses.13–18 How-

ever, the ambient conductivities of M-Si-O-N glasses remain at 10-8-10-7 S/cm.   

A doctoral thesis by Jarkaneh43 describes novel Li+ oxynitride conductors including Li3+xPO4-

xNx, Li3+xVO4-xNx, Li2+yZnSiO4-yNy and Li2+yMgSiO4-yNy solid solutions. N-doping of all compo-

sitions generates a γ-phase, except in Li3VO4 which generates a β-phase. The γ-phase structures 

are typical for Li+ superionic conductors (LISICON), where cations are tetrahedrally coordinated.  

As shown in Table 5.1, N-doping improves conductivities by up to two orders of magnitude in 

N-doped Li3(P,V)O4 and 4-6 orders in N-doped Li2(Zn,Mg)SiO4. The Ea decreases by about 0.3 

eV in N-doped Li3(P,V)O4 and 0.6-0.7 eV in N-doped Li2(Zn,Mg)SiO4. Higher ionic conductivi-

ties and lower Ea in N-doped samples are attributed to higher numbers of interstitial Li+ created as 
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a result of substitution of N for O. Therefore, it is reasonable to envision that N-doping of other γ-

structured materials, including Li4SiO4, can be expected to improve ionic conductivity.  

 
Table 5.1. Ionic conductivities (σ) and activation energies (Ea) for Li3+xPO4-xNx, Li3+xVO4-xNx, 

Li2+yZnSiO4-yNy and Li2+yMgSiO4-yNy solid solutions.43 
Solid solution system Composition σ (S/cm) at T °C Ea (eV) 

Li3+xPO4-xNx 

Li3PO4 1.0 × 10-18 (25) 1.18 
Li3.2PO3.8N0.2 9.6 × 10-15 (25) 0.92 
Li3.4PO3.6N0.4 2.5 × 10-14 (25) 0.91 
Li3.6PO3.4N0.6 2.0 × 10-16 (25) 1.20 
Li3.8PO3.2N0.8 1.6 × 10-16 (25) 1.18 

Li3+xVO4-xNx 

Li3VO4 2.0 × 10-7 (360) 1.29 
Li3.2VO3.8N0.2 4.0 × 10-4 (330) 1.00 
Li3.4VO3.6N0.4 1.2 × 10-5 (330) 1.01 
Li3.6VO3.4N0.6 3.0 × 10-5 (330) 1.02 

Li2+yZnSiO4-yNy 

Li2ZnSiO4 8.0 × 10-8 (390) 1.14 
Li2.2ZnSiO3.8N0.2 8.0 × 10-8 (115) 0.99 
Li2.4ZnSiO3.6N0.4 4.0 × 10-6 (125) 0.44 
Li2.6ZnSiO3.4N0.6 2.0 × 10-6 (70) 0.55 

Li2+yMgSiO4-yNy 

Li2MgSiO4 4.0 × 10-8 (420) 1.39 
Li2.2MgSiO3.8N0.2 4.0 × 10-7 (115) 0.80 
Li2.4MgSiO3.6N0.4 1.0 × 10-6 (130) 0.87 
Li2.6MgSiO3.4N0.6 7.0 × 10-6 (130) 0.83 
Li2.8MgSiO3.2N0.8 5.0 × 10-7 (110) 0.79 

 

Indeed, studies show that Li4SiO4 may offer utility as a solid electrolyte. Wu et al.51,52 synthe-

sized Li4SiO4 powders (particle sizes ≈ 100 nm) via sol-gel processing using SiO2 (aerosil) and 

LiOH∙H2O as the starting materials and citric acid (C6H8O7∙H2O) as the chelating agent. Li4SiO4 

pellets (Φ = 10 mm, thickness = 2 mm) sintered at 1000 °C/4 h exhibited bulk conductivities of 

~10-3 S/cm at 400 °C. Similarly, Adnan et al.53 prepared Li4SiO4 powders by sol-gel, then 

pelletized and sintered at 600-750 °C/4 h finding a bulk conductivity of ~3 × 10-6 S/cm at ambient, 

suggesting potential use as LISICON structured solid electrolytes for low-temperature applica-

tions.  

Furthermore, various studies have described Li4SiO4-based solid electrolytes, including the 

binary and ternary systems: Li4SiO4-Li3XO4 (X = V, As, P, etc.),54–59 and Li2S-SiS2-Li4SiO4.60–64 
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For the binary system, compositions with 40-60 mol.% Li4SiO4 typically give the highest ionic 

conductivities of ~10-6 S/cm at 20 °C.55,57–59 For the ternary system, the composition (1-z)[0.6Li2S-

0.4SiS2]-zLi4SiO4 (z = 0-10 mol.%) exhibits an ambient conductivity of 10-4-10-3 S/cm.60–63  

The above studies suggest that Li4SiO4 is a reasonable candidate for solid electrolyte applica-

tions. However, to the best of our knowledge, there have been no reports on N-doped Li4SiO4 (or 

LixSiON) as solid electrolytes. Given our previous success in developing polymer precursor de-

rived LixPON-like electrolytes,65–67 we present here a novel and green approach to LixSiON oligo-

mer/polymer precursors (x = Li/Si mole ratio).  

Recently, we reported processing “green” hybrid Li+ capacitors (LICs) electrodes using the 

plentiful agricultural waste, RHA, as the starting material.68 The basis for this report was the use 

of silica depleted RHA (SDRHA, ≈ 65 wt.% SiO2, 35 wt.% C); a carbon/silica nanocomposite. 

This nanocomposite derives from SiO2 extraction from RHA by simple distillation of the spiro-

siloxane [(C6H14O2)2Si, SP] at 200 °C, as illustrated in reaction (5.1): 

Si

O

O

O

O
SiO2

    +    2
200 οC/-2H2OHO OH

Catalytic NaOH (10 mol. %)

Spirosiloxane (SP)Rice Hull Ash
87 wt. % silica

 
SDRHA (~65 wt. % SiO2

 + ~35 wt. % C)

Silica Depleted RHA
220 m2/g

(5.1)

Hexylene glycol (HG)
+

 
 

We report here that this spirosiloxane “byproduct” provides the starting point for a series of 

Li+ conducting polymer precursors on reaction with LiNH2, generically illustrated by reaction 

(5.2). Such a synthetic approach provides environmental advantages including green source, low 

cost, low temperature, low energy consumption, emission-free, and scalable features.  
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(5.2)Si

O

O

O

O

+ x LiNH2 Si

O

O

O

O
NH2

NH2
RT-60 οC/THF

Spirosiloxane (SP) LixSiON

Li+

Li+

 
 

5.2 Experimental section 

Density measurement. Masses (m) and dimensions (thickness t, and diameter Φ) of polymer 

precursor pellets (pelletized hydraulically at 5 ksi/20 sec with a Φ = 13 mm die) heated to different 

temperatures (60-400 °C) were measured. Density is calculated by the equation ρ = 4m/(πΦ2t). 

Electrochemical impedance spectroscopy (EIS). AC impedance data were collected with a 

broadband dielectric spectrometer (Biologics) in a frequency range of 7 MHz to 1 Hz at 10 mV. 

“EIS spectrum analyser” software was used for extracting total resistance. For LixSiON precursor 

pellets, concentric Au/Pd electrodes (Φ = 3 mm) were deposited using an SPI sputter coater on 

both surfaces of polymer precursor pellets using a deposition mask. For Celgard/LixSiON electro-

lytes, LixSiON THF solutions (0.05 g/mL) were coated on Celgard separators (18 mm × 25 µm) 

and assembled between stainless steel (SS) disks (Φ = 8 mm) forming symmetrical cells.  

An equivalent circuit consisting of (RtotalQtotal)(Qelectrode) was used to measure the ionic resis-

tivity. R and Q denote resistance and constant phase element, respectively. The total conductivity 

(σt) was calculated using the equation σt = t/(A×R), where t is the thickness of the polymer pre-

cursor pellet (0.2-0.3 mm) or coated Celgard PE, A is the active area, and R is the total resistivity 

obtained from the Nyquist plots.  

Li+ transference numbers (tLi+) of polymer electrolytes were calculated by chronoamperometric 

studies, using eq (5.3) as suggested by Evans et al.,69 and were further confirmed by using data 

from the DC polarization experiments per eq (5.4).  
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tLi+ = ISS(U-Z0*I0)/I0(U-ZSS*ISS)        (5.3) 

tLi+ = σLi+/ (σe+σLi+)          (5.4) 

where σLi+ is the ionic conductivity of the polymer electrolytes and the σe is the electrical con-

ductivity obtained from the DC polarization studies reported elsewhere.70  

Cyclic voltammetry (CV) and galvanostatic cycling tests were conducted using SP-300 po-

tetntiostats/galvanostat (Bio-Logic Science Instruments, Knoxville, TN). Detailed cell fabrication 

procedures and cycling conditions are reported elsewhere.70,71  

Detailed synthetic methods for LixSiON precursors, processing techniques, and other characteriza-

tion procedures are given above in Chapter 2. Figure 2.2 shows optical images of representative 

LixSiON precursor powders dried at 60 °C/1 h/vacuum and pellets pressed hydraulically at 5 ksi/20 

sec with a 13 mm diameter die. 

5.3 Results and discussion 

Our objectives in this work were first to carefully verify that the prepared precursors contain 

nitrogen and form oligomers as the first step in exploring their utility as LiSiON precursors. Once 

having demonstrated well-defined compositions, the next step was to explore their properties as 

electrolytes. For clarity and simplicity, the precursors are simply labeled as LixSiON (x = 2, 4, 6) 

rather than including a complete chemical formula for reasons that become apparent below. 

The apparent structures and chemical compositions of LixSiON precursors were analyzed us-

ing FTIR, MALDI-ToF, multi-nuclear NMR, TGA-DTA, XRD, XPS, SEM and EDX, followed 

by EIS for ionic conductivity measurements.  

To further study electrochemical properties, Celgard separators were impregnated with 

LixSiON polymer precursors forming polymer electrolytes (PEs). These PEs were subjected to 

EIS, CV, and galvanostatic cycling to evaluate ionic conductivity, stability, and critical current 
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density. Additionally, a half-cell was assemble using a sulfur-based cathode (SPAN), Cel-

gard/Li6SiON PE and Li metal anode, and its stability was investigated by galvanostatic cycling. 

Finally, in an attempt to improve electrochemical properties of Li4Ti5O12 (LTO) anode, LTO 

nanopowders (NPs) prepared by liquid-feed flame spray pyrolysis (LF-FSP) were mixed with se-

lected amounts (5 and 10 wt.%) of LiAlO2 NPs and Li6SiON polymer precursor forming LTO-

composite anodes. Comparison of their discharge capacities and effects of LiAlO2 NPs and 

Li6SiON precursor are discussed.  

5.3.1 Characterization of LixSiON precursors 

Figure 5.1a shows representative FTIRs of LixSiON (dried at 60 °C/1 h/vacuum) compared to 

SP.  

 
Figure 5.1. FTIRs of a. LixSiON precursors (60 °C/1 h/vacuum) and SP (60 °C/12 h/vacuum), b. 

Li6SiON dried at RT, 60 and 100 °C/1 h/vacuum. 
 

All precursors show similar SP peaks; in addition, the broad peak at ~3400 cm-1 is ascribed to 

νN-H, with N-H overtones at ~1600 cm-1. The Li4SiON and Li6SiON precursors exhibit a small 

νN-H peak at ~3600 cm-1 evident of residual, unreacted LiNH2 (Figure A.17) as excess LiNH2 was 
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used to synthesize both Li4SiON and Li6SiON precursors. LixSiON precursors dried at tempera-

tures ≤100 °C show similar FTIRs as illustrated by the 5.1b FTIRs of Li6SiON dried at RT-100 

°C/vacuum. Likewise, as discussed below, very similar XRD patterns are also observed for pre-

cursors dried at low temperatures (≤100 °C). 

Precursor MWs as well as possible compositions were analyzed using both positive- and neg-

ative-ion MALDIs, as done previously for LixPON and LixSiPON precursors.65,67 The ion source 

in the negative-ion mode comes from the precursor itself which loses Li+; for the positive-ion 

mode, the ion source is Ag+ from AgNO3 and there is no loss of Li+. With the assistance of a 

Python program (see SI), calculations based on MALDI provide insights into the materials’ possi-

ble compositions and structures.  

Figure 5.2 shows positive-ion mode MALDIs of LixSiON precursors and possible composi-

tions of selected peaks. Negative-ion mode MALDIs are given in Figure A.18; the complete com-

position calculations are listed in Table A.7. Table 5.2 records calculated properties of LixSiON 

precursors derived from MALDI peaks and their intensities. 

In general, the LixSiON precursors show similar peaks with each peak consisting of different 

combinations of SP, -NH2 and Li+. With higher Li content, the maximum MW (highest m/z) in-

creases; all precursors formed oligomers with SP = 3-5 (Table 5.2). Composition calculations (Fig-

ure 5.2 and Table A.7) suggest that there are typically 5-10 -NH2 groups and 8-13 Li+ in each 

precursor structure with only 1-5 SP units, which is much higher than available sites for LiNH2 

[two for each SP, see reaction (5.2)]. One possible explanation is that some Li+ containing species 

exist as clusters in addition to those that interact with SP. It is also possible that ring-opening leads 

to the formation of more Si-NH bonds and Li-O-HG bonds, NMR data below do not support such 

conclusions but in fact also do not disprove the possibility.  
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A similar pattern is observed for both ion modes: precursors show peaks in separate groups, 

the difference between every two peaks in each group is typically 7 or 14 Da, which corresponds 

to one or two Li+ (7 Da). In some cases, the distance of two peaks is 15-16 Da, which fits better 

with -NH2 (16 Da). It is likely that each group of peaks corresponds to a certain structure, and each 

peak in that group corresponds to different numbers of Li+ and -NH2. The composition calculations 

listed in Table A.7 also indicates such pattern.  

Additionally, similar or the same peaks are observed in both positive/negative-ion modes, but 

the start/end peaks of each group in the positive-ion mode generally shift higher (integer × 7 m/z 

= different numbers of Li+) as there is no loss of Li+.  

Atomic percentages (At.%) of N and Li calculated from possible compositions (Table A.7) are 

also given in Table 5.2. Since the composition calculation derived from MALDI gives mathemat-

ical combinations and multiple possible results are generated for each peak; for convenience, only 

one is chosen that may not reflect the true structure. Therefore, the At.% calculated from MALDI 

is meant solely to give a qualitative idea of N contents. As discussed below, XPS and EDX studies 

were performed to deduce the elemental At.% makeup of the LixSiON precursors.  
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Figure 5.2. Positive-ion MALDIs of blank vs. LixSiON precursors, a. Li2SiON, b. Li4SiON and 

c. Li6SiON, and possible compositions of selected peaks. S = SP, A = -NH2, L = Li+. 
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Table 5.2. Properties of LixSiON precursors derived from MALDI.  
Precursor Max. MW (m/z)a Max. monomer unitsb N At.%c Li At.%c 

Li2SiON 1012 (P) 
946 (N) 

3 (P) 
3 (N) 

7.7 ± 3.0 (w. H) 
17.4 ± 6.7 (wo. H) 

8.3 ± 4.6 (w. H) 
18.2 ± 8.7 (wo. H) 

Li4SiON 1251 (P) 
1002 (N) 

4 (P) 
3 (N) 

8.5 ± 2.8 (w. H) 
18.9 ± 6.2 (wo. H) 

9.7 ± 5.1 (w. H) 
20.9 ± 9.7 (wo. H) 

Li6SiON 1436 (P) 
1196 (N) 

5 (P) 
4 (N) 

8.4 ± 2.9 (w. H) 
18.6 ± 6.5 (wo. H) 

9.2 ± 4.7 (w. H) 
21.1 ± 8.6 (wo. H) 

aMaximum molecular weights. P = positive-ion mode, N = negative-ion mode. bMaximum monomer units = maximum number 
of SP by calculation. cCalculated N/Li atomic percentages. “w. H”: including H as part of the calculation; “wo. H” excluding H, 
providing comparison to XPS studies below. 

 

The chemical environments and structures for LixSiON precursors, were further elucidated 

using NMR. Dried LixSiON powders (0.05 g, RT/1 h/vacuum) were dissolved in 1 mL CDCl3.  

Figure A.19 compares the 1H NMRs of the LixSiON precursors (RT/1 h/vacuum), THF and 

SP. All LixSiON precursors show peaks at 3.7 and 1.8 ppm in addition to SP peaks, which are 

ascribed to residual THF. Unlike Li4SiON and Li2SiON precursors, Li6SiON shows no original SP 

peaks but a broad peak at 1-1.5 ppm (-CH3/CH2) indicating fluxional behavior.72,73 

To eliminate residual THF, LixSiON precursors were further dried at 60 °C/24 h/vacuum in a 

vacuum oven. The dried solids (0.05 g each) were added to 1 mL CDCl3, respectively. All formed 

suspensions after stirring overnight/RT, suggesting reduced solubility after prolonged drying.  

Figure 5.3 compares the 1H NMRs of the LixSiON precursors (60 °C/24 h/vacuum) and SP, no 

THF peaks (3.7 and 1.8 ppm) are observed. Similar to precursors dried at RT/1 h/vacuum (Figure 

A.19), Li6SiON (60 °C/24 h/vacuum) shows only a small and broad -CH3/CH2 peak at 1.2-1.3 

ppm, suggesting fluxional behavior.  

Both Li4SiON and Li2SiON precursors show a peak at 4.2 ppm, likely the -CHO group from 

SP that shifts due to interaction with Li+, suggesting Li+ interacts more directly with O lone elec-

tron pairs from SP. The same -CH3 peaks from SP are observed in Li4SiON and Li2SiON precur-

sors, but the intensity is reduced for Li4SiON, suggesting there may be partial fluxional behavior 

for the Li4SiON precursor.  
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Figure 5.3. 1H NMRs of LixSiON precursors (60 °C/24 h/vacuum) and SP. 

 

Similarly, 13C NMRs of the LixSiON precursors dried at RT/1 h/vacuum exhibit THF peaks at 

68.1 and 25.7 ppm (Figure A.20), but no THF peaks are observed for LixSiON precursors dried at 

60 °C/24 h/vacuum (Figure 5.4). Both Li4SiON and Li2SiON (60 °C/24 h/vacuum) show small SP 

peaks that shift due to interaction with Li+, and the -CO and -CHO show higher ΔδC (qualitative, 

blue dash lines in Figure 5.4) than -CH2 and -CH3 peaks, suggesting Li+ likely interacts with the 

O from SP, in agreement with the 1H NMR.  

The disappearance of SP peaks for the Li6SiON precursor (Figures 5.4 and A.20) again reflects 

fluxional behavior pointing to rapid exchange of Li+ in associated clusters. Lee et al.74 studied 

exchange dynamics in Li+ liquid electrolytes of 1.0 M LiPF6 in DEC and PC/DMC (1:1 vol.). 

Ultrafast fluxional behavior of Li+-carbonate complexes is observed (electrostatic interactions 

forming and breaking in picoseconds) as proven by coherent 2-D infrared spectroscopy, suggesting 
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macroscopic Li+ transport may be related to microscopic fluctuation of solvation. We can suggest 

that fast chemical exchange dynamics will also play an important role in solvation and de-solvation 

of Li+ in solid polymer electrolytes.  

