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Abstract 

All-solid-state lithium batteries without any liquid organic 

electrolytes can realize high energy density while eliminating 

flammability issues. The sulfide solid electrolytes with high ionic 

conductivity and attractive mechanical feature of plastic deformation, 

become the most promising solid electrolyte. Moreover, active 

materials such as transition metal sulfides with high specific capacity 

are essential to the realization of good electrochemical performance. 

However, the limited reversible specific capacity and large volume 

change of the sulfide cathodes upon cycling still hinder their 

application in the all-solid-state lithium batteries using sulfide 

electrolytes. Constructing electronic/ionic conductive networks in 

the cathode and realizing intimate interfacial contact at the 

electrolyte/cathode interface are prominent strategies to address the 

above issues. 

Herein, MoS6 is employed as the active material of the sulfide 

cathode, owing to its high specific capacity enabled by the multi-

electron reactions of S2
2− + 2e− → 2S2−  proceeding during the 

charge-discharge process. Consequently, MoS6 with high S2
2− 

content possesses an ultra-high theoretical specific capacity of 1117 

mAh g−1, showing potential applications in constructing high energy 
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all-solid-state battery. Furthermore, two modified composites are 

designed, with aims of achieving high and stable reversible specific 

capacity for long-term cycling. By coating a thin layer of Li7P3S11 

solid sulfide electrolyte on the MoS6 particles, the 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-state lithium batteries 

show a high initial discharge capacity of 1083.8 mAh g−1 at 0.1 A g−1 

and long cycle life of 1000 cycles under 1A g−1 at 25 oC. Furthermore, 

through ball milling of MoS6 and LiI, the as-obtained 95MoS65LiI 

cathode exhibit a high initial capacity of 1016.3 mAh g−1 at 0.1 A g−1 

within 1.0–3.0 V and capacity retention of 301.1 mAh g−1 at 1 A g−1 

after 500 cycles.  

This thesis provides a material preparation guidance of 

alternative cathodes of MoS6 and its derivates such as 

MoS6@15%Li7P3S11 and 95MoS65LiI, with noticeable 

electrochemical performances, including high reversible capacity, 

long-term cycling stability, and good compatibility for all-solid-state 

lithium rechargeable batteries. 

  



3 

 

Achievements 

Journal papers 

1. Mingyuan Chang, Mengli Yang, Wenrui Xie, Fuli Tian, Gaozhan 

Liu, Ping Cui, Tao Wu*, Xiayin Yao*. Micro-sized MoS6@ 15% 

Li7P3S11 composite enables stable all-solid-state battery with high 

capacity. Batteries, 2023, 9(11): 560. 

2. Mingyuan Chang, Junjie Jia, Gaozhan Liu, Jianwen Zhang, Na 

Wang, Yangyang Zhou, Ping Cui, Tao Wu*, Xiayin Yao*. LiI 

doped MoS6 composite for room temperature all-solid-state 

lithium batteries. Chemical Communications. (Accepted) 

3. Fuli Tian, Mingyuan Chang, Mengli Yang, Wenrui Xie, Shaojie 

Chen*, Xiayin Yao*. Multi-electron reaction based molybdenum 

pentasulfide towards high-energy density all-solid-state lithium 

batteries. Chemical Engineering Journal, 2023, 472: 144914. 

4. Wenrui Xie, Mingyuan Chang, Wentong Fan, Mengli Yang, Fuli 

Tian, Xiaolin Xue, Xiaolei Zhao, Hao He*, Xiayin Yao*. An 

amorphous niobium polysulfide based nanocomposite enables 

ultrastable all-solid-state lithium batteries[J]. Materials 

Chemistry Frontiers, 2023, 7: 2844–2850. 

5. Na Wang, Mingyuan Chang, Wenrui Xie, Gaozhan Liu, Lu 

Zhang, Hao He*, Xiayin Yao*, Niobium sulfide nanocomposite 

as cathode materials for all-solid-state lithium batteries with 

https://www.dosf.top/en/results?searchtext=Author%3AWenrui%20**e
https://www.dosf.top/en/results?searchtext=Author%3AMingyuan%20Chang
https://www.dosf.top/en/results?searchtext=Author%3AWentong%20Fan
https://www.dosf.top/en/results?searchtext=Author%3AMengli%20Yang
https://www.dosf.top/en/results?searchtext=Author%3AFuli%20Tian
https://www.dosf.top/en/results?searchtext=Author%3AFuli%20Tian
https://www.dosf.top/en/results?searchtext=Author%3AHao%20He


4 

 

enhanced electrochemical performances, Nanoscale, 2024, 

16(18):8915–8921. 

6. Mengli Yang, Yu Yao, Mingyuan Chang, Fuli Tian, Wenrui Xie, 

Xiaolei Zhao, Yan Yu*, Xiayin Yao*. High energy density sulfur‐

rich MoS6‐based nanocomposite for room temperature all‐solid‐

state lithium metal batteries. Advanced Energy Materials, 2023, 

13(28): 2300962. 

7. Ruru Meng, Jinghua Wu, Mengting Zhu, Mingyuan Chang, Nini 

Zhang, Panlei Cao, Fuli Tian, Xiayin Yao*, A two-dimensional 

MoS2 NS@Li7P3S11 composite cathode for all-solid-state lithium 

batteries, ACS Applied Energy Materials, 2024, 7(10), 4603–

4608. 

8. Xinshuang Chang, Gaozhan Liu, Ming Wu, Mingyuan Chang, 

Xiaolei Zhao, George Z. Chen, Kam Loon Fow*, Xiayin Yao*. 

Dual‐functional ZnO/LiF layer protected lithium metal for stable 

Li10GeP2S12‐based all‐solid‐state lithium batteries. Battery Energy, 

2023, 2(3): 20220051. 

9. Shujiao Yang, Zhihua Zhang, Lin Shen, Peng Chen, Zhi Gu, 

Mingyuan Chang, Yue Zhao, Hao He*, Xiayin Yao*, Gravity-

driven poly(ethylene glycol)@Li1.5Al0.5Ge1.5(PO4)3 asymmetric 

solid polymer electrolytes for all-solid-state lithium batteries, 

Journal of Power Sources, 2022, 518:230756.  

https://onlinelibrary.wiley.com/authored-by/Chang/Xinshuang
https://onlinelibrary.wiley.com/authored-by/Liu/Gaozhan
https://onlinelibrary.wiley.com/authored-by/Wu/Ming
https://onlinelibrary.wiley.com/authored-by/Chang/Mingyuan
https://onlinelibrary.wiley.com/authored-by/Zhao/Xiaolei
https://onlinelibrary.wiley.com/authored