 
Figure 5.4. 13C NMRs of LixSiON precursors (60 °C/24 h/vacuum) and SP. 

 

Figure 5.5 compares the 7Li NMRs of LixSiON precursors (RT/1 h/vacuum), the δLi shifts 

downfield with increasing Li content, especially for the Li6SiON precursor suggesting Li+ ions are 

well solvated. The excess Li+ likely forms clusters in agreement with work of See et al.75 where 

δLi shifts to higher frequencies as Li+ concentration increases (LiTFSI in DOL/DME), as also found 

in our previous studies on LixPON-like polymer precursors.65 These results suggest the downfield 

shift is due to deshielding of Li+ (reduced electron density around Li+), i.e., increased numbers of 

Li+ interacting with one SP molecule (coordination numbers change).  
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However, broad 7Li bands with low intensities centered at ~0 ppm are observed for LixSiON 

precursors dried at 60 °C/24 h/vacuum due to low solubility (Figure A.21), suggesting that THF 

aids in dissolution of Li+.  

29Si NMRs of LixSiON precursors and SP are presented in Figure A.22. For precursors dried 

at RT/1 h/vacuum (Figure A.22a), similar to 1H and 13C studies, no SP peaks were found for the 

Li6SiON precursor, while Li2SiON and Li4SiON precursors show the same δSi at -81.3 ppm as SP, 

suggesting no chemical environment change on the O-Si-O bonds for Li2SiON and Li4SiON pre-

cursors, but fluxional behavior for the Li6SiON precursor.  

However, no 29Si signals are observed for LixSiON precursors dried at 60 °C/24 h/vacuum 

(Figure A.22b), likely due to reduced solubility, in agreement with 7Li NMR above.  

 

 
Figure 5.5. 7Li NMRs of LixSiON precursors (RT/1 h/vacuum). 
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The thermal stability of LixSiON precursors were investigated by TGA-DTA studies. Figure 

5.6 compares representative TGA-DTAs (800 °C/10 °C min-1/N2) of LixSiON precursors (dried at 

60 °C/1 h/vacuum). All precursors typically show 5 % mass loss temperatures (T5%) >100 °C; the 

major mass loss (from ~100 °C to ~300-450 °C) is associated with evaporation and/or decompo-

sition of organics. Additionally, the Li6SiON precursor exhibits a second mass loss at ~650 °C, 

associated with excess LiNH2 decomposition.76 Overall, the CYs (800 °C) of LixSiON precursors 

are Li6SiON > Li4SiON > Li2SiON in ~10 wt.% increments (Figure 5.6) correlated with MWs 

(Figure 5.2 and Table 5.2) and Li contents.  

 
Figure 5.6. TGA-DTAs (800 °C/10 °C min-1/N2) of a. Li2SiON, b. Li4SiON and c. Li6SiON pre-

cursors dried at 60 °C/1 h/vacuum.  
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Unlike the LixSiON precursors, SP evaporates/distills fully at ~100-200 °C (Figure A.23) due 

to its high vapor pressure. Consequently, added LiNH2 promotes formation of oligomers/polymers 

with higher MWs and stable polymer precursors and eventually ceramics form at higher tempera-

tures as demonstrated below.  

Figure 5.7a compares the XRDs of LixSiON (dried at 60 °C/1 h/vacuum) and SP. SP exhibits 

various crystalline peaks that are indexed to space group 10: P2/m by Expo2014, while the 

LixSiON precursors show a broad peak at ~20° 2θ suggesting amorphous materials, indicating that 

SP reacts fully. As mentioned above, when dried at temperatures ≤100 °C, LixSiON precursors 

show similar XRD patterns, see Figure 5.7b comparing XRDs of Li6SiON dried at RT-100 °C/vac-

uum as an example. It’s noteworthy that there is a small peak at 33° 2θ in the XRD corresponding 

to Li(OH)(H2O), likely due to brief interactions with atmospheric moisture during sample prepa-

ration, but the intensity is very low. 

 

 
Figure 5.7. XRDs of a. LixSiON precursors (60 °C/1 h/vacuum) and SP (60 °C/12 h/vacuum), b. 

Li6SiON dried at RT, 60 and 100 °C/1 h/vacuum. 
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To study XRDs of LixSiON precursors heated to higher temperatures (>100 °C), dried polymer 

precursor powders (60 °C/24 h/vacuum, 0.1-0.2 g) were compacted into pellets using a 13 mm 

diameter die at 5 ksi/RT (Figure 2.2). The resulting pellets were heated between Al2O3 disks to 

100-400 °C/2 h at 1 °C/min under 120 mL/min N2 flow.  

Figure 5.8 presents XRD patterns of LixSiON pellets heated to 100-400 °C/2 h/N2. XRD of 

Li2SiON pellet (Figure 5.8a) heated to 100 °C exhibits small peaks at ~20° and 30° 2θ, corre-

sponding to LiSi2N3 (PDF-01-086-6830) with space group Cmc21. The pellet also exhibits a large 

broad peak from ~30-40° 2θ with a central and shoulder peaks at 35° and 38° 2θ associated with 

an amorphous phase. The small peak ~30° 2θ disappears when the Li2SiON pellet is heated to 200-

300 °C. The broad peak seems to shift to lower diffraction angles (20-30° 2θ) when the pellet is 

heated to 400 °C.  

Figure 5.8b shows that Li4SiON pellets present a broad peak similar to Li2SiON after heating 

to 100 °C. No apparent sharp peaks appear on heating to 200-300 °C confirming the absence of 

any ordered crystalline structure. At 400 °C, the amorphous peak shifts to lower diffraction angles 

with a shoulder peak at ~32° 2θ, suggesting that the lattice is expanding. This might be ascribed 

to nitrogen loss which results in a change in composition and structure. 

The XRD of Li6SiON pellets (Figure 5.8c) at 100 °C is dominated by a broad peak correspond-

ing to a poorly crystallized material, indicating an amorphous nature. The sharp peak at 35° 2θ can 

be indexed to partially crystalline Li4SiO4 (PDF-01-084-7600) after heating to 200 °C. The single 

peak at ~22° 2θ starts to split into doublets when the Li6SiON pellet is heated above 300 °C. The 

doublets at ~30° 2θ for the pellet heated to 400 °C corresponds to Li2CO3 (PDF-04-0101-7186). 

Since the Li6SiON precursor contains a slight LiNH2 component, it is quite likely to form Li2CO3 

during the decomposition process, which will generate CO2. 
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Figure 5.8. XRDs of a. Li2SiON, b. Li4SiON, c. Li6SiON pellets heated to 100-400 °C/2 h/ N2.  

 

The amorphous nature of the LixSiON precursors ≤100 °C by XRD fails to reveal elemental 

compositions of as-synthesized materials. Hence, LixSiON precursors (dried at ≤100 °C, powders) 

were characterized by XPS. For each sample, a wide-scan survey was done on three separate points 

for better accuracy. As shown in Figure 5.9, all precursors show peaks for O, C and Li, small 

amounts of N and Si, and little difference is observed at different drying temperatures. SP, on the 

other hand, only shows peaks for O, C, and Si with higher intensity (Figure A.24).  
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Figure 5.9. Wide-scan survey XPS spectra of Li2SiON (a), Li4SiON (b) and Li6SiON (c) precur-

sors dried at RT, 60 and 100 °C/1 h/vacuum respectively. 
 

Table 5.3 summarizes the average At.% for LixSiON precursors dried at different temperatures 

compared to SP. In general, LixSiON precursors show lower C and Si contents compared to SP as 

expected, but the O content increases which may be LiOH and/or Li2CO3 formed due to brief 

exposure in air. 

The At.% for all LixSiON precursors stay nearly the same after drying at different temperatures 

under vacuum. The Li content increases with the amount of added LiNH2 as expected, but the 
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increase from Li4SiON to Li6SiON is smaller than the increase from Li2SiON to Li4SiON, sug-

gesting that Li content saturation is likely reached for the Li6SiON precursor. The fluxional nature 

of this one precursor belies the large excess of LiNH2 originally added and strongly suggests novel 

chemistry for this system since, we originally assumed that only two amide groups might be ac-

commodated based on equation (5.2). Unfortunately, this same fluxional nature means that NMR 

characterization was not possible at least at ambient. 

For Li2SiON and Li4SiON precursors, C and Si contents decrease with increasing Li content, 

but the O content shows the opposite trend. As mentioned above, this is likely a result of LiOH 

and/or Li2CO3 forming, and a higher Li content leads to a higher O content.  

For the Li6SiON precursor, C and O contents are similar to the Li4SiON precursor, which may 

be related to the similar Li contents. However, after drying at 100 °C/1 h/vacuum, we can see a 

significant decrease in the C content and increases in the Li, O and Si contents. C may come from 

adsorbed organics during sample preparation that are volatile and removed on drying at a higher 

temperature resulting in increased percentages for the other elements. 

 
Table 5.3. Average atomic percentage (At.%) of LixSiON precursors dried at different tempera-

tures in comparison with SP (60 °C/12 h/vacuum), analyzed by CasaXPS.  
Compound Condition Li 1s C 1s N 1s O 1s Si 2p 

SP 60 °C/12 h/vacuum - 80.0 - 14.1 5.0 

Li2SiON 
RT/1 h/vacuum 13.0 56.3 0.8 23.3 6.7 

60 °C/1 h/vacuum 12.9 55.5 0.8 24.3 6.5 
100 °C/1 h/vacuum 13.3 54.6 0.8 25.0 6.2 

Li4SiON 
RT/1 h/vacuum 24.9 40.3 0.7 31.8 2.3 

60 °C/1 h/vacuum 23.9 42.8 1.0 28.0 4.2 
100 °C/1 h/vacuum 22.1 45.0 0.8 28.2 3.9 

Li6SiON 
RT/1 h/vacuum 23.8 46.5 0.7 28.4 0.6 

60 °C/1 h/vacuum 25.2 46.0 0.9 27.2 0.7 
100 °C/1 h/vacuum 31.5 36.9 0.7 29.4 1.5 

 

However, the N content ranges between 0.7-0.9 at.% for all precursors. Since all samples were 

kept under vacuum overnight prior to XPS scans (10-9-10-7 Torr), -NH2 is like eliminated as NH3, 
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and the residual or “stable” N is similar for all precursors. In contrast, the MALDI studies on 

LixSiON solution droplets dried in vacuo for only a few minutes retained -NH2 groups presenting 

much higher N contents (~5-30 at.% N excluding H) as suggested by composition calculations 

(Table 5.2). It is also worth mentioning that the At.% analyzed by XPS may not be accurate as 

XPS only characterizes the sample surface to depths ≤10 nm. 

Representative N 1s and Si 2p core-level XPS spectra of LixSiON precursors (dried at 60 °C/1 

h/vacuum) are given in Figure 5.10. All LixSiON precursors show an N 1s peak at ~396-397 eV 

(Figure 5.10a), which can be ascribed to Li-NH from LiNH2. Due to the low N content, the N 1s 

intensity is low for all precursors. It is noticeable that the N 1s peak shifts to lower binding energy 

(BE) as the Li content increases, i.e., BE of the N 1s peak (BEN) follows Li2SiON > Li4SiON > 

Li6SiON, with a ΔBE of 0.4-0.5 eV. Since the BE is related to electron density, as the electronega-

tivity (EN) of surrounding atoms decreases, electron density increases for the base element and 

BE decreases. For LixSiON precursors, as the Li (low EN) content increases, Li+ concentration 

increases but the “stable” N content stays at ~1 at.% for all precursors (Table 5.3), resulting in 

increased electron density around N and thus lower BE.  

For Si 2p XPS spectra (Figure 5.10b), all LixSiON precursors exhibit Si 2p1/2 and 2p3/2 peaks 

ascribed to Si-O from SP. Similar to N 1s peaks, the Si 2p peak shifts to lower BE as the Li content 

increases (BESi: SP > Li2SiON > Li4SiON > Li6SiON), which is likely due to the increased number 

of Li+ that interact with the O from SP as suggested by NMR studies.  
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Figure 5.10. N 1s core-level XPS spectra of LixSiON precursors (60 °C/1 h/vacuum). b. Si 2p 
XPS core-level spectra of LixSiON precursors (60 °C/1 h/vacuum) compared to SP (60 °C/12 

h/vacuum).  
 

To study high temperature compositions of LixSiON precursors, precursor pellets (Figure 

A.30) were heated to 800 °C/1 h/N2 in a tube furnace and characterized by FTIR, XRD and XPS. 

Figure 5.11a compares the FTIRs of LixSiON heated to 800 °C/1 h/N2. Peaks at ~1450 cm-1 are 

present for all precursors, which may be carbonate and/or silicate peaks. The peaks at ~1000-800 

cm-1 are likely νSi-O (~1050 cm-1) and possibly some νSi-N (960-840 cm-1),77–81 or silicate peaks.  

Figure 5.11b compares the XRDs of Li4SiON (800 °C/1 h/N2) and Li4SiO4 as an example. 

Both the pellets and ground powder show the same diffraction peaks, suggesting phase uniformity 

of the bulk surface and interior. These peaks fit well with monoclinic Li4SiO4, in agreement with 

FTIR analyses in Figure 5.11a. 
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Figure 5.11c compares the XPS spectra of Li4SiON treated at RT/1 h/vacuum and 800 °C/1 

h/N2. Both spectra show the same main peaks for O, C, Si and Li. Only trace amounts of N are 

found in Li4SiON treated at RT/1 h/vacuum, and no N in Li4SiON treated at 800 °C/1 h/N2.  

 

 
Figure 5.11a. FTIRs of LixSiON pellets heated to 800 °C/1 h/N2. b. XRDs of Li4SiON (800 °C/1 
h/N2) pellet and powder compared to Li4SiO4 (monoclinic). c. Wide-scan survey XPS spectra of 

Li4SiON treated at RT/1 h/vacuum and 800 °C/1 h/N2. d. C 1s core-level spectra of Li4SiON 
treated at RT/1 h/vacuum and 800 °C/1 h/N2. 
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Table 5.4 summarizes the XPS analyses of Li4SiON treated at different temperatures. Li and 

O contents increase after heating to 800 °C while C and N contents decrease due to decomposition 

of organic groups.  

As for the binding energy, all elements remain mostly the same after heating to 800 °C except 

for C per Table 5.4. Figure 5.11d compares C 1s core-level spectra of Li4SiON treated at RT/1 

h/vacuum and 800 °C/1 h/N2. The as-synthesized Li4SiON (RT/1 h/vacuum) show three different 

C 1s peaks, corresponding to O-C=O from carbonate, and C-O and C-C from SP. After heating to 

800 °C, as the organic components decompose, C-O disappears and the intensity of C-C drops 

(residual carbon), leaving a large carbonate peak (O-C=O) that also corresponds to the band at 

~1450 cm-1 in the FTIR (Figure 5.11a). Overall, after heating to 800 °C/1 h/N2, the precursors 

form stable crystalline Li4SiO4 and small amounts of Li2CO3.  

 
Table 5.4. XPS analyses (by CasaXPS) of the Li4SiON precursor treated at different tempera-

tures.  
 Condition Li 1s C 1s N 1s O 1s Si 2p 

Binding energy 
(eV) 

RT/1 h/vacuum 52 282, 284, 286 396 529 99 
800 °C/1 h/N2 52 282, 287 - 529 98 

Average At.% RT/1 h/vacuum 24.9 40.3 0.7 31.8 2.3 
800 °C/1 h/N2 36.6 25.3 - 37.0 1.2 

 

To further characterize the composition and microstructures of the LixSiON precursors, SEM 

and EDX were conducted on precursor pellets (Figure 2.2), respectively.  

Figure 5.12 shows SEM fracture surface images of Li2SiON, Li4SiON, and Li6SiON precursor 

pellets heated to 100-400 °C/2 h/N2. The Li4SiON and Li6SiON pellets heated between 100-200 

°C, in general, show a smooth, uniform, and dense microstructure, typical for polymeric materials, 

which can be ascribed to the fact that these precursors show a relatively small mass loss (20 wt.%) 

before 250 °C. The densification at 200 °C for the Li4SiON and Li6SiON pellets might be due to 
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rearrangement between the polymeric chains during heat treatment; it may be also associated with 

a phase change as suggested by XRD for Li6SiON (Figure 5.8c). In comparison to pellets with 

high Li content, the microstructure of Li2SiON pellet reveals porous structures on heating between 

100-200 °C, attributed to the large mass loss (50 wt.%) before 250 °C (Figure 5.6a).  

 

 
Figure 5.12. SEM fracture surface images of LixSiON pellets heated to 100-400 °C/2 h/ N2.  
 

The pellets heated between 300-400 °C exhibit crystalline features with uneven fracture sur-

face (grain boundary fractures) as well as micropores associated with the loss of volatile and or-

ganic compounds and ceramization of the precursors.  

Table 5.5 lists densities of LixSiON precursor pellets treated under different conditions. The 

as-synthesized precursors (dried at 60 °C/1 h/vacuum) show densities close to 1 g/cm3, which is 

typical for polymeric materials. After heat treatment to 100-400 °C/2 h/ N2, all precursors show 

increased densities, which may be arised from polymeric structural rearrangements, and 

ceramization at higher temperatures (≥300 °C, Figure 5.12). In general, the density increases with 
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temperature, but Li2SiON and Li4SiON precursors show decreased density when the temperature 

increased from 300° to 400 °C, likely due to decomposition of organic compounds, consistent with 

SEM (Figure 5.12) and TGA-DTA studies (Figure 5.6). The Li6SiON precursor shows better 

thermal stability as suggested by TGA-DTA (Figure 5.6), therefore its density increases after 

heating to 400 °C.  

 
Table 5.5. Densities (g/cm3) of LixSiON precursors treated under different conditions. 

 Li2SiON Li4SiON Li6SiON 
60 °C/1 h/vacuum 0.96 ± 0.06 1.04 ± 0.04 1.11 ± 0.06 

100 °C/2 h/N2 1.09 ± 0.03 1.35 ± 0.06 1.17 ± 0.07 
200 °C/2 h/N2 1.23 ± 0.03 1.39 ± 0.05 1.31 ± 0.04 
300 °C/2 h/N2 1.23 ± 0.03 1.46 ± 0.03 1.37 ± 0.05 
400 °C/2 h/N2 1.21 ± 0.04 1.29 ± 0.03 1.41 ± 0.04 

 

Figures A.25-A.27 show EDX map images of LixSiON pellets heated to 100-400 °C/2 h/ N2. 

The EDX map of pellets heated to 100 °C shows well-distributed signature elements (N, O, and 

Si) as well as C from the starting material (SP) in good agreement with XPS per Figure 5.9 and 

Table 5.3. Quantitative EDX results are summarized in Table A.8. In general, the N content de-

creases with increasing temperature. This is likely due to loss of -NH2 (Table 5.3). In addition, the 

C content also decreases as pellets are heated to 400 °C, also ascribed to decomposition of volatile 

and absorbed organic compounds (Figure 5.6).  

5.3.2 Ionic conductivity measurements 

Figure 5.13 shows Nyquist plots of Li2SiON, Li4SiON, and Li6SiON pellets heated to 100-400 

°C/2 h/N2. All the measurements were conducted at RT.  
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Figure 5.13. Nyquist plots of LixSiON pellets heated to 100-400 °C/2 h/N2. 

 

Table 5.6 summarizes total conductivities of the polymer precursor pellets heated to 100-400 

°C/2 h/N2. The Li2SiON pellet showed the highest conductivity when heated to 100 °C as shown 

in Figure 5.13a. Conductivities decrease with increasing temperature to 300 °C, likely as a result 

of N loss per EDX in Figure A.25. The slight increase in ionic conductivity at 400 °C for the 

Li2SiON pellet might be a consequence of lower C contents. There seems to be a tradeoff between 

the loss of N and decreases in C content when the pellets are heated to higher temperatures (i.e. 

>300 °C) per Table A.8. The decrease in C content is desirable as it decreases the electronic con-

ductivity of the electrolyte.  
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Li4SiON and Li6SiON pellets show the highest conductivities of 9 × 10-7 and 8.5 × 10-6 S/cm 

at 200 °C, respectively. The increase in conductivity is associated with the denser microstructures 

of both precursors at 200 °C, Figure 5.12. Conductivities then decrease on heating to 300-400 °C, 

a likely result of the decrease in N contents.  

 
Table 5.6. Total conductivities (σRT) of LixSiON pellets heated to 100-400 °C/2 h/N2. 

Precursor pellet Temp. (°C) σRT (S/cm) 

Li2SiON 

100/2h 7.4 × 10-7 
200/2h 2.5 × 10-7 
300/2h 1.4 × 10-8 
400/2h 2.0 × 10-8 

Li4SiON 

100/2h 2.3 × 10-7 
200/2h 9.0 × 10-7 
300/2h 4.6 × 10-7 
400/2h 1.1 × 10-7 

Li6SiON 

100/2h 5.8 × 10-6 
200/2h 8.5 × 10-6 
300/2h 4.3 × 10-6 
400/2h 2.7 × 10-6 

 

Table 5.7 compares the ionic conductivities of Li4SiO4 and LiSiON systems with different 

synthesis/processing methods in literature. Reported Li4SiO4 conductivities are typically measured 

at elevated temperatures (>100 °C). In general, Li4SiO4 sintered from sol-gel processed NPs show 

higher conductivities compared to Li4SiO4 prepared via solid-state reaction. Adnan et al.53 reported 

a high ambient bulk conductivity of ~3 × 10-6 S/cm for Li4SiO4 by sol-gel processing and sintering 

at 750 °C/4 h, which is still lower than the highest ambient conductivity of 8.5 × 10-6 S/cm for 

Li6SiON heated to 200 °C/2 h. For N-doped systems, the only LiSiON glass ionic conductivity 

measurement found in the literature records a low value of 2.5 × 10-8 at 40 °C.50  

Furthermore, compared to other synthesis and processing methods listed in Table 5.7, the pol-

ymer precursor synthesis is easily scalable; dense microstructures (Figure 5.12) and optimum con-

ductivities (Table 5.6) are obtained for LixSiON (x = 4, 6) pellets when heated only to 200 °C/2 

h/N2, which significantly reduces processing steps, temperatures, and cost.  
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Table 5.7. Comparison of ionic conductivities (σ) of Li4SiO4 and LiSiON systems with different 
synthesis/processing methods in the literature. 

Composition/phase Synthesis/processing method σ (S/cm) at T °C Thickness 
(mm)* Ref. 

Li4SiO4 (monoclinic) Sol-gel and sintering (1000 °C/4 h) ~10-5 (250) ~2 51 

Li4SiO4 (monoclinic) Sol-gel and sintering (750 °C/4 h) ~3 × 10-6 (RT); 
~10-4 (100) - 53 

Li4SiO4 (monoclinic) Solid state reaction (1000-
1050 °C/18-24 h) ~10-7 (150) - 55,57 

Li4SiO4 (monoclinic) Solid state reaction (1200 °C/10 h) 2.5 × 10-6 (300) - 59 
30Si2O∙61SiO2∙3Si3N4 

(LiSiON glass) Melt mixing (1400-1450 °C/N2) 2.5 × 10-8 (40) ~1 50 

Li6SiON (amorphous) Polymer precursor synthesis and 
heating to 200 °C/2 h/N2 8.5 × 10-6 (RT) 0.2-0.3 This 

work 
*All conductivities are measured on pellets; thicknesses are not provided in some work.  
 

5.3.3 Electrochemical characterization of Celgard/LixSiON electrolytes 

Figure 5.14 presents Nyquist plots and correlation between ionic conductivity and the Li/Si 

ratio of SS/Celgard + LixSiON/SS symmetric cells. The total ionic conductivities are calculated 

similarly to conventional, liquid electrolytes-soaked separators. Detail procedures can be found 

elsewhere.67 The Celgard/Li6SiON electrolyte exhibits the highest Li+ conductivity of ~6.5 × 10-6 

S/cm, which shows an order of magnitude improvement compared to Celgard/Li2SiON (6.2 × 10-

7 S/cm), suggesting the conductivity increases with Li content, consistent with LixSiON pellets 

above (Table 5.6). As shown in Figure 5.14b, the ionic conductivity seems to increase linearly 

with the Li/Si ratio.  

The amorphous nature (Figure 5.7) of the polymer electrolyte likely provides isotropic Li+ 

conduction, eliminating grain boundary resistivities. Nakagawa et al.82 reported that Li4SiO4 amor-

phous film deposited by pulsed laser deposition (PLD) shows an ionic conductivity of ~4 × 10-7 

S/cm at ambient. The N-doped Li4SiO4 polymer electrolyte on Celgard presented here exhibits 

conductivity an order of magnitude higher compared to the amorphous thin film fabricated by gas-

phase deposition techniques. In addition, AC impedance measurements at -15° to 85 °C suggests 



153 
 

an Ea of 0.28 eV for the Li6SiON electrolyte,70 lower than the reported Ea of amorphous Li4SiO4 

is 0.62 eV.82  

 
Figure 5.14a.Nyquist plots of SS/Celgard + LixSiON/SS symmetric cells and b. Li/Si ratio vs. 

ionic conductivity at ambient. 
 

As shown in Table 5.8, the calculated tLi+ for the LixSiON electrolytes using both chronoam-

perometric studies and DC polarization are in good agreement. The Li-SiON chemical interaction 

seems to facilitate higher Li+ mobility as indicated by hight tLi+ >0.7 for the LixSiON polymer 

electrolytes. In traditional liquid electrolytes and PEs, both the cations and anions are mobile spe-

cies resulting in a decreased tLi+ of <0.5, which can lead to electro-polarization from anion buildup, 

and can further result in a decrease in the overall electrochemical performance due to high internal 

resistances, voltage losses, and dendrite growth. As LixSiON precursors possesses bulky anion 

group with polymeric features leading to hindered anion mobility, Celgard/LixSiON electrolytes 

shows high tLi+ (~0.75-1) that can overcome such challenges faced by liquid electrolytes and PEs.  

 
Table 5.8. Comparison of tLi+ calculated using eq (5.3) and eq (5.4). 

Sample tLi
+ from eq (5.3) tLi+ from eq (5.4) 

Li2SiON 0.9 ± 0.03 1 ± 0.02 
Li4SiON 0.8 ± 0.06 0.79 ± 0.04 
Li6SiON 0.73 ± 0.08 0.76 ± 0.06 
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Figure 5.15a presents CV plots for the Li/Celgard + Li6SiON/SS half-cells between potential 

ranges of -1 to 6 V at 1 mV/sec. The Li plating and stripping phenomena are demonstrated by the 

anodic and cathodic peaks ~0 V, indicating that the Li+ ions diffuse through the Celgard/Li6SiON 

PE and plate onto the working electrode. Good electrochemical stability is demonstrated by the 

small current response at high voltage (~4.5) vs Li/Li+. The current response difference between 

the polymer electrolyte may be due to variance in electronegativity of the LixSiON framework 

(Figure A.28). The increase in Li/Si ratio of the polymer precursor is postulated to decrease the 

covalency of Li-N framework, resulting in a decrease of the antibonding energy state.67  

Li+ plating/stripping behavior by charging/discharging the Li/Celgard + LixSiON/Li symmet-

ric cells at ambient was investigated by galvanostatic cycling with constant current densities of 

0.75-3.75 mA/cm2, as shown in Figures 5.15b and A.29. The Li/Celgard + Li6SiON/Li symmetric 

cell (Figure 5.15b) follows Ohmic behavior at both low and high critical current densities, deliv-

ering an average interfacial resistance of 8 Ω∙cm2. The voltage response is stable at high current 

density of 3.75 mA/cm2, meeting the requirement of electrolytes to enable the assembly of 

ASSBs,83,84 and is significantly higher than typical inorganic SEs with higher ionic conductivities 

(0.1 mS/cm) at ambient. Irrespective of the use of numerous engineering processes, i.e., polishing, 

grinding, surface modification, and melting of metallic Li to bind with electrolyte surfaces, can 

lead to voids/pores, grain boundaries, and surface impurities in most oxide-based inorganic solid 

electrolytes.85 These surface impurities provide pathways for Li dendrites growth and penetration, 

resulting in low critical current densities (<0.5 mA/cm).85  
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Figure 5.15a. CV plot of Li/Celgard + Li6SiON/SS at sweep rate of 1 mV/sec and b. galvanos-

tatic cycling of Li/Celgard + Li6SiON/Li symmetric cell at ambient. 
 

Li-S batteries have drawn intense attention as candidates for next generation energy storage 

technologies owing to their high theoretical capacity (1672 mAh/g) and specific energy (2600 

Wh/kg).86 In addition, sulfur possesses low-cost, abundant, and environmental features, making it 

a promising cathode material.87 Due to its structural framework, SPAN cathodes are known to 

suppress polysulfide shuttle effects and facilitate fast charging capabilities.86,88 Therefore, the sta-

bility of the Celgard/Li6SiON electrolyte with SPAN cathode and metallic Li anode was investi-

gated. As shown in Figure 5.16, the SPAN/Celgard + Li6SiON/Li half-cell delivers an initial dis-

charge capacity ~1300 mAh/gsulfur at ambient, and a reversible capacity of ~850 mAh/gsulfur at 0.25 

C, which gradually decreases to 765 mAh/gsulfur after 30 cycles. Fast cycling at 0.5 C results in 

reversible capacity of 725 mAh/gsulfur for the rest of 20 cycles, which is about double the capacity 

attained for conventional Li-ion batteries with graphite anode and high voltage oxide cathode (372 

mAh/g).89 The half-cell maintained high coulombic efficiency of ~100 % attributed to the high tLi+ 

and optimal ionic conductivity of the Celgard/Li6SiON polymer electrolyte.  
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Figure 5.16. Cycle number vs. specific capacity and coulombic efficiency of SPAN/Celgard + 

Li6SiON/Li half-cell cycled between 1-3 V at ambient.  
 

5.3.4 Li4Ti5O12 composite anodes with addition of LiAlO2 and Li6SiON  

Li4Ti5O12 (LTO) is a promising alternate anode material for high power density batteries for 

large scale applications due to its excellent thermal stability, high structural stability, good cycla-

bility at high current densities, and negligible irreversible capacity.90,91 In addition, spinel LTO 

anodes can facilitate up to three Li+ ions per formula unit and deliver theoretical capacities ∼175 

mAh/g without significant volume changes (<1%) when cycled.92,93 In contrast, graphite anodes 

expand up to 10 vol.% during charging.90 However, LTO suffers from poor Li+ diffusivity (10-9-

10-14 cm2/s) and poor electronic conductivity  (10-13 S/cm), resulting in capacity loss and poor rate 

performance.94,95 

To improve electrochemical properties of LTO, a facile synthesis of LTO NPs was used via 

LF-FSP, providing high surface area (∼38 m2/g) with average particle sizes (APSs) of 45 nm. 

Pristine LTO-Li half-cells exhibit reversible capacity of 70 mAh/g at 10 C.71 Furthermore, as 

0 5 10 15 20 25 30 35 40 45 50
400

600

800

1000

1200

1400
 Charge
 Discharge
 CE

Cycle number

Sp
ec

ifi
c 

ca
pa

ci
ty

 (m
A

h/
g s

ul
fu

r)

0.25C 0.5C

60

70

80

90

100

110

 C
ol

um
bi

c 
ef

fic
en

cy
 (%

)



157 
 

shown in Figures 5.17 and A.30, by mixing LiAlO2 NPs (5 and 10 wt.%) and Li6SiON polymer 

precursor (5 and 10 wt.%) with pristine LTO via ball-milling and ultrasonication, homogeneous 

composite powders with APSs <60 nm were obtained. Followed by tape casting, enhanced LTO 

electrochemical performance was achieved for these LTO-composite anodes. Detailed fabrication 

procedure, characterization methods, results and discussion are reported elsewhere.71  

 

 
Figure 5.17. Preparation of LTO-composite anodes.  

 

Figure 5.18 demonstrates the rate capability of LTO-pristine and LTO composite-Li half cells 

cycled between 0.01 and 2.5 V at various current densities. The LTO-pristine-Li half-cell delivers 

average specific capacities of 202 and 120 mAh/g at 0.5 and 5 C, respectively. The reversible 

capacities at 0.5 C for LTO-5LiAlO2-10Li6SiON (260 mAh/g) and LTO-10Li6SiON (231 mAh/g) 

are much higher than those of LTO-pristine electrodes (202 mAh/g). At 10 C, the LTO-10Li6SiON 

shows the highest discharge capacity of 190 mAh/g. The LTO-5LiAlO2 also delivered a high spe-

cific capacity of 174 mAh/g at 10 C, which is more than double the capacity obtained for the 

pristine LTO (70 mAh/g).  
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However, LTO-10LiAlO2-5Li6SiON and LTO-10LiAlO2-10Li6SiON composite electrodes 

show poor discharge capacities compared to the pristine LTO electrode. LTO-10LiAlO2 also 

shows slightly lower capacities compared to LTO-5LiAlO2, which can be ascribed to larger APSs 

for LTO-10LiAlO2 that agglomerates likely formed (Figure A.30). Hence, it is important that the 

optimal content of LiAlO2 (5 wt.%) is introduced to achieve superior cell performance. Compared 

to pristine LTO, Li4Ti5O12-LiAlO2 (5 wt.%),96 and Li4Ti5O12-Li0.33La0.56TiO3 (5 wt.%)97 compo-

sites prepared by solid-state reactions, the rate capability of LF-FSP derived by LTO-5LiAlO2-

10Li6SiON composite electrodes is much higher in the range of 0.01-2.5 V at higher C-rates (Table 

5.9). This clearly indicates that moderate modification of LTO particle surfaces is substantially 

beneficial to rate performance. 

Overall, the introduction of appropriate amounts of LiAlO2 NPs shortens diffusion distances 

for Li+ and electrons, increases the contact interface with electrolyte, and provides abundant sur-

face Li+ storage sites or excess near-surface Li+ storage.71 The introduction of Li6SiON polymer 

precursor enhances the rate performance of the LTO-composite electrodes, especially for the LTO-

5LiAlO2-10Li6SiON electrode, which also shows a long-term cycling stability over 500 cycles 

delivering reversible capacity of ∼217 mAh/g at 5 C (Figure A.31). Such improvement can be 

attributed to (1) an optimal amounts of LiAlO2 (5 wt.%) and Li6SiON (10 wt.%) between or on 

the LTO particle surfaces enhancing the ionic conductivity shown by the increase in Li+ diffusivity 

(Table A.9); (2) Li6SiON reorganizing LTO surface bonding, resulting in an increase in the elec-

tronic conductivity due to the local change imbalance;71 (3) diminishing electrode polarization, via 

introduction of appropriate LiAlO2 and Li6SiON electrolyte contents (Figure A.32), and (4) uni-

form particle morphology (Figure A.30) and high surface area of LTO NPs.71  
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Figure 5.18. Comparison of discharge capacities of the various electrodes cycled between 0.01 

and 2.5 V at selected C-rates.  
 

Table 5.9. Comparison of discharge capacities of LTO-composite anode materials at 5 C. 
Electrodes Discharge capacities (mAh/g) Ref 

LTO-LiAlO2 (5 wt.%) 127 96 
LTO-LiAlO2 (10 wt.%) ~50 96 

LTO-Li0.33La0.56TiO3 (5 wt.%) 146 97 
LTO-Li0.33La0.56TiO3 (10 wt.%) 137 97 

Li4Ti4.9La0.1O12 181 98 
LTO-TiO2 117 99 

LTO-TiO2/C 140 100 
LTO-5LiAlO2 190 This work 

LTO-10Li6SiON 206 This work 
LTO-5LiAlO2-10Li6SiON 210 This work 

 

5.4 Conclusions 

In summary, we present here the green synthesis and detailed characterization of LixSiON ol-

igomer/polymer precursors, including FTIR, MALDI-ToF, NMR, TGA-DTA, XRD, XPS, EDX, 

SEM and impedance studies. XPS shows that the Li content increases with LiNH2 amounts, which 

also correlates with MWs and CYs. 7Li NMR suggests that Li+ ions are well solvated and dissoci-
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ated, and excess Li+ may exist in clusters, which is beneficial for their electrochemical perfor-

mances. When x = 6, the Li content reaches a saturation level suggested by XPS; 1H, 13C and 29Si 

NMRs indicate fluxional motion. LixSiON precursors start to decompose at ~100 °C due to organic 

portions. When dried at ≤100 °C, XRD patterns show amorphous phase; when heated to 800 °C, 

Li4SiO4 forms, suggesting a polymer to ceramic conversion at higher temperatures. SEM and im-

pedance studies show that dense microstructures and optimum conductivities are obtained after 

heating to 200 °C/2 h/N2 for LixSiON (x = 4, 6) pellets. In general, conductivities of precursor 

pellets increase with Li content: Li6SiON > Li4SiON > Li2SiON. 

When coated with Celgard separators, the PEs show an optimal conductivity for Cel-

gard/Li6SiON (~6.5 × 10-6 S/cm) at ambient and low Ea (0.28 eV), which can be ascribed to the 

high Li content and nitridation of the Li6SiON precursor. Celgard/LixSiON PEs also exhibit high 

tLi+ of ~0.7-1 attributed to the polymer framework with low anion mobility. Furthermore, the Cel-

gard/Li6SiON PE enables the assembly of Li symmetric cells with high critical current density of 

3.75 mAh/cm, making it desirable for fast charging applications. Finally, the SPAN/Celgard + 

Li6SiON/Li half-cell delivers a reversible capacity of ~725 mAh/g at 0.5 C over 50 cycles.  

In a separate set of studies, we show that a facile LF-FSP method enables the synthesis of high 

surface area (∼38 m2/g), phase pure LTO NPs. Pristine LTO was mixed with LiAlO2 and Li6SiON 

electrolytes to improve the ionic and electronic conductivities by simple ball-milling and ultrason-

ication methods. The microstructure studies show that the composite powders are homogeneous 

with APSs <60 nm. The LTO-composite electrodes with optimal LiAlO2 (5 wt.%) and Li6SiON 

(10 wt.%) electrolyte additives exhibit excellent rate performance delivering reversible capacity 

of 260 and 140 mAh/g at 0.5 and 10 C, respectively. 
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Chapter 6 Conclusions and Future Work 
 

6.1 Summaries 

In this dissertation, we first explore oxysilylation reactions as a means to synthesize nanocom-

posites with 3-D ordered architectures by reaction of [HSiMe2OSiO1.5]8 (OHS) linked via different 

diepoxides, including DEB, DEO, DGEBA and ECHX, as discussed in Chapter 3. In principle, the 

linkages formed by ring-opening of epoxy groups contain EO segments that may facilitate Li+ 

transport, while the 3-D ordered organic-inorganic hybrid structure offers mechanical stability. 

Transparent and flexible films were successfully cast for the 1:1 DEO:OHS system, but when 

incorporated with LiClO4, a common Li salt for PEs, the resulting films failed to show ionic con-

ductivity, likely due to the highly crosslinked rigid structure. Despite the failed attempt to form 

novel SPE systems, we were able to establish a method of synthesizing self-reinforced epoxy resin 

nanocomposites via oxysilylation that avoids the use of polyamines while showing the potential to 

control MWs and extent of reaction by changing the catalyst concentrations and solvent volumes. 

These epoxy resins and nanocomposites interconnected by Si-O bonds with retained Si-H groups 

also exhibit unexpected hydrolytic stability. 

In Chapter 4, we explore a new synthetic approach to LixPON, LixSiPON (x = 3, 6) and Li2Si-

PHN inorganic polymer precursors by reacting OPCl3 and Cl6N3P3 with MNH2 (M = Li/Na) or 

(Me3Si)2NH followed by lithiation with controlled amounts of LiNH2. These oligomer/polymers 

serve as precursors to LiPON-like glasses and ceramics offering considerable advantages over 
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traditional gas phase deposition methods including low cost, low-temperature syntheses and scal-

able features. In particular, the Li6SiPON and Li2SiPHN precursors show high ambient conductiv-

ities of 3.3 × 10-5 and 2.7 × 10-4 S/cm after treating at 400 °C/2 h, respectively. We were also able 

to demonstrate that the precursor Li content can be controlled by controlling initial quantities of-

LiNH2 used in the synthesis. This is quite difficult to achieve using gas phase deposition methods.  

In addition, the N/P ratios of different precursors can be varied based on synthesis stoichiom-

etry used, with all values well above LiPON glasses obtained by gas phase deposition, which is 

beneficial for Li+ conduction. These polymers can be used in an intact form by impregnating Cel-

gard separators, or as solid solutions with PEO as SSEs in nearly ASSBs that exhibits discharge 

capacities of 1000 mAh/gsulfur at 0.25 C and 800 mAh/gsulfur at 1 C retaining coulombic efficiency 

of ~100 % over 100 cycles. 

In Chapter 5, we present a novel and green synthetic approach to oligo- and polysiloxane based 

Li+ conducting materials using a spirosiloxane (SP) distilled directly from rice hull ash (RHA), 

which is a plentiful agricultural waste. The novel Li+ electrolyte system also provides a green, low 

cost, low temperature, and scalable solution for ASSBs. The distilled SP can be lithiated and ni-

trided by LiNH2 producing LixSiON (x = 2, 4 and 6) precursors, and the Li content can be easily 

controlled by LiNH2 amounts. Overall, conductivities of LixSiON precursors increase with the Li 

content: Li6SiON > Li4SiON > Li2SiON. Specifically, Li6SiON pellets show the highest ambient 

conductivity of 8.5 × 10-6 S/cm after treating at 200 °C/2 h. Similar to LiPON-like polymer pre-

cursors, as-synthesized LixSiON oligomer/polymers can be used in an intact form through impreg-

nation of Celgard separators showing an optimal ambient conductivity for Celgard/Li6SiON (~6.5 

× 10-6 S/cm), low Ea (0.28 eV), and high tLi+ of ~0.7-1 are exhibited for all Celgard/PEs. The nearly 
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ASSB of SPAN/Celgard + Li6SiON/Li half-cell delivers a reversible capacity of ~725 mAh/g at 

0.5 C over 50 cycles.  

In conclusion, we demonstrate novel solid electrolyte systems with desirable electrochemical 

performance derived from polymer precursor syntheses. Traditional gas phase deposition methods 

have the advantage of precise control, offering impurity-free and uniform thin electrolyte films, 

but their slow production rate and requirement for specialized equipment limit mass production at 

commodity scales. In contrast, although higher impurity contents are expected for polymer pre-

cursor syntheses, they are easily scalable and comparatively fast, providing low-cost and low-

temperature fabrication procedures, allowing commodity scale production. More importantly, Lix-

PON-like precursors exhibit about two orders of magnitude improvement on ionic conductivity 

compared to traditional LiPON glasses (~10-4 vs. 10-6 S/cm). In addition, our ability to synthesize 

LixSiON precursors from agricultural waste avoids the use of toxic starting materials such as 

OPCl3 and (Me3Si)2NH for LixPON, and it also reduces the chance of impurity inclusion as no 

byproduct is produced from the lithiation of SP. Moreover, it provides a carbon-neutral synthesis 

method for SSEs, contributing to our fight against global warming.  

6.2 Future work 

While this dissertation focuses on the syntheses of polymeric solid electrolytes, our ultimate 

goal is to assemble ASSBs through low-cost, scalable and environmentally friendly methods that 

can be commercialized. The following sections discuss our near-future research objectives on the 

syntheses, applications and improvement for electrolytes derived from polymer syntheses that 

might lead us one step forward.  
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6.2.1 LixSiON polymer precursor solid solutions with PEO 

As discussed in Chapter 5, LixSiON oligomers/polymers can be used to coat Celgard separators 

showing good cycling stability and high-capacity retention between SPAN/Li electrodes, similar 

to LixPON-like precursors in Chapter 4. We also studied LixPON-PEO composite electrolyte films 

in Chapter 4, which exhibited even higher ionic conductivities (~10-3 vs. 10-5 S/cm) and higher 

capacity retention (~1000 vs. 750 mAh/gsulfur) compared to the LixPON/Celgard system. Therefore, 

it is reasonable to also investigate the LixSiON-PEO composite electrolyte system.   

Similar to the study on LiPON-like polymer precursor solid solutions with PEO in Chapter 4, 

LixSiON-PEO solid solution PE films can be made by mixing LixSiON precursor with 60 wt.% 

PEO (Mw = 900 kDa). As shown in Figure 6.1, transparent and dense films form, especially for 

60PEO/Li4SiON and Li6SiON PE films.  

As listed in Table 6.1, melting temperature (Tm) and crystallinity (χc,%) decrease for 

60PEO/LixSiON PE films compared to pristine PEO. The 60PEO/Li6SiON films show the highest 

conductivity of ~10-4 S/cm at ambient temperature, despite higher Tm and crystallinity compared 

to 60PEO/Li2SiON and Li4SiON films, which can be ascribed to its higher Li content.  

Future work will focus on electrochemical characterization of 60PEO/LixSiON PE films 

assembled in symmetrical and half cell forms towards ASSBs.  
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Figure 6.1. Optical images of 60PEO/Li6SiON (a) and SEM fracture surface images of 

60PEO/LixSiON PE films (b) heated to 65 °C/24 h/vacuum. 
 

Table 6.1. Selected properties of 60PEO/LixSiON PE films.  
Electrolyte Tm (°C) Percent crystallinity (χc,%) σRT (S/cm) 

PEO 69 93 - 
60PEO/Li2SiON 55 55 1.0 ± 0.3 × 10-5 
60PEO/Li4SiON 55 43 7.1 ± 0.4 × 10-5 
60PEO/Li6SiON 58 67 1.4 ± 0.1 × 10-4 

 

6.2.2 Polymer precursor coated solid-state electrolyte thin films 

Li metal dendrite formation resulting from nonuniform Li deposition is a well-established 

problem when cycling LIBs, which can lead to short circuiting wherein the dendrites penetrate the 

electrolyte layer and bridge to the cathode.1,2 Inorganic (ceramic) SSEs were originally thought to 

offer a mechanical solution by blocking dendrite growth, including NASICON-type LATP 

[Li1.3Al0.3Ti1.7(PO4)3] and garnet-type LLZO (Li7La3Zr2O12).3–7 However, they generally suffer 

from low fracture toughness and ductility, resulting in poor interfacial contact with electrodes.8–11 

Moreover, LATP undergoes irreversible reduction during cycling,7 and LLZO is susceptible to 

dendrite penetration along grain boundaries, which also leads to short-circuiting.12  
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One solution to these problems is LiPON glasses, which appear to resist dendrite penetration 

and wet with Li metal.13,14 However, LiPON glasses typically suffer from poor conductivities (10-

8-10-6 S/cm)15–17 compared to LATP (~3 × 10-3 S/cm for bulk)3–5 or LLZO (10-4-10-3 S/cm)6,7,12,18 

such that they must be introduced as interface materials at thicknesses of 50-200 nm to offer prac-

tical Li+ cycling. Consequently, LiPON thin films are typically fabricated through gas phase dep-

osition methods including radio frequency magnetron sputtering (RFMS).15–17   

As discussed in detail in Chapter 4, LiPON-like precursors were synthesized via polymer syn-

theses, offering a facile, low-cost alternative for the application of thin ceramic films. Furthermore, 

polymer precursors can be applied in a liquid format, e.g., be used as a coating material. This 

provides us the opportunity to optimize scalable LiPON-like polymer precursors as coating mate-

rials that act as binder/or adhesives for ceramic electrolytes, offering the potential to serve as an 

interface buffer layer between electrolyte and electrode. 

To test the utility of synthesized precursors, it is also important to have a set of substrates 

qualified for testing the efficacy of the coatings and processing conditions explored. To this end, 

we chose a series of substrates produced in our laboratories, including LiAlO2 thin films (20-30 

μm thick)19 and LATSP (Li1.7Al0.3Ti1.7Si0.4P2.6O12, ~25 μm thick)3 derived from flame-synthesized 

NPs as solid electrolyte substrates. As shown in Scheme 6.1, these sintered substrates were dip-

coated in the desired LiPON-like precursor solution (~0.1 g/mL in THF) using copper wire to 

suspend the sample. The coated films were dried (100 °C/12 h/vacuum), followed by heating to 

selected temperatures under N2.  
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Scheme 6.1. Coating procedure of LiPON-like polymer precursors on SE substrates.  

 

Figures 6.2 and A.33 show SEM fracture surface images of coated LiAlO2 and LATSP films 

after heating to 400°, 500° and 600 °C/2 h/N2, respectively. Coated LiAlO2 films generally show 

dense and uniform coatings (~4 μm) with a well-defined interface between the coating and the 

substrate. When heated to 500° and 600 °C, the coating thickness decreases, corresponding to 

melting of the coating material as suggested by TGA-DTA studies in Chapter 4.  

 

 
Figure 6.2. SEM fracture surface images of LiAlO2 + LiPON-like precursor films heated to 

400°, 500° and 600 °C/2 h/N2. 
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Similarly, coated LATSP films (Figure A.33) generally present uniform coatings and well-

defined interfaces with an average coating thickness of 5 μm. Additionally, some coated films 

show LiPON-like precursor percolating into the LATSP substrate, resulting in a denser micro-

structure.  

Conductivity measurements were conducted at room temperature as described in previous 

chapters. Table 6.2 summarizes total conductivities of LiPON-like polymer precursor coated SE 

films after heating to 400°, 500° and 600 °C/2 h/N2.  

 
Table 6.2. Total ambient conductivities (σRT) of LiPON-like precursor coated SE films after 

heating to selected temperatures. 
Substrate Polymer coating Temperature (°C/2 h/N2) σRT (S/cm) 

Pristine LiAlO219 - 1.6 × 10-8 
 

LiAlO2 
 
 
 

 
Li3PON 

400 6.6 ± 0.1 × 10-5 
500 4.5 ± 0.4 × 10-5 
600 3.8 ± 1.6 × 10-5 

 
Li3SiPON 

400 1.4 ± 0.2 × 10-5 
500 5.8 ± 1.4 × 10-5 
600 4.1 ± 0.3 × 10-5 

 
Li6SiPON 

400 1.4 ± 2.5 × 10-4 
500 0.5 ± 0.6 × 10-4 
600 1.5 ± 0.3 × 10-5 

Pristine LATSP3 - 4.3 × 10-4 

LATSP 

Li3PON 
400 2.6 ± 0.8 × 10-5 
500 2.4 ± 1.5 × 10-5 
600 3.3 ± 1.6 × 10-5 

Li3SiPON 
400 1.8 ± 0.8 × 10-4 
500 2.8 ± 0.3 × 10-4 
600 8.0 ± 0.8 × 10-5 

Li6SiPON 
400 3.7 ± 0.5 × 10-5 
500 1.6 ± 1.8 × 10-5 
600 1.7 ± 1.4 × 10-5 

 

In general, all coated films show conductivities of 10-5-10-4 S/cm, similar to Chapter 4, LiPON-

like polymer precursor pellets suggesting a dominant contribution of Li+ conduction from LiPON-

like precursors, which may arise from coatings that “encircle” the sample via film edges. A more 

probable explanation is that the coating penetrates pores introducing Li+ conducting pathways not 
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available before coating. Note that coatings heated >700 °C lose N2 forming LixPOy and offer low 

conductivities expected of crystalline lithium phosphates (10-10-10-9 S/cm). 

Although LiPON-like precursor coatings reduce the conductivity of LATSP by an order of 

magnitude, significant improvement in conductivity (up to four orders of magnitude) for LiAlO2 

is exhibited. This is important as LiAlO2 substrates are less costly substitutes for LATP and 

LLZO.19 

The interfacial behavior directly dictates the lifespan, energy density and safety of ASSBs. 

Polymer precursor coatings might offer improved interfacial properties that lower interfacial re-

sistance and stabilize the interfacial performance of ASSBs. Future studies will focus on the use 

of these polymer precursors for bonding between thin film ceramics and to assemble symmetrical 

and half-cells for electrochemical performance.  

The Figure 6.3 shows SEM microstructures for LTO/Li3SiPON/LiAlO2 heated to 400 °C/2 

h/N2 as an example demonstration. Clear bonding between the SE LiAlO2 substrate and the anode 

LTO via Li3SiPON precursor coating is observed, and the resulting coating interface appears dense 

and uniform. This interposed Li3SiPON buffer layer might reduce cathode/SSE impedance in 

space charge regions. Electrochemical characterization of the anolyte with Li metal remains as 

future work.  

 
Figure 6.3. SEM fracture surface images of Li3SiPON precursor bonding interface between LTO 

and LiAlO2 thin films (sample heated to 400 °C/2 h/N2). 
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6.2.3 Silica dissolution with ethylene glycol 

In Chapter 5, we present a green synthesis method for a novel electrolyte system, LixSiON, by 

reacting SP distilled from RHA with LiNH2. The reaction between SiO2 in RHA with a sterically 

hindered diol, hexylene glycol, in the presence of catalytic amount of an alkali base forms distill-

able SP with a spirocyclic structure.  

Previously, our group reported similar reactions of fumed silica with ethylene glycol (EGH2) 

and an alkali base, as illustrated in reactions (6.1) and (6.2).20,21 One can envision that if an inter-

mediate amount of alkali base is used, e.g., 40 mol. % of SiO2, a mixture of metal glycolate silicate 

salt with Si(EG)2 polymer will form, which is analogous to a SPE system. Therefore, a set of 

reactions are explored using selected amounts of LiOH (20, 40 and 60 mol.% to SiO2), and they 

are denoted as LixSiO (Li/Si = x = 0.2, 0.4 and 0.6).  

In general, a selected amount of LiOH was first dissolved in an excess amount of EGH2 (~200 

°C/1 d/N2) followed by addition of fumed SiO2. The mixture was kept at >200 °C/N2 in a standard 

Pyrex distillation setup for 3-5 d to distill EGH2 and byproduct water. As distillation continues, 

additional EGH2 was added to retain the total reaction volume. Once a clear solution forms, a 

portion of the reaction mixture was dried at ~120 °C/1-3 d under vacuum. The dried products were 

ground into powders with an alumina mortar pestle, and pelletized at 100 °C/5 ksi/5 min.  
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As shown in Figure 6.4a, LixSiO (x = 0.2 and 0.4) gave light brown powders and opaque and 

brittle pellets that crack easily, likely due to a low polymer content and/or polymers with low 

MWs.  

To improve mechanical properties of the pellets, triethanolamine (TEA, 5 mol. %) was added 

during LixSiO syntheses to promote polymerization by introducing crosslinking. As a result, brown 

solids and brown translucent pellets were obtained for LixSiO-5TEA (Figure 6.4b). These pellets 

also appear to be flexible suggesting improved mechanical properties (Figure A.34).  

It is noteworthy that after adding TEA, the products generally need longer drying time (up to 

5 d). Since TEA is less volatile than EGH2, there may be unreacted and trapped TEA that can’t be 

easily removed. In addition, by replacing 5 mol. % EG bonds, TEA introduces crosslinking, and 

there may be EGH2 trapped in between the polymer chains that are harder to remove. Conse-

quently, there may still be liquid phase in the final products after drying, resulting in gel polymer 

electrolytes (GPEs).  

 

 
Figure 6.4. Optical images of a. LixSiO (x = 0.2 and 0.4) dried products and pellets, and b. 

LixSiO-5TEA (x = 0.2 and 0.4) dried products and pellets. 
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Overall, LixSiO and LixSiO-5TEA (x = 0.2 and 0.4) syntheses formed clear solutions, suggest-

ing complete SiO2 dissolution. In contrast, the synthesis of Li0.6SiO gave a suspension, which may 

be ascribed to insoluble products with higher MWs. Another explanation is that based on reactions 

(6.1) and (6.2), the products should be a mixture of lithium glycolato silicate (LiGS) and Si(EG)2, 

and as the LiOH content increases to 60 mol.%, more LiGS forms, which might have lower solu-

bility.  

The dried Li0.6SiO suspension gives light brown powders and opaque pellets, while the dried 

soluble part gave dark brown solid and translucent pellets (Figure 6.5), similar to LixSiO-5TEA (x 

= 0.2 and 0.4) above.  

 

 
Figure 6.5. Optical images of Li0.6SiO powders and pellets from the suspension mixture and sol-

uble portion.  
 

Conductivity measurements were conducted on pressed pellets at room temperature as de-

scribed in previous chapters. Figure 6.6a compares representative Nyquist plots of LixSiO (x = 0.2, 

0.4 and 0.6) pellets (100 °C/5 ksi/5 min). The resistivity of Li0.6SiO from the suspension mixture 

is much higher than Li0.2SiO and Li0.4SiO pellets, but Li0.6SiO from the soluble part shows similar 

resistivity to Li0.4SiO.  
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Figure 6.6b compares ambient conductivities (S/cm) of LixSiO (x = 0.2, 0.4 and 0.6) and 

LixSiO-5TEA pellets. Overall, conductivity increase with increasing Li content from 0.2 to 0.4, 

but Li0.6SiO from the suspension mixture shows a low conductivity of ~3 × 10-8 S/cm. In contrast, 

Li0.6SiO from the soluble part shows a higher conductivity of ~4 × 10-7 S/cm, similar to LixSiO-

5TEA (x = 0.2 and 0.4) pellets, ascribing to higher polymer contents that enhances Li+ mobility. 

Li0.4SiO without TEA shows the highest conductivity of ~10-6 S/cm.  

 

 
Figure 6.6. Representative Nyquist plots (a) and summarized conductivities (b) of LixSiO (x = 
0.2, 0.4) and Li0.6SiO pellets (100 °C/5 ksi/5min) from the soluble part and suspension mixture. 

 

Overall, the LixSiO system shows limited ionic conductivities (≤10-6 S/cm). Improving the 

conductivity and fabricating processable solid electrolyte membranes for ASSBs assembly remain 

as future work. It is also important to optimize the synthesis procedure so that RHA can be used 

as the starting material, achieving a green synthetic method similar to the LixSiON SE system.  
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Appendix A. Supplemental Data 
 

Table A.1. GPC data for oxysilylation of DEB with OHS.  
Reaction time Mn (kDa) Mw (kDa) PDI 

30 min 6.5 14.1 2.2 
1 d 6.3 13.5 2.1 

 

 
Figure A.1. Representative FTIRs of OHS (bottom) and precipitated cubes in diepoxide oxysi-

lylation with TMDS + (5-20 mol.%) OHS.  
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Figure A.2. GPC of unlithiated PON, SiPHN and SiPON precursors. 
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Figure A.3. Negative-ion mode MALDI of Li3PON (left) and Li6PON (right) precursors. 
 

 
Figure A.4. Possible LixPON monomer structures. 
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Table A.2. Possible compositions of LixPON precursors based on Figures A.3-A.4. 
Li3PON Li6PON 

m/z, 
Da Possible compositions m/z, 

Da Possible compositions 

587 A2 + 2A3 + 2B4 + -H + -NH2 − Li+ = 3A3 + 
B3 + B4 + -H + -NH2 − Li+ = 587.4 579 4A1 + 2A2 + A3 + -H + -NH2 − Li+ = 579.9 

699 
A1 + B1 + 3B4 + -H + -NH2 − Li+ = A1 + B2 

+ B3 + 2B4 + -H + -NH2 − Li+ = 697.5 
A2 + 6A3 + B4 + -H + -NH2 − Li+ = 700.2 

706 4A1 + A2 + B2 + B4 + -H + -NH2 − Li+ = 
707.8 

713 3A1 + 3B4 + -H + -NH2 − Li+ = 2A1 + A2 + 
C3 + 2C4 + -H + -NH2 − Li+ = 714.5 712 4B1 + B2 + -H + -NH2 − Li+ = 711.0 

6A1 + A2 + B3 + -H + -NH2 − Li+ = 713.0 

837 A1 + 2B1 + 3B4 + -H + -NH2 − Li+ = 836.5 718 3B1 + 2B2 + -H + -NH2 − Li+ = 716.9 
6A1 + A2 + B4 + -H + -NH2 − Li+ = 718.9 

923 3A1 + 2A2 + A3 + 2B1 + B2 + -H + -NH2 − 
Li+ = 924.7 761 A2 + 4A3 + B3 + B4 + -H + -NH2 − Li+ = 

761.2 

937 2A1 + 2A2 + 2A3 + 2B1 + B2 + -H + -NH2 − 
Li+ = 936.7 767 A2 + 4A3 + 2B4 + -H + -NH2 − Li+ = 767.1 

1147 3A1 + 2A2 + 2B1 + B2 + 2B4 + -H + -NH2 − 
Li+ = 1148.5 944 A1 + 3A3 + 2B1 + B3 + B4 + -H + -NH2 − Li+ 

= 943.4 

1371 3A1 + 3A2 + 3B1 + B2 + 2B4 + -H + -NH2 − 
Li+ = 1371.4 1000 

A2 + 2A3 + 3B1 + B3 + B4 + -H + -NH2 − Li+ 
= 998.4 

5B1 + B2 + B3 + -H + -NH2 − Li+ = 1000.8 

1384 A1 + A2 + 11A3 + 2B4 + -H + -NH2 − Li+ = 
1384.4 1902 12A1 + 5A2 + A3 + B1 +B3 + B4 + -H + -NH2 

− Li+ = 1902.4 
 

 
Figure A.5. Negative-ion mode MALDI of the Li2SiPHN precursor. 
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Figure A.6. Possible monomer structures of Li2SiPHN precursor. 

 

Table A.3. Possible compositions of Li2SiPHN precursor based on Figures A.5-A.6. 
m/z, Da Possible compositions 

708 C2 + C4 + D2 − Li+ = 707.0 
714 2C3 + D3 + -H − Li+ = C2 + C4 + D3 − Li+ = 712.9 
720 C3 + C4 + D3 − Li+ = 718.8 
726 2C4 + D3 − Li+ = 726.8 
762 2C1 + C3 + H − Li+ = C1 + 2C2 − Li+ = 761.4 

768 
A4 + D1 − Li+ = A3 + D2 − Li+ = 765.7 

B3 + C3 + -H + -NHSiMe3 − Li+ = B4 + C2 + -H + -NHSiMe3 − Li+ = 
771.8 

952 A6 + C3 + -NHSiMe3 − Li+ = B4 + B5 + -NHSiMe3 − Li+ = 950.9 
B3 + C3 + C4 − -H − Li+ = B5 + C2 + C5 − -H − Li+ = 952.4 

958 C1 + C3 + C4 + D1 − Li+ = C1 + C2 + C4 + D2 − Li+ = 959.2 
964 C2 + C3 + C4 + D1 − Li+ = 965.1 
970 3C3 + D2 − Li+ = 970.0 

1015 
A1 + C3 + D1 + H − Li+ = B1 + C1 + C3 + -H + -NHSiMe3 − Li+ = 

1012.0 
A1 + C2 + D3 − Li+ = B1 + B3 + D2 − Li+ = 1016.9 

1214 A5 + B4 + D3 + -H − Li+ = A5 + B5 + D2 − Li+ = 1214.9 

1457 A2 + B4 + C3 + D2 + H − Li+ = A3 + C1 + C3 + C4 + -NHSiMe3 − Li+ = 
B1 + B5 + C1 + C4 − -H + -NHSiMe3 − Li+ =  1455.2 
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Figure A.7. Negative-ion mode MALDI of Li3SiPON (left) and Li6SiPON (right) precursors. 
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Figure A.8. Possible LixSiPON monomer structures. 
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Table A.4. Possible compositions of LixSiPON precursors based on Figures A.7-A.8. 
Li3SiPON Li6SiPON 

m/z, 
Da Possible compositions m/z, 

Da Possible compositions 

504 

2A1 + 2A3 + C4 + -H + -NH2 − Li+ = A1 + 
2A2 + A3 + C4 + -H + -NH2 − Li+ = 502.7 
A2 + 2A3 + C4 + -H + -NHSiMe3 − Li+ = 

502.8 

712 
A1 + A2 + 6A3 + -H + -NH2 − Li+ = 711.3 

3A1 + A2 + A3 + D3 + -H + -NHSiMe3 − Li+ = 
713.2 

511 
A1 + 2C1 + C2 + -H + -NH2 − Li+ = 511.0 

A1 + C1 + D1 + -H + -NHSiMe3 − Li+ = B1 + 
2C1 + -H + -NHSiMe3 − Li+ = 510.5 

718 8A1 + A2 + -H + -NH2 − Li+ = 718.2 
5A1 + 2A2 + B1 + -H + -NH2 − Li+ = 718.3 

519 2A1 + A2 + 3A3 + -H + -NH2 − Li+ = 519.7 
2A2 + 2A3 + B3  + -H + -NH2 − Li+ = 519.8 724 

4A1 + 2A2 + A3 + C2 + -H + -NH2 − Li+ = 
724.8 

3A1 + A2 + 2A3 + C2 + -H + -NHSiMe3 − Li+ 
= 725.0 

564 

A1 + 2A3 + C3 + C3 + -H + -NH2 − Li+ = 
563.6 

A2 + A3 + C3 + C4 + -H + -NHSiMe3 − Li+ = 
563.8 

761 A1 + A2 + 3A3 + B3 + C4 + -H + -NH2 − Li+ = 
760.5 

625 

A3 + B2 + C1 + C4 + -H + -NHSiMe3 − Li+ = 
624.1  

A2 + A3 + C1 + 2C3 + -H + -NH2 − Li+ = 
624.6 

768 

A1 + A2 + B1 + B2 + C1 + C3 + -H + -NH2 − 
Li+ = 768.3 

A1 + B2 + B3 + C1 + C3 + -H + -NHSiMe3 − 
Li+ = 768.4 

699 A1 + 3A2 + 4A3 + -H + -NH2 − Li+ = 699.5 962 
5A1 + 3C1 + C2 + -H + -NH2 − Li+ = 962.0 

2A1 + B1 + 2C1 + C2 + D3 + -H + -NH2 − Li+ 
= 962.2 

707 3A1 + 2A2 + D3 + -H + -NHSiMe3 − Li+ = 
707.3 968 

2A1 + A2 + B2 + 3C1 + C2 + -H + -NH2 − Li+ 
= 968.1 

2A1 + B2 + 2C1 + C2 + D3 + -H + -NH2 − Li+ 
= 968.2 

713 2A1 + 2A2 + A3 + C1 + C3 + -H + -NH2 − Li+ 
= 713.8 1013 A1 + 3C1 + 2C2 + D2 + -H + -NH2 − Li+ = 

1012.0 

728 

2A1 + 3C1 + C2 + -H + -NH2 − Li+ = A1 + 
2C1 + C2 + D2 + -H + -NH2 − Li+ = 728.0 
B1 + 2C1 + 2C2 + -H + -NH2 − Li+ = A1 + 
2C1 + C3 + D1 + -H + -NH2 − Li+ = 728.2 

1212 2A1 + A2 + 6A3 + 2C1 + C2 + -H + -NH2 − 
Li+ = 1212.2 

945 3A1 + 4C1 + C2 + -H + -NH2 − Li+ = 945.0 1257 3A1 + B1 + B3 + 4C1 + C2 + -H + -NH2 − Li+ 
= 1257.3 

952 
11A1 + A2 + -H + -NH2 − Li+ = 952.2 

6A1 + 2A2 + B1 + B2 + -H + -NH2 − Li+ = 
952.4 

1456 

A1 + A2 + 4A3 + 3C1 + 2C2 + D2 + -H + -
NH2 − Li+ = 1455.5  

2A1 + 2A2 + 10A3 + D3 + -H + -NH2 − Li+ = 
1455.8 
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Figure A.9. FTIR spectra of unlithiated PON, SiPHN and SiPON precursors. 

 

 
Figure A.10. 13C NMR of a. (Me3Si)2O and b. Me3SiCl from Chemical Book database. Solvent: 

CDCl3.   
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Table A.5. Electronegativity of selected elements.  
Element Electronegativity 

H 2.20 
Li 0.98 
C 2.55 
N 3.04 
O 3.44 
Si 1.90 
P 2.19 
Cl 3.16 

 

 
Figure A.11. 1H NMR models of a. Me3SiNH2, b. (Me3Si)2O, and c. Me3SiCl by ChemDraw.   
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Figure A.12.Wide-scan survey XPS spectra (600 to 0 eV) of Li3PON (a), Li6PON (b), Li2SiPHN 

(c), Li3SiPON (d), and Li6SiPON (e) pellets (RT/vacuum dried). 
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Figure A.13. EDX map images of LixPON, Li2SiPHN and LixSiPON pellets heated to 100 °C/2 

h/N2. 
 

Table A.6. Atomic ratios based on EDX analyses for LixPON, Li2SiPHN and LixSiPON after 
heating to various temperatures for 2 h. 

Heating 
temp. (°C) 

Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON 
O/P   N/P  O/P  N/P Si/P   N/P Si/P  N/P Si/P  N/P 

100 7.7 ± 
0.03 

1 ± 
0.04 

5.9 ± 
0.04 

1.8 ± 
0.06 

0.4 ± 
0.03 

3.5 ± 
0.01 

0.2 ± 
0.06 

2.6 ± 
0.03 

0.3 ± 
0.04 

2.8 ± 
0.06 

200 6.2 ± 
0.1 

2.6 ± 
0.07 

3.7 ± 
0.03 

2.2 ± 
0.07 

0.3 ± 
0.08 

4.2 ± 
0.04 

0.1 ± 
0.03 

2.4 ± 
0.05 

0.2 ± 
0.07 

3.7 ± 
0.08 

300 3.5 ± 
0.08 

3.6 ± 
0.02 

2.4 ± 
0.09 

2.8 ± 
0.04 

0.1 ± 
0.08 

4.5 ± 
0.02 

0.05 ± 
0.02 

3.4 ± 
0.04 

0.1 ± 
0.02 

4.1 ± 
0.1 

400 2.8 ± 
0.05 

4.2 ± 
0.04 

6.4 ± 
0.02 

3.7 ± 
0.04 

0.1 ± 
0.03 

4.8 ± 
0.05 

0.01 ± 
0.02 

4.1 ± 
0.04 

0.08 ± 
0.04 

4.4 ± 
0.02 

 

 
Figure A.14. Optical image of PEO (60 wt.%)/polymer precursor films.  
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Figure A.15a. XPS Spectra (600 to 0 eV) of PEs and the PEO film, and b. Nyquist plots of PEs 

at ambient. 
 

 
Figure A.16. DSC thermograms of pristine PEO and PE films after the 3rd cycle. 
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Figure A.17. FTIRs of Li6SiON (dried at 60 °C/1 h/vacuum) and LiNH2.  
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Figure A.18. Negative-ion mode MALDIs of blank vs LixSiON precursors, a. Li2SiON, b. 

Li4SiON and c. Li6SiON. 
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Table A.7. Possible compositions of LixSiON precursors based on MALDI.† 

Precursor Positive-ion mode Negative-ion mode 
Group m/z Calculation Group m/z Calculation 

Li2SiON 

I 342 S + 2A + 7L = 341.0 I 328 S + 2A + 5L = 327.2 

II 

472 S + 8A + 12L = 471.8 351 S + 3A + 6L = 350.1 
484 S + 7A + 16L = 483.6 

II 

449 S + 10A + 4L = 448.4 
505 S + 11A + 10L = 506.1 463 S + 7A + 13L = 462.8 
539 S + 10A + 17L = 538.6 469 S + 10A + 7L = 469.2 
555 S + 11A + 17L = 554.6 483 S + 10A + 9L = 483.1 

III 

722 2S + 10A + 6L = 722.7 497 S + 10A + 11L = 497.0 
728 2S + 9A + 9L = 727.5 

III 
707 2S + 9A + 6L = 706.6 

767 2S + 11A + 10L = 766.5 714 2S + 9A + 7L = 713.6 
773 2S + 11A + 11L = 773.4 729 2S + 10A + 7L = 729.6 

IV 
960 3S + 6A + 12L = 960.6 IV 946 3S + 9A + 3L = 946.2 
966 3S + 5A + 15L = 965.4  
1012 3S + 7A + 17L = 1011.4 

Li4SiON 

I 314 S + 2A + 3L = 313.3 I 352 S + 4A + 4L = 352.2 
352 S + 4A + 4L = 352.2 

II 

457 S + 8A + 10L = 458.0 

II 
472 S + 8A + 12L = 471.8 463 S + 7A + 13L = 462.8 
478 S + 8A + 13L = 478.8 469 S + 10A + 7L = 469.2 
484 S + 7A + 16L = 483.6 483 S + 10A + 9L = 483.1 

III 

722 2S + 10A + 6L = 722.7 499 S + 11A + 9L = 499.1 
728 2S + 9A + 9L = 727.5 

III 

708 2S + 6A + 13L = 707.2 
738 2S + 11A + 6L = 738.7 714 2S + 9A + 7L = 713.6 
767 2S + 11A + 10L = 766.5 729 2S + 10A + 7L = 729.6 

IV 
960 3S + 6A + 12L = 960.6 763 2S + 9A + 14L = 762.2 
966 3S + 5A + 15L = 965.4 

IV 
946 3S + 9A + 3L = 946.2 

1006 3S + 8A + 14L = 1006.6 952 3S + 5A + 13L = 951.6 

V 1204 4S + 8A + 5L = 1204.5 1002 3S + 9A + 11L = 1001.8 
1251 4S + 7A + 14L = 1250.9  

Li6SiON 

I 
472 S + 8A + 12L = 471.8 I 352 S + 4A + 4L = 352.2 
478 S + 8A + 13L = 478.8 

II 

463 S + 7A + 13L = 462.8 
484 S + 7A + 16L = 483.6 470 S + 10A + 7L = 469.2 

II 
722 2S + 10A + 6L = 722.7 483 S + 10A + 9L = 483.1 
728 2S + 9A + 9L = 727.5 497 S + 10A + 11L = 497.0 
767 2S + 11A + 10L = 766.5 

III 

708 2S + 6A + 13L = 707.2 

III 
960 3S + 6A + 12L = 960.6 714 2S + 9A + 7L = 713.6 
965 3S + 8A + 8L = 964.9 728 2S + 9A + 9L = 727.5 
1006 3S + 8A + 14L = 1006.6 769 2S + 9A + 15L = 769.1 

IV 1198 4S + 5A + 11L = 1198.1 IV 960 3S + 6A + 12L = 960.6 
1244 4S + 7A + 13L = 1244.0 1002 3S + 9A + 11L = 1001.8 

V 1436 5S + 4A + 10L = 1435.5 V 1196 4S + 4A + 13L = 1195.9 
† S = spirosiloxane, A = -NH2, L = Li+. All possible compositions are calculated by Python program MALDI-Calculation (see 

Appendix B): https://github.com/haveamission/MALDI-Calculation. 
 

https://github.com/haveamission/MALDI-Calculation
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Figure A.19. 1H NMRs of LixSiON precursors (RT/1 h/vacuum), THF and SP. 
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Figure A.20. 13C NMRs of LixSiON precursors (RT/1 h/vacuum), THF and SP. 

 

 

 
Figure A.21. 7Li NMRs of LixSiON precursors (60 °C/24 h/vacuum).  
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Figure A.22. 29Si NMRs of LixSiON precursors dried at a. RT/1 h/vacuum and b. 60 °C/24 

h/vacuum. 
 

 
Figure A.23. TGA-DTA (600 °C/10 °C min-1/N2) of SP (60 °C/12 h/vacuum). 
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Figure A.24. Wide-scan survey XPS spectra of LixSiON precursors dried at RT/1 h/vacuum 

compared to SP (60 °C/12 h/vacuum). 
 

 
Figure A.25. EDX map of Li2SiON pellets heated to 100-400 °C/2 h/ N2.  
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Figure A.26. EDX map of Li4SiON pellets heated to 100-400 °C/2 h/ N2.  

 

 
Figure A.27. EDX map of Li6SiON pellets heated to 100-400 °C/2 h/ N2.  
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Table A.8. Average atomic percentage (At.%) of LixSiON pellets based on EDX analyses. 

Precursor pellet Temp. (°C/2 h) At.% 
C N O Si 

 
Li2SiON 

100 23.2 1.8 65.2 9.8 
200 22.3 1.2 67.5 9.0 
300 21.7 1.0 67.0 10.3 
400 19.7 0.5 67.4 12.4 

 
Li4SiON 

100 27.5 1.7 64.2 6.6 
200 27.2 1.0 62.7 8.9 
300 23.6 0.5 67.5 8.4 
400 21.6 0.2 68.0 10.2 

 
Li6SiON 

100 31.6 1.1 61.6 5.7 
200 31.4 1.3 62.0 5.3 
300 30.1 0.7 64.8 4.4 
400 28.5 0.2 65.0 6.3 

 

 
Figure A.28. CV plots of a. Li/Celgard + Li2SiON/SS and b. Li/Celgard + Li4SiON/SS at sweep 

rate of 1 mV/sec.  
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Figure A.29. Galvanostatic cycling of a. Li/Celgard + Li2SiON/Li and b. Li/Celgard + 

Li4SiON/Li at ambient.   
 

 
Figure A.30. SEM images of LTO and LTO-composite powders.  
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Figure A.31. Long-term cycling stability of LTO-5LiAlO2-10Li6SiON/Li half-cell at 5 C. 
 

Table A.9. Diffusivities and potential gap for pristine and composite LTO electrodes. 
Electrodes DLi(cm2/s) Δφp (mV) 

LTO-pristine 4.6 ± 0.5 × 10-14 400 
LTO-5LiAlO2 6.1 ± 0.7 × 10-13 340 

LTO-10LiAlO2 4.8 ± 0.2 × 10-14 410 
LTO-5Li6SiON 6.7 ± 0.6 × 10-14 380 

LTO-10Li6SiON 1.2 ± 0.3 × 10-12 320 
LTO-5LiAlO2 - 5Li6SiON 2.3 ± 0.3 × 10-13 300 
LTO-5LiAlO2 -10Li6SiON 2.7 ± 0.3 × 10-12 290 
LTO-10LiAlO2 - 5Li6SiON 3.0 ± 0.5 × 10-14 350 
LTO-10LiAlO2 - 10Li6SiON 1.3 ± 0.6 × 10-14 370 

 

 
Figure A.32. CV plots of the LTO-pristine, LTO-LiAlO2, and LTO-Li6SiON (a) and LTO-

LiAlO2-Li6SiON (b) half-cells. 
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Figure A.33. SEM fracture surface images of LATSP + LiPON-like precursor films heated to 

400°, 500° and 600 °C/2 h/N2. 
 

 
Figure A.34. Example optical image of a LixSiO-5TEA pellet.  
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Appendix B. MALDI-Calculation 
 

The below Python program was developed by Andrew Alexander as a tool to calculate polymer 

precursor structures based on MALDI-ToF study. Two files are included, one is the configuration 

and data set (JSON format) which needs manual inputs according to the polymer structures, the 

other one is the program file. 

An example structural calculation of a Li3PON peak from MALDI-ToF is given below. Please 

note that this program is under constant improvement; the newest version and instructions can be 

found at: https://github.com/haveamission/MALDI-Calculation.  

The program is licensed under Creative Commons Non-Commercial ShareAlike 4.0 Interna-

tional; third party contributions are welcomed.  

 

File 1, configuration and data set:  

{ 
 

  "monomer_weight": {"A1": 78.01, "A2": 83.94, "A3": 89.88, "C1": 138.99, "C2": 

144.92, "C3": 150.86, "C4": 156.79}, 
 

  "polymer_weight": [699], 
 

  "range_bottom": 2, 
 

  "range_top": 7, 
 

  "error_number": 3 
 

} 

https://github.com/haveamission/MALDI-Calculation
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File 2, main program: 

import itertools 

import json 

 
 
 
 
class MolecularWeight: 

 
 
    def __init__(self): 

        filename = input("Enter filename: ") 

        if filename: 

            datastore = self.load_file(filename) 

        else: 

            datastore = self.load_file("default_dataset.json") 

        self.monomer_weight = datastore["monomer_weight"] 

        self.monomer_weight_keys = self.monomer_weight.keys() 

        self.polymer_weight = datastore["polymer_weight"] 

        self.range_bottom = datastore["range_bottom"] 

        self.range_top = datastore["range_top"] 

        self.error_number = datastore["error_number"] 

        self.main() 

 
 
    def load_file(self, filename): 
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        with open(filename, 'r') as f: 

            datastore = json.load(f) 

            return datastore 

 
 
    def check_list(self, number, final_alpha): 

        result = {} 

        for monomer_weight_num in self.polymer_weight: 

            if abs(monomer_weight_num - number) < self.error_number: 

                result[number] = final_alpha 

                return result 

            else: 

                pass 

 
 
    def use_iter(self, range_num): 

        product_list = list(itertools.combinations_with_replacement(self.mono-

mer_weight_keys, range_num)) 

        return product_list 

 
 
    def combinations_generator(self): 

        steps = [] 

        for range_num in range(self.range_bottom, self.range_top): 

            step = self.use_iter(range_num) 

            steps.extend(step) 
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        return steps 

 
 
    def result_calculator(self, combination): 

        final_value = 0 

        final_alpha = "" 

        for item in combination: 

            value = self.monomer_weight[item] 

            final_value += value 

            final_alpha += item 

        result = self.check_list(final_value, final_alpha) 

        return result 

 
 
    def main(self): 

        combinations = self.combinations_generator() 

        for combination in combinations: 

            result = self.result_calculator(combination) 

            if result: 

                print(result) 

 
 
 
 
MolecularWeight() 
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Appendix C. Incorporation of LiClO4 to 1:1 DEO:OHS 
 

Synthesis of 1:1 DEO:OHS. In a 50 mL round bottom flask equipped with a magnetic stir bar, 

OHS (1.5 g, 1.5 mmol) and DEO (0.8 g, 5.9 mmol) were dissolved in a mixture of 10 ml DCM 

and 10 ml hexane. The solution was stirred at 40 °C/5 min, then B(C6F5)3 (3 mg, 6 μmol) dissolved 

in 500 μL of DCM was added using a syringe. The solution was then kept stirring magnetically at 

40 °C/48 h. 

1:1 DEO:OHS + (1 wt.%) LiClO4 film. Thereafter, to the 1:1 DEO:OHS reaction mixture was 

added 10 mL of LiClO4 acetonitrile solution (2.5 mg/mL) and kept running for another 48 h at 40 

°C. The mixture stayed transparent. The solution was then cast onto a PTFE plate and placed into 

a desiccator for drying. The lid of the desiccator was left slightly open to promote evaporation. 

After 2 d of drying, a viscous thin layer formed. It was then moved to a vacuum oven for further 

drying at RT/2 d, and another 5 h at ~100 °C/vacuum.  

The dried film appears translucent, flat, and brittle. However, precipitates are observed, which 

is likely LiClO4 (Figure C.1a). The film was cut into small sizes (lateral length ≈ 1 cm) and both 

sides of the films were sputter coated with concentric Au/Pd electrodes (Φ = 3 mm) using a depo-

sition mask (Figure C.1b). EIS impedance measurement was then performed on the sputter coated 

films. Unfortunately, no semi-circle was shown in the Nyquist plots suggesting poor ionic conduc-

tivity. This can be ascribed to the high crosslinking density of the 1:1 DEO:OHS rigid structure 

that leads to little to no chain mobility, and therefore restrained Li+ transport.  

 



212 
 

 
Figure C.1. Optical images of a. dried 1:1 DEO:OHS + LiClO4 film and b. after sputter coating.  

 



213 
 

Appendix D. t-ZrO2 Toughened Al2O3 Free-standing Films and as Oxidation Mitigating 
Thin Films on Silicon Nitride via Colloidal Processing of Flame Made Nanopowders 

 

Published: Zhang, X.; Cheng, X.; Jansohn, M.; Niedermaier, M.; Lenk, T.; Britting, S.; Schmidt, 

K.; Laine, R. M. J. Am. Ceram. Soc. 2021, 104 (3), 1281–1296. 

D.1 Introduction 

Alumina (Al2O3) is a widely studied structural ceramic with applications as grinding media, 

for cutting tools, high-temperature engine components, prosthetic implants, and substrates for 

power electronics due to its high melting point, excellent mechanical strength, hardness and chem-

ical stability as well as its widespread abundance.1–17 However, applications using pure α-Al2O3 

are limited by its low resistance to crack propagation, i.e., poor fracture toughness (4-5 MPa 

m1/2)18,19 that can lead to catastrophic failure.1–3 To enhance Al2O3 fracture toughness, a common 

practice involves incorporating additives such as tetragonal zirconia (t-ZrO2) to increase toughness 

while maintaining the hardness and chemical resistance of Al2O3, commonly referred to as zirconia 

toughened aluminas (ZTAs).2–6,20–29 

Room temperature stabilized t-ZrO2 will transform to monoclinic (m-ZrO2) if subjected to me-

chanical stress. This transformation is accompanied by a 4 % volume expansion creating a com-

pressive stress field in the surrounding grains, which opposes crack propagation.2–4,20–24 In this 

process some fraction of the energy needed for crack propagation is consumed promoting the t→m, 

transformation, the operative mechanism that inhibits crack propapgation.21–24 Unfortunately, t-
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ZrO2 typically transforms to m-ZrO2 at 950-1000 °C on cooling making it unstable at lower tem-

peratures.2–4,20–24 A resolution to this problem is to stabilize t-ZrO2 by introducing dopants with 

cationic radii close to that of Zr4+ (0.8-1 Å, e.g. Y3+, Ca2+, Mg2+ and related rare earth ions).2,6–8,21–

23,26,30–33 Table D.1 compares various ZTA compositions synthesized/sintered using different 

methods and their selected properties. In general, yttria (Y3+) is the most common dopant, stabi-

lizing t-ZrO2 after sintering at 1600 °C/1-5 h/air (Table D.1).2,6,21  

 
Table D.1. Comparison of ZTA ceramics in literature and this work. 

ZrO2 
(%)a t (%)b Powder pro-

cessing/synthesis 

Sintering 
condition 

(°C/h) 

AGS 
(μm)c 

Relative 
density 

(%) 

Mechanical 
propertiesd Ref. 

5-20 vol. 10-90 Ball milling 1500/2, 
hot-pressing 0.4-5 - K1C: 6-8 

Hv: 10-12 20 

5-30 vol. 
(3Y) 50-100 Ball milling 1600/1/air 0.3-3 96-99 E: 340-390 

σ: 400-950 21 

5 mol. 75 Sol-gel 1550/4/air 0.1-4 98 
E: 370 
K1C: 5 
Hv: 17 

4,5 

30 wt. 
(3Y) 100 GCHASe 1600/1/air 0.6-4 92 

K1C: 5.5 
Hv: 14-15 

σ: 610 
6 

20 wt. 
(10M) 25 Ball milling 1600/2/air ~1 94.5 K1C: 11.5 

Hv: 16.4 23 

10-30 
wt. (3Y) 8-25 Co-precipitation 1600/5/air 0.5-3 96-98 K1C: 8-8.5 2 

54 mol. 100 LF-FSP 1120/6/air ~0.2 99 - 27–
29 

10 mol.f 100 LF-FSP 1500/5/N2/H2 0.5-1 97-99 K1C: 24 This 
work 

aZrO2 content, t-ZrO2 stabilizing additives: 3Y = 3 mol.% Y2O3, 10M = 10 wt.% MgO. bt-ZrO2 content in sintered ceramics 
at room temperature. cAverage grain sizes of both Al2O3 and ZrO2. dK1C: fracture toughness (MPa m1/2); Hv: Vickers hardness 
(GPa); E: elastic modulus (GPa); σ: flexural strength (MPa). eGel casting hydrolysis-assisted solidification. fOne example is given: 
10 mol.% ZrO2 doped Al2O3 films (≈200 μm thick) with MgO and TiO2 (1 wt.% each).  

 

Previously, we demonstrated that it is possible to sinter flame made NPs (average particle sizes, 

APSs: 40-60 nm) consisting of particles of t-ZrO2 encapsulated within δ-Al2O3 shells to fully dense 

(t-ZrO2)0.54(α-Al2O3)0.46 pellets (Φ = 13 mm, thickness = 1.4 mm) with AGSs ≤200 nm at 1120 

°C/6 h/air. The encapsulation process seems to stabilize the t-ZrO2 without the need for additives 

likely due to rapid quenching of the flame made NPs (liquid feed flame spray pyrolysis, LF-FSP) 
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to kinetically rather than thermodynamically stable phases produced using traditional processing 

methods.27–29  

We have recently returned to these flame made NPs, demonstrating their utility as a simple 

and scalable route to functional ceramic thin films (<100 μm thick) for applications such as capac-

itors, solid electrolytes and electrodes for solid-state batteries.34–36 Coincidentally, we reported 

processing dense and flexible α-Al2O3 thin films (<10 μm).10  

Our success with α-Al2O3 thin films prompted efforts to extend our new approach to t-ZrO2 

doped α-Al2O3 thin films targeting mechanical properties superior to α-Al2O3 for applications in-

cluding electronic substrates and protective coatings.  

In the first part of the present work, we explored sintering (ZrO2)x(Al2O3)1-x thin films (x = 0-

50 mol.%, ≈40 μm thick) using a select set of conditions (1120-1500 °C/5 h in O2 or 95%N2/5%H2) 

from NPs by LF-FSP to optimize ZrO2 content, sinterability and microstructures. Similar to our 

previous work,27–29 all films retain t-ZrO2 at RT with AGSs of 0.1-1 μm.  

Although no t-ZrO2 stabilizing additives are needed due to rapid quenching of LF-FSP, addi-

tives such as TiO2 and MgO were found to be effective in tailoring final grain sizes and sinterabil-

ity; permitting us to optimize the ZTA composite properties. Studies show that TiO2 doping en-

hances densification and reduces ZTA sintering temperatures on substituting Al3+ by Ti4+ which 

generates vacancies, thereby improving diffusion.7,37–40 Additionally, Chen et al.7,8 report for-

mation of a liquid phase at ZTA grain boundaries with TiO2 contents  ≥4 wt.% which also promotes 

densification. Unfortunately, TiO2 doping sometimes coincides with excessive grain growth lead-

ing to a reduced elastic modulus and hardness.7,8,37 Consequently, we sought to eliminate this issue 

by introducing MgO, which is quite useful in limiting grain sizes in the α-Al2O3 thin films. 
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MgO is known to be an effective additive in inhibiting grain growth during sintering through 

segregation of MgO-Al2O3 solid solutions (solubility limit ≈ 500 ppm MgO) and/or pinning 

through formation of fine spinel particles (MgAl2O4) at grain boundaries resulting in reduced grain 

boundary mobility.10,40–51 It has also been suggested that the dominant densification mechanism is 

via surface diffusion for MgO doping levels of 0.1-0.3 wt.%, and grain boundary diffusion for 

MgO concentrations of 0.5-1.0 wt.%.47,48 In this work, both TiO2 and MgO additives (≈1 wt.% 

each) were used to optimize sinterability and final microstructures. 

While thin films are suitable for applications such as electronic devices and protective coatings, 

for other structural applications such as wear components, dental composites and prosthetic im-

plants, bulk materials are also highly desirable. At the interface between bulk and thin films, in-

termediate thicknesses, e.g. up to ~300 µm are used as electrically insulating layers as well as high-

strength substrates for piezoresistive sensors and power electronics.11–14 Finally, to test ZTA me-

chanical properties, greater thicknesses are preferred to prevent cracking caused simply by han-

dling.  

These issues provided the motivation to expand our approach to ZTA films up to ~200 µm 

thick and up to ~2×2 cm2. To our surprise, ~200 μm thick ZTA films doped with MgO and TiO2 

(1 wt.% each) show a fracture toughness of 24 MPa m1/2 using single-edged precracked beam tests 

(SEPB), which is 2-4 times higher than reported values (Table D.1), suggesting potential applica-

tion as electronic substrates with improved mechanical properties.  

Similar to ZTA films, silicon nitride (Si3N4) films (≈300 μm thick) are also commonly used in 

structural applications due to their good chemical, physical and thermal stabilities, and mechanical 

properties.15,16,52–58 For electronic substrates, Si3N4 films exhibit superior thermal conductivity (κ) 
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of ~90 W/mK (at RT) and a K1C of 6.5-7 MPa m1/2 compared to ZTA films (typically κ = 28 W/mK 

and K1C ≈ 5 MPa m1/2) providing better thermal conductivity and reliability.15,57  

Unfortunately, Si3N4 is susceptible to oxidation even at ambient and may deteriorate over 

time.52–55 Although a surface oxide/oxynitride layer that forms can protect against further oxida-

tion,52,53 to withstand high-temperature oxidation and/or active oxidation environments, additional 

protection is needed. In the present work, we find that sintered ZTA coatings (<5 μm) adhere well 

to Si3N4 substrates (≈300 μm thick) providing physical protection against oxidation after heating 

to 1500 °C/1 h/O2 as characterized by scanning electron microscope (SEM).  

D.2 Experimental section 

Precursor syntheses 

Nanopowders (NPs) were produced by liquid feed-flame spray pyrolysis (LF-FSP), which was 

invented in the Laine group at the University of Michigan. It is a single-step continuous synthesis 

method for producing ceramic NPs. Typical metalloorganic precursors in this work include metal-

carboxylates and metal-atrane compounds; detailed synthesis procedures are reported else-

where.10,27–29,34–36,59–62 Representative examples are given below. 

Alumatrane [Al(OCH2CH2)3N] was synthesized by reacting triethanolamine 

[N(CH2CH2OH)3, 99+ %, Acros Organics, Morris Plains, NJ] with aluminum sec-butoxide 

{Al[OCH(CH3)CH2CH3]3, 97 %, Alfa Aesar, Ward Hill, MA} in a 1 L round bottom flask 

equipped with a still head at room temperature in N2 atmosphere. Residue was filtered off and 

alumatrane was obtained as a solution (ceramic yield or CY = 7.5 wt.% by TGA). 

Zirconium isobutyrate {Zr[(CH3)2CHCOO]2(OH)2} was synthesized by reacting zirconium 

carbonate [2ZrO2(CO2)∙x(H2O), 99 %, Alfa Aesar] with excess isobutyric acid [(CH3)2CHCOOH, 

99+ %, Acros organics] in a 1 L round bottom flask equipped with a still head and an addition 
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funnel. The solution was heated to 120 °C/2 h under N2 with magnetic stirring to distill off by-

product water and excess propionic acid. The CY of the resulting precursor is 38 wt.%.   

Liquid-Feed Flame Spray Pyrolysis (LF-FSP) 

Metalloorganic precursors at selected compositions were dissolved in alcohol, usually ethanol, 

at 1-10 wt.% solids loading. The solution is fed (30-80 mL/min) into an atomizing nozzle (BETE 

XA-PR, Greenfield, MA) and aerosolized with oxygen (80 psi, 40 mL/min) into a quartz chamber 

where it is ignited with methane/oxygen (40 mL/min /30 mL/min) pilot torches on the spray head. 

Oxygen shield gas (150 mL/min) provides an oxygen-rich environment to minimize carbon resi-

dues. Initial combustion takes place producing temperatures of ≥1500 °C followed by a quenching 

step that drops the temperature to 300-500 °C over 1.5 m, equivalent to a 1000 °C quench in <100 

ms, to produce NPs. Powders are collected downstream in rod-in-tube electrostatic precipitators 

(ESP) operating at 10 kV. Scheme D.1 illustrates the LF-FSP apparatus for NP production. 

 
Scheme D.1. Liquid feed flame spray pyrolysis (LF-FSP) for nanopowder production. 

 

As-produced NPs were then dispersed in ethanol (200 proof, Decon Labs, King of Prussia, PA) 

using an ultrasonic horn (Vibra cell VC-505, Sonics & Materials Inc. Newtown, CT) at 100 W/10 
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min. The suspension was allowed to settle for 5 h to remove larger particles. The supernatant was 

decanted and allowed to oven dry (60 °C/12 h) providing the starting ZrO2 doped δ-Al2O3 NPs. 

Film processing 

Generally, LF-FSP synthesized NPs were mixed with polymeric additives such as binder, plas-

ticizer, curing agent, and dispersant, in a selected solvent system by ball-milling (Rotary Tumbler 

Model B, Tru-Square Metal Products) using spherical Al2O3 (Φ = 3.0 mm) as the milling media. 

One fifth of the container (20 mL) was filled with the milling media (≈6 g). An example suspension 

of ZrO2 doped Al2O3 is given in Table D.2.  

 
Table D.2. Starting materials of t-ZrO2 (0-50 mol.%) doped δ-Al2O3 suspension. 

Components Roles Mass (g) Wt.% Vol.% 
t-ZrO2 doped δ-Al2O3 NP 1.00  25.8 6.4 

Polyvinyl butyral Binder 0.135 3.5 3.2 
Benzyl butyl phthalate Plasticizer 0.135 3.5 3.2 

Ethanol Solvent 1.3 33.6 43.4 
Acetone Solvent 1.3 33.6 43.7 

 

The suspensions were cast on Mylar film using a wire-wound rod coater (Automatic Film Ap-

plicator-1137, Sheen Instrument, Ltd. Santa Fe Springs, CA). The cast thickness was adjusted to 

100-255 µm to control the thickness of the final ceramic film. A glass cover was used to control 

the solvent drying rate to avoid mud cracking.  

After solvents evaporated, dried green films were uniaxially pressed between stainless steel 

dies at 100 °C at 10 ksi/5-30 min using a heated benchtop laboratory manual press (Model 3851-0, 

Carver, Inc., Wabash, IN) to improve packing density.10,34–36 One/two layers for thin films (20-80 

μm thick) and 8-10 layers for thick films (≈200 μm thick) were pressed together. 

Film sintering 

Green films (typically 5 × 5 mm2) were placed between two Al2O3 substrates (Φ = 42 mm) and 

sintered to selected temperatures, times and ramp rates, using a vacuum tube furnace (GSL-1600X, 
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Richmond, CA). The substrates were used to prevent warping of the ceramic films.  

Films were subject to binder burnout process prior to sintering by heating them to 800 °C/1 h 

in extra dry grade O2 (60 mL/min). Subsequently, they were sintered at various conditions: 1120-

1500 °C at 1-10 °C/min under a constant gas (O2 or 95%N2/5%H2) flow of 60 mL/min. For con-

venience, 95%N2/5%H2 is referred to as N2/H2 in the following sections.  

Figure D.1 shows typical sintering schedules in O2 and N2/H2. For both cases, the films were 

first subject to binder burnout at 800 °C/1 h/O2. The sintering temperature and ramp rate may vary 

according to the ceramic systems.  

 
Figure D.1. Typical sintering schedules, a. in O2, b. in N2/H2. 

 

Coating Si3N4 substrates 

Suspensions of 10 mol.% ZrO2 doped δ-Al2O3 for coating Si3N4 substrates (Rogers Corp.) were 



221 
 

prepared per Table D.3. The ceramic nanopowder (NP) is a mixture of 30 mol.% ZrO2 doped Al2O3 

(0.33 g), 2 wt.% MgO doped Al2O3 (0.66 g) and 1 wt.% TiO2 NP (0.01 g).  

Si3N4 films were coated one side at a time. The suspension was first cast on one side of Si3N4 

samples with 25 μm spacers using the coating setup shown in Figure D.2; then the films were 

thermally pressed at 100 ° C bottom, 60 ° C top, 4 ksi. They were sintered in two steps: binder 

burnout at 800 ° C/1 h/O2; and sintering at 1500 ° C/5 h/N2/H2 (Figure D.1b) The other side of the 

films was then coated and sintered following the same procedure.   

 
Table D.3. Suspension of coating material: 10 % ZrO2 doped δ-Al2O3. 

Components Roles Mass (g) 
10 mol.% ZrO2 doped δ-Al2O3 with  

1 wt.% TiO2 and 
1 wt.% MgO NPs 

NP 1.0 

Polyvinyl butyral Binder 0.135 
Benzyl butyl phthalate Plasticizer 0.135 

Ethanol Solvent 1.5 
Acetone Solvent 1.5 

 

 
Figure D.2. Coating setup of Si3N4 films. 

 

Specific surface areas (SSAs) analysis by Brunauer, Emmett and Teller (BET) theory 

SSAs of (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs were measured by a Micromeritics 

ASAP 2020 sorption analyzer. Samples (≈300 mg) were degassed at 400 °C/5 h; analyses were 
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run at 77 K with liquid N2. The SSAs were determined by the BET multipoint method using ten 

data points at relative pressures of 0.05-0.3. Average particle sizes (APSs) of NPs were calculated 

using the equation APS (Φ) = 6/(SSA×ρ), where ρ is the density of the NP.  

X-ray diffraction (XRD) analysis 

Measurements were carried out using a Rigaku Rotating Anode Goniometer (Rigaku Denki., 

LTD., Tokyo, Japan) at 40 kV and 100 mA with Cu Kα radiation (1.541 Å). Scan range was 

between 10 and 80° 2θ, using a scan rate of 5 °/min with 0.02° intervals. The Jade program 2010 

(Version 1.1.5 from Materials Data, Inc.) and Rigaku PDXL II (version 2.8.4.0) were used to de-

termine the crystallographic phases, crystallite domain sizes from line broadening and weight frac-

tions with the aid of Rietveld refinement. Peak positions and intensities were evaluated by com-

parison with ICDD files. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

Particle and grain morphologies and sizes were characterized by a JSM-IT300 SEM (JEOL 

Ltd., Akishima, Tokyo, Japan). Since the samples lacked electrical conductivity, they were sputter 

coated prior to SEM analyses with a gold/palladium film using a Technics Hummer VI sputtering 

system (Anatech Ltd., Alexandria, VA, United States) to avoid charging and to improve resolution.  

Using SEM fracture surface images, average grain sizes (AGSs) of sintered films are measured 

by ImageJ, at least 50 grains for each film are measured and averaged.  

Archimedes density measurement 

Density Determination Kit (OHAUS Corp., Columbus, OH) was used to measure film densi-

ties based on the Archimedes method. The film weights in ambient atmosphere (A) and in ethanol 

bath (B) were measured by a Voyager Pro scale (OHAUS Corp.), each sample weight was meas-

ured three times for accuracy. The density was calculated per equation (D.1). 
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𝜌𝜌 =
𝐴𝐴

𝐴𝐴 − 𝐵𝐵
× 𝜌𝜌𝑒𝑒    (𝐷𝐷. 1) 

Where ρ is the film density, ρe (= 0.78522 g/cm3) is the density of ethanol. 

Lateral shrinkage measurement 

Lateral lengths of rectangular films before and after sintering were measured, the lateral shrink-

age of each side was calculated per equation (D.2), and the average of four sides was obtained for 

each film. Each lateral shrinkage value given in this work was averaged over at least three films.  

𝑆𝑆𝐿𝐿 =
𝐿𝐿2 − 𝐿𝐿1

𝐿𝐿1
× 100 %     (𝐷𝐷. 2) 

Where SL is the lateral shrinkage, L1 and L2 are the lateral lengths before and after sintering, 

respectively.  

Single-Edged Precracked Beam (SEPB) test 

The fracture toughness (K1C) of sintered ZTA films was determined by SEPB test,63 performed 

by Rogers Germany GmbH. As illustrated in Scheme D.2, pre-crack at the surface center of the 

specimen was introduced by laser. Thickness (t) and width (w) of the specimen and distance be-

tween two supporting jigs (L) were measured, the pre-cracked side was faced on the side of support 

jig, and the pre-cracked area was placed directly under the load (P). The maximum load when the 

specimen breaks was recorded, the pre-crack length (a) was measured, and K1C value was calcu-

lated per equation (D.3).  

𝐾𝐾1𝐶𝐶 = 𝑌𝑌
3𝑃𝑃𝐿𝐿

2𝑊𝑊𝑊𝑊2 √𝑚𝑚   (3 − 𝑝𝑝𝑝𝑝𝑔𝑔𝑔𝑔𝑊𝑊 𝑚𝑚𝑚𝑚𝑊𝑊ℎ𝑝𝑝𝑜𝑜)    (𝐷𝐷. 3) 

Where  

𝑌𝑌 = 𝐴𝐴0 + 𝐴𝐴1
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(0 ≤ 𝑚𝑚
𝑡𝑡

≤ 0.6). 

 
Scheme D.2. Schematics of sample preparation and testing procedure of SEPB test.  

 

D.3 Results and discussion 

In the following sections, we first characterize microstructures, sinterability and phase compo-

sitions of ZTA thin films (≈40 μm) derived from (ZrO2)x(Al2O3)1-x (x = 0-50 mol.%) NPs sintered 

under select conditions. Film thicknesses were then increased to ~200 μm to explore their potential 

utility as substrates for power electronics. The effects of different sintering conditions were ex-

plored to minimize cracking while optimizing microstructures and densities. Finally, ZTA coatings 

on Si3N4 substrates were processed and optimized as characterized by a dye penetration test, an 

oxygen damage test, XRD and SEM.  

D.3.1 ZTA ~40 μm thin films 

To identify the mix of phases required to optimize the properties of the final sintered products, 

(ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs were produced by LF-FSP. APSs and SSAs were 

calculated using BET data per Table D.4. All NPs show similar SSAs of 40-50 m2/g and APSs of 

~30 nm; (ZrO2)0.3(Al2O3)0.7 shows the lowest APS of 25 nm. Figure D.3 shows SEMs of as-pro-

duced Al2O3 and (ZrO2)0.5(Al2O3)0.5 NPs, both exhibit a broad size distribution with APSs <50 nm, 
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and a few particles >100 nm that are likely agglomerated in overall agreement with Table D.4 

APSs. Nanosized powders with log normal particle size distributions are advantageous for pro-

cessing in that they reduce sintering temperatures due to high surface energies and provide high 

packing densities.  

 
Table D.4. Selected properties of (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs. 

ZrO2 content, mol.% ZrO2 content, wt.% Density, g/cm3 SSA, m2/g APS, nm 
0 0 3.95 49 ± 0.5 31 ± 0.3 
15 17.6 4.25 50 ± 0.5  28 ± 0.3 
30 34.1 4.54 53 ± 0.5 25 ± 0.2 
50 54.7 4.90 40 ± 0.3 30 ± 0.3 

 

 
Figure D.3. SEMs of a. as-produced LF-FSP Al2O3 and b. 50 mol.% ZrO2 doped Al2O3 nano-

particles. 
 

Figure D.4 compares XRDs of as-produced (ZrO2)x(Al2O3)1-x NPs. As produced LF-FSP Al2O3 

is a mixture of δ-Al2O3 phases, as expected from previous work.10,27,59 For ZrO2 (x > 0 mol.%) 

doped Al2O3, a mixture of δ-Al2O3 and t-ZrO2 is observed, as previously reported for (t-ZrO2)x(δ-

Al2O3)1-x (x = 0.02-0.8) core-shell NPs.27–29  

Figure D.5 compares SEMs of (ZrO2)x(Al2O3)1-x thin films (40-60 μm thick) sintered under 

different conditions in O2 (see Figure D.1a schedule). All films show uniform grain sizes (100-

500 nm, Figure D.6), AGSs and densities increase with the sintering temperature, but pores are not 

fully eliminated even at 1500 °C.  
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Figure D.4. XRDs of (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) NPs.  

 

Figure D.6a suggests that grain sizes decrease slightly with increasing ZrO2 content, although 

the difference for higher contents is not significant. As seen in Figure D.6b, film thicknesses de-

crease with increasing sintering temperature. Overall, the 30 mol.% ZrO2 film shows the smallest 

final AGSs and the greatest decrease in thickness at higher temperatures. 

Previous reports indicate that sintering α-Al2O3 in a hydrogen atmosphere improves densifi-

cation and reduces porosity.10,64 These results prompted efforts here to sinter thin (ZrO2)x(Al2O3)1-

x (x = 15, 30, 50 mol.%) films in N2/H2 following a two-step procedure per Figure D.1b: binder 

burnout at 800 ° C/1 h/O2 and sintering at 1400 ° C/5 h/N2/H2. As shown in Figure D.7, compared 

to films sintered in O2 (Figure D.5), an N2/H2 atmosphere improves densification slightly, and 

AGSs appear to be smaller. However, the films are porous suggesting incomplete densification.  
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Figure D.5. SEM fracture surfaces of sintered (ZrO2)x(Al2O3)1-x (x = 0, 15, 30, 50 mol.%) thin 

films. 
 

 
Figure D.6. AGSs vs ZrO2 content b. sintered film thicknesses for (ZrO2)x(Al2O3)1-x (x = 0, 15, 

30, 50 mol.%). 



228 
 

 
Figure D.7. SEM fractures surfaces of (ZrO2)x(Al2O3)1-x films sintered at 1400 ° C/5 h/N2/H2 (a, 

b, c) and O2 (d, e, f), where x = 15 (a, d), 30 (b, e), and 50 mol.% ZrO2 (c, f).  
 

As demonstrated in Figures D.5 and D.6, 30 mol.% ZrO2 doped Al2O3 films show limited grain 

growth and the most significant decrease in thickness on sintering at 1400-1500 ° C compared to 

other compositions. As discussed in the introduction, TiO2 doping improves Al2O3 densification 

but increases grain sizes,7,8,37–40 while MgO limits grain growth.10,40–51 Therefore, to further im-

prove sinterability, the effects of TiO2 and MgO additives (1 wt.% each) to 30 mol.% ZrO2 doped 

Al2O3 were investigated.  

As seen in Table D.5, we studied sintering effects of two different TiO2 powders (1 wt.% dop-

ing): TiO2 commercial powder (CP, claimed APS ≈ 20 nm), and TiO2 NP by LF-FSP (APS = 20-

30 nm). For composition D, MgO doping was introduced by mixing LF-FSP produced 30 mol.% 

ZrO2 doped Al2O3 and 2 wt.% MgO doped Al2O3 NPs, the resulting mixture has a 10 mol.% ZrO2 

and ~1 wt.% MgO content. MgO (2 wt.%) doped Al2O3 NP was chosen based on work by Takeuchi 

et al.10 that generated dense and flexible sintered thin films (<10 μm). The ZrO2 content was re-

duced because typical power electronic ZTA substrates contain <30 mol.% ZrO2.13–15 
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Table D.5. Compositions of ZTA films. 
Composition ZrO2 content Dopants, wt.% 

A 30 mol.% - 
B 30 mol.% 1 wt.% TiO2 CPa 
C 30 mol.% 1 wt.% TiO2 NPb 
Dc 10 mol.% 1 wt.% TiO2 NP, 1 wt.% MgO 

aCP: commercial powder from Evonik Industries AG, Germany. APS ≈ 20 nm but may be agglomerated. bNP: nanopowder 
by LF-FSP, APS = 20-30 nm. cA mixture of LF-FSP produced 30 mol.% ZrO2 doped Al2O3, 2 wt.% MgO doped Al2O3,10 and 1 
wt.% TiO2 NP. 

 

Figure D.8 compares the SEM fracture surfaces of films A-D (Table D.5) sintered at 1300-

1500 °C/5 h/O2 (Figure D.1a). At 1300 °C, all films are not dense, but the grains of 30 mol.% ZrO2 

doped Al2O3 supplemented with TiO2 (B and C) show significant grain growth compared to films 

without TiO2 (A) as expected.7,8,37–40 In contrast, the Al2O3 film doped with 10 mol.% ZrO2, 1 

wt.% TiO2 NP and MgO (D) shows small AGSs which are comparable to film A, a result of MgO 

doping that prevents excessive grain growth.10,40–51 

At 1400 °C, films 30 mol.% ZrO2 doped Al2O3 supplemented with TiO2 (B and C) are already 

dense with intergranular fracture surfaces. The Al2O3 film with 10 mol.% ZrO2 (D) starts to den-

sify. At 1450 °C, films B and C show abnormal grain growth; the 30 mol.% doped Al2O3 without 

TiO2 (A) starts to densify with uniform grain sizes. 

These films show significant differences in AGSs when sintered at 1500 °C per Figure D.8 

bottom. Film A shows a rather small AGSs of ~200 nm with visible pores. Excess grain growth is 

exhibited in film B (AGSs = 1-2 µm). Films C and D show similar AGSs of ~500 nm. Film D 

exhibits some transgranular (intra-) fracture behavior (marked with red arrow) suggesting im-

proved mechanical properties at grain boundaries. 
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Figure D.8. SEM fracture surfaces of ZTA films (A-D per Table D.5) sintered at 1300-

1500 °C/5 h/O2. The red arrow suggests transgranular fracture.  
 

Figure D.9 presents the XRDs of the films sintered at 1300-1500 °C/5 h/O2. The films consist 

mainly of α-Al2O3 (corundum, hexagonal, space group 167, PDF-98-001-1217) and t-ZrO2 (te-

tragonal, space group 137, PDF-04-013-6616); some films show small peaks at 36, 40, 48 and 49° 

2θ (not marked in Figure D.9) corresponding to a calcite phase (hexagonal, space group 167), 

which is likely a result of residual carbon from insufficient O2 during LF-FSP. Overall, no m-ZrO2 

is observed; similar phases are exhibited for films with different compositions and sintering con-

ditions.  
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Figure D.9. XRDs of ZTA films (A-D per Table D.5) sintered at 1300-1500 °C/5 h/O2. 

 

A similar sintering study on the films A-D was repeated in N2/H2 (see Figure D.1b schedule). 

Since the films barely sinter at 1300 ° C/5 h/O2 (Figure D.8), a similar outcome in N2/H2 is expected 

and therefore only sintering at 1400-1500 ° C/5 h/N2/H2 was explored. 

Figure D.10 compares SEM fracture surfaces of films A-D sintered at 1400-1500 ° C/5 h/N2/H2. 

Similar densification behaviors are observed as in O2. Films B and C start to densify at 1400 ° C, 

obvious grain growth can be seen at 1500 ° C, especially for film B. Films A and D show similar 

sintering behavior, they densify at 1500 ° C, and exhibit finer grain sizes (0.5-1 μm) than B and C 

(≥1 μm). As discussed, TiO2 promotes grain growth and densification,7,8,37–40 while MgO tends to 

diffuse to the grain boundaries and limits grain growth.10,40–51  
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After sintering at 1500 ° C, all films show some transgranular fracture behavior (marked with 

red arrows) suggesting improved mechanical properties. 

 

 
Figure D.10. SEM fracture surfaces of ZTA films (A-D per Table D.5) sintered at 1400-

1500 °C/5 h/N2/H2. Red arrows suggest transgranular fracture. 
 

Film lateral shrinkage was measured before and after sintering per Table D.6. Overall, shrink-

age increases with sintering temperature. At 1500 °C in both O2 and N2/H2, films with different 

compositions show similar lateral shrinkages of ~20 %. Films with composition B have the highest 

lateral shrinkage, recall that they have much larger AGSs (1-2 µm at 1500 °C/O2 and N2/H2), as 

seen in Figures D.8 and D.10. This suggests, as expected, that TiO2 CP promotes densification and 

grain growth, resulting in higher shrinkages and larger AGSs. TiO2 LF-FSP NPs also promote 

densification (Figures D.8 and D.10), film C starts to densify at 1400 °C, but smaller AGSs result 

compared to film B, likely a result of the smaller APSs of TiO2 LF-FSP NPs compared to TiO2 

CP. Film D with both TiO2 and MgO doping generally shows both smaller and more uniform 

AGSs compared to film C under different sintering conditions (Figures D.8 and D.10). 
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Table D.6. Lateral shrinkage of ZTA films (A-D per Table D.5) sintered at 1400-1500 °C/5 
h/N2/H2. 

Sintering condition Lateral shrinkage, % 
A B C D 

1400 °C/5 h/N2/H2 14 10 14 12 
1450 °C/5 h/N2/H2 16 19 22 18 
1500 °C/5 h/N2/H2 24 25 24 22 

1500 °C/5 h/O2 19 25 22 22 
 

Figure D.11 shows XRDs of the films sintered at 1400-1500 °C/5 h/N2/H2. Similar to films 

sintered in O2, they mainly contain α-Al2O3 and t-ZrO2; the impurity calcite phase (36, 40, 48 and 

49° 2θ) is also observed in some films. Phase compositions of the different films are also very 

similar, and no m-ZrO2 is observed. The composition does not change with different sintering 

conditions.  

 
Figure D.11. XRDs of ZTA films (A-D per Table D.5) sintered at 1400-1500 °C/5 h/N2/H2. 
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The conclusions from the thin film work are that films with composition D per Table D.5 show 

small and uniform grain sizes (0.5-1 µm), and low porosity. They are almost fully dense when 

sintered at 1500 °C/5 h, in either O2 or N2/H2 per SEM observations (Figures D.8 and D.10). These 

results were then extended to processing ~200 µm thick ZTA films with the same composition.  

D.3.2 ZTA ~200 μm thick films 

In this section, the sinterability, microstructures and fractural toughness of ZTA films up to 

~200 µm thick and ~2×2 cm2 were investigated for possible application as power electronic sub-

strates11–14 using composition D from the above studies.  

We first started by targeting ~200 µm thick ZTA films with small sizes (~1×1 cm2) sintered at 

1500 ° C/5 h in O2 or N2/H2 to compare sintering behavior in different atmospheres. Figure D.12 

compares SEM fracture surfaces of ZTA films (composition D) sintered at 1500 ° C/5 h in O2 and 

N2/H2. Films sintered in different atmospheres show similar morphologies with AGSs of 0.5-1 µm. 

Films sintered in N2/H2 shows slightly smaller AGSs, greater shrinkage in both lateral and vertical 

dimensions (Figure D.12 and Table D.7), and lower porosity (Figure D.12d vs. D.12c), suggesting 

that N2/H2 provides higher densities, in agreement with previous work on MgO (0-5 wt.%) doped 

Al2O3 thin films.10  



235 
 

 
Figure D.12. SEM fracture surfaces of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm) 

sintered at 1500 ° C/5 h/O2 (a, c) and 1500 ° C/5 h/ N2/H2 (b, d). Initial thickness ≈ 200 μm before 
sintering. 

 

Table D.7. AGSs and shrinkages of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm). 
Sintering condition AGS, μm Lateral shrinkage, % Vertical shrinkage, % 

1500 °C/5 h/O2 0.9 ± 0.2 19 17 
1500 °C/5 h/N2/H2 0.8 ± 0.2 22 24 

 

Figure D.13 shows XRDs of ZTA films (composition D) sintered in O2 and N2/H2, respec-

tively. Similar to thin films above, both films exhibit two main phases: α-Al2O3 (hexagonal) and 

t-ZrO2, but the impurity phase (calcite) disappears. No obvious difference in phase compositions 

is observed for films sintered in different atmospheres.  
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Figure D.13. XRDs of ZTA films (composition D, size ≈ 1×1 cm2 × 200 μm) sintered at 1500 ° 

C/5 h/O2 (bottom) and 1500 ° C/5 h/N2/H2 (top). 
 

Studies on smaller (~1×1 cm2), ~200 μm ZTA films suggested that N2/H2 sintering provides 

higher densities. Therefore, we continued studies on larger films (~2×2 cm2) sintered in N2/H2. 

Initially, the same sintering schedule with a ramp rate of 5 ° C/min was used (Figure D.1b). How-

ever, as seen in Figure D.14, the larger films cracked while smaller films remained intact after 

sintering.  

It’s likely that the fast ramp rate leads to fast shrinkage and cracking. Therefore, the ramp rate 

was reduced to 2.5 and then 1 °C/min while following the same schedule per Figure D.1b, but the 

larger films still cracked (Figure D.14). Only one large film out of three sintered at 1 °C/min was 

crack-free. This suggests that a slow ramp rate will prevent cracking, but it is a very inefficient 

method (long sintering time: >24 h) that provides small improvements.  

In addition, these films bonded to the Al2O3 substrates after sintering, a likely source of stress 

that results in cracking. Therefore, an insulating boron nitride (BN) powder layer was introduced 

as it is stable to ~2000 °C, see below.  
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Figure D.14. Optical images of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 

h/N2/H2 with different sintering ramp rates.  
 

SEMs of ~200 µm ZTA films sintered at different ramp rates show small differences (Figure 

D.15). All films were dense with similar AGSs of 1-2 µm. However, films sintered at lower ramp 

rates (2.5 and 1 °C/min) show slightly larger grains (Figure D.15 and Table D.8), likely due to the 

longer sintering times. The sintered thicknesses varied between 175-210 µm. Table D.8 summa-

rizes AGSs, shrinkage and density changes on sintering.  

Generally, slower ramp rates caused greater shrinkages and higher densities, but overall den-

sities (~90 %) are low while AGSs increased compared to small films per Figure D.12 and Table 

D.7, likely due to undesired adherence of the ZTA films to the Al2O3 substrates inhibiting shrink-

age and therefore densification, while coincidentally generating larger AGSs.  
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Figure D.15. SEM fracture surfaces of ~200 µm ZTA films (composition D) sintered (1500 ° C/5 

h/N2/H2) at 5 °C/min (a, d), 2.5 °C/min (b, e) and 1 °C/min (c, f). Green film thicknesses were 
220-250 µm before sintering. 

 

Table D.8. Selected properties of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 
h/N2/H2 with different sintering ramp rates. 

Ramp 
rate, °C/min AGS, μm Lateral 

shrinkage, % 
Vertical 

shrinkage, % 

Measured 
density*, 

g/cm3 

Theoretical 
density*, 

g/cm3 

Relative 
density, % 

5 1.3 ± 0.3 20 16 3.62 4.04 89.7 
2.5 1.5 ± 0.3 22 24 3.66 4.03 90.7 
1 1.6 ± 0.4 23 23 3.68 4.04 91.2 

*Film densities are measured by the Archimedes method; theoretical densities are calculated from phase compositions ana-
lyzed by XRD refinement. 

 

Figure D.16 compares XRDs of ~200 µm ZTA films sintered at different ramp rates. No obvi-

ous differences can be seen; all the films show two main phases without impurities: α-Al2O3 and 

t-ZrO2. 

To eliminate cracking, an insulating BN layer (powder from Sigma-Aldrich) was introduced 

to prevent bonding with the Al2O3 substrates. Additionally, sintering following different binder 

burnout temperatures of 600°, 800° and 1100 °C was investigated. The binder burnout atmosphere 
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was changed from O2 to air reducing the rate of oxidative decomposition. The sintering schedule 

is provided in Figure D.17.  

 
Figure D.16. XRDs of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 h/N2/H2 with 

different sintering ramp rates. 
 

 
Figure D.17. Sintering schedule of ~200 µm ZTA films (composition D) with different binder 

burnout temperatures of 600, 800 and 1100 °C in air, with BN insulation.  
 

Figure D.18 compares films sintered at different binder burnout temperatures with BN inter-

faces. Films debindered at 800 °C/1 h/air stayed mostly intact after sintering. However, films 

debindered at 600 °C/1 h/air formed large cracks, and films debindered at 1100 °C/1 h/air cracked 
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into pieces. Such differences in film quality suggest that cracking is primarily related to binder 

burnout.  

 
Figure D.18. Optical images of ~200 µm ZTA films (composition D) sintered at 1500 °C/5 

h/N2/H2, 2.5 ° C/min with different binder burnout temperatures and BN insulation.  
 

Figure D.19 compares SEMs of ~200 µm ZTA films with different binder burnout tempera-

tures with BN insulation. Films debindered at 600 °C/1 h/air show the lowest porosities and small-

est AGSs of 0.7 µm among the three (see Table D.9 below). All films show similar vertical shrink-

ages of ~20 % (Table D.9). Figure D.20 compares XRDs of 200 µm ZTA films with different 

binder burnout temperatures. As with the above XRD studies, no obvious differences are observed; 

all films show two main phases of α-Al2O3 and t-ZrO2 without impurity.  
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Figure D.19. SEM fracture surfaces of ~200 µm ZTA films (composition D, sintered at 1500 ° 

C/5 h/N2/H2, 2.5 ° C/min) debindered at 600 °C/1 h/air (a, d), 800 °C/1 h/air (b, e), and 1100 °C/1 
h/air (c, f) with BN insulation.  

 

 
Figure D.20. XRDs of ~200 µm ZTA films (composition D) sintered at 1500 ° C/5 h/N2/H2, 2.5 ° 

C/min with different binder burnout temperatures and BN insulation. 
 

20 30 40 50 60 70

N
or

m
al

iz
ed

 In
te

ns
ity

ο2θ

 Corundum h-Al2O3

 Zirconium oxide t-ZrO2

600 oC/1 h/air binder burnout

800 oC/1 h/air binder burnout

1100 oC/1 h/air binder burnout



242 
 

To further investigate the binder burnout mechanism, a TGA-DTA was run on the 10 mol.% 

ZrO2 doped Al2O3 green films (composition D, Figure D.21). A decomposition exotherm for the 

organics appears between ~180-500 °C. Accordingly, the sintering schedule was modified per 

Figure D.22 with a three-step binder burnout procedure: first holding at 200 ° C/1 h and slowly (1 

° C/min) ramping up to 500 ° C, then ramping up (2.5 ° C/min) to 800 ° C/1 h.  

 

 
Figure D.21. TGA (1000 °C/air) of 10 mol.% ZrO2 doped Al2O3 (composition D) green films. 

 

 
Figure D.22. Sintering schedule of 200 µm ZTA films with slow binder burnout ramp rates and 

BN insulation.  
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Figure D.23 shows optical images of ~200 µm ZTA films before and after sintering. After 

binder burnout, all films only show minimal size changes. Shrinkage and coincident densification 

occur primarily during sintering. Films with thicknesses ≤200 µm after sintering are crack-free, 

while films with thicknesses >220 µm exhibit small cracks. All films remain mostly intact with 

better quality compared to the above films (Figures D.14 and D.18).  

 

 
Figure D.23. Optical images of ~200 µm ZTA films (composition D) before and after binder 

burnout and sintering. Thicknesses and lateral lengths are given on the films and on the right, re-
spectively. 

 

As shown in Figure D.24, films sintered using the 3-step binder burnout procedure show low 

porosities and small AGSs of 0.7 µm after sintering. Table D.9 compares AGSs, shrinkages and 

densities of ZTA films sintered using different binder burnout conditions with BN insulation. All 

films have densities of 97-99 % determined by Archimedes method, which improve significantly 

from films sintered without BN insulation (~90 % dense, Table D.8). In addition, the AGSs of 

films sintered with BN decreased (≤1 μm) compared to films without (1.3-1.6 μm, Table D.8). The 

use of BN powder between ZTA films and Al2O3 improves film densities and reduces AGSs, as 

the substrate effects are eliminated.  
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Figure D.24. SEM fracture surfaces of ~200 µm ZTA film (composition D) sintered with 3-step 

binder burnout procedure per Figure D.22.  
 

Table D.9. Selected properties of ~200 µm ZTA films (composition D) sintered at different 
binder burnout conditions with BN insulation.  

Binder burn-
out condition 

AGS, 
μm 

Lateral 
shrinkage, % 

Vertical 
shrinkage, % 

Measured 
density, 
g/cm3 

Theoretical 
density, 
g/cm3 

Relative 
density, % 

600 °C/1h/air 0.7 ± 
0.1 20 20 4.05 4.10 98.8 

800 °C/1h/air 0.8 ± 
0.1 21 21 4.07 4.12 98.8 

1100 °C/1h/air 1.1 ± 
0.1 N/A* 21 4.00 4.12 97.1 

3-step burnout 0.7 ± 
0.1 17 19 4.02 4.10 98.1 

*Films debindered at 1100 °C/1h/air cracked into pieces and failed to give accurate lateral lengths after sintering. 
 

Fracture toughness (K1C) measurements were undertaken using a single-edge precracked beam 

test (SEPB) on the ~200 µm ZTA films (composition D) sintered with a 3-step binder burnout 

procedure (Figure D.22) as they show optimum qualities compared to other films. As given in 

Figure D.25, ~200 µm 10 mol.% ZrO2 doped Al2O3 films show K1C values in a range of 15-38 

MPa m1/2 (three samples) with an average of 24 MPa m1/2, which is 2-4 times higher than reported 

values. Such a high K1C value may be attributed to the fine and uniform ceramic microstructures 

sintered from NPs by LF-FSP, retained t-ZrO2 phase after sintering, TiO2 and MgO doping, and 

improved film qualities through sintering refinement.  
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Figure D.25. Fracture toughness (K1C) of standard Al2O3 films and ~200 µm ZTA films (compo-
sition D) sintered with 3-step binder burnout procedure per Figure D.22, experiment performed 

by Rogers Germany GmbH.  
 

D.3.3 Coating Si3N4 substrates with ZTA thin films 

In this section, above results provide the basis for formulating and processing thin ZTA films 

(composition D per Table D.5) on ~300 μm Si3N4 films as a bonded physical layer to minimize 

oxidation for high-temperature substrates and power electronic applications. As discussed in the 

previous section, ZTA films with composition D show a high K1C and density, therefore we con-

tinued coating studies with the same composition.  

Figure D.26a shows surfaces of coated Si3N4 films sintered at 1500 °C/5 h/N2/H2. Compared 

to uncoated films in Figure D.2, the coating appears to be light grey and uniform. As shown in 

Figure D.26b, a coated Si3N4 film was marked with red dye and then rinsed with ethanol. After 

rinsing, the red mark disappears completely, which suggests that the die does not penetrate through 

unseen cracks and that the coating is stable, smooth and crack free.  
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Figure D.26. Representative examples (a) and dye test (b) of Si3N4 films coated with ZTA (com-

position D) after sintering at 1500 °C/5 h/N2/H2.  
 

Figures D.27 and D.28 show SEMs and EDSs of coated Si3N4 films. For coated films, the rod-

like Si3N4 structure at the surface (Figure D.27c) is replaced by a dense, homogeneous Al-rich 

coating with finer grains (Figures D.27b and D.28). The fracture surface suggests the coating is 2-

3 μm thick (Figure D.27a). However, there are small cracks propagating along the surface (Figure 

D.27b), which may be introduced by thermal pressing or the sample breaking during SEM prepa-

ration, which requires small sample sizes (≤0.5×0.5 cm2).  

 

 
Figure D.27. SEM fracture surface (a) and surface (b) of Si3N4 films coated with ZTA (composi-

tion D) sintered at 1500 °C/5 h/N2/H2. c. SEM surface of an uncoated Si3N4 film.  
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Figure D.28. EDSs of a Si3Ni4 film coated with ZTA (composition D) sintered at 1500 °C/5 

h/N2/H2.  
 

As shown in the Figure D.29 XRDs, coated Si3N4 films present hexagonal β-Si3N4, as found 

in the original Si3N4 film. A cubic γ-Al2.66O4 phase appears with a trace of cubic ZrO2, indicating 

that the 10 mol.% ZrO2 doped Al2O3 likely reacts or partially reacts with the Si3N4 substrate re-

sulting in a structural distortion again suggesting good bonding.  

 

 
Figure D.29. XRDs of Si3N4 films coated with ZTA (composition D) sintered at 1500 °C/5 

h/N2/H2. 
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Uncoated and coated Si3N4 films were heated to 1500 °C/1 h/O2 to assess resistance to oxida-

tion. As shown in Figure D.30, the uncoated Si3N4 film suffers more damage than the coated sam-

ple. The edges of both films show more visible damage than the centers. During heating, films 

were sandwiched between Al2O3 substrates; the edges were more exposed to O2 than the center. 

SEM surface images of the uncoated Si3N4 film reveal large cavities from obvious oxidation, while 

the coated film exhibits a smoother microstructure (Figure D.30c and d). Overall, it is evident that 

the coating protects Si3N4 films against oxidization, even under extreme conditions.  

 

 
Figure D.30. Optical images of a. uncoated and b. coated Si3N4 films and SEM surfaces of c. 

uncoated and d. coated Si3N4 films with ZTA (composition D) after heating at 1500 °C/1 h/O2. 
 

D.4 Conclusions 

In summary, we investigated the sinterability, microstructures and phase compositions of ZTA 

thin films (~40 μm) with varying compositions and sintering conditions starting from 

(ZrO2)x(Al2O3)1-x (x = 0-50 mol.%) NPs by LF-FSP. Studies suggest that 1 wt.% MgO and TiO2 

additives improve the sintering behavior, resulting in dense films (composition D: 10 mol.% ZrO2 

doped Al2O3 with 1 wt.% TiO2 and MgO) with final AGSs of 0.5-1 μm at 1500 °C. Comparison 



249 
 

of films sintered in O2 and N2/H2 suggests that the N2/H2 atmosphere improves film quality coin-

cident with higher shrinkages and densities, and smaller reductions in AGSs.  

For potential applications as power electronic substrates, ZTA film thicknesses were increased 

to 150-250 μm. Sintered films exhibit hexagonal α-Al2O3 and t-ZrO2 phases, which in principle 

provide good mechanical properties, and was proved by SEPB test that a high K1C value of ~24 

MPa m1/2 is obtained. By investigating the effects of different sintering conditions, we were able 

to sinter crack-free 150-250 μm thick 10 mol.% ZrO2 doped Al2O3 films with AGSs of 0.7 μm by 

using BN insulation between films and Al2O3 substrates with a three-step binder burnout proce-

dure.  

Finally, ZTA thin films (composition D) form homogenous coatings on Si3N4 substrates with 

thicknesses <5 μm that offer protection under extreme oxidative conditions (1500 °C/1 h/O2), sug-

gesting an alternate application of ZTA films for high-temperature ceramics and power electronic 

substrates. 
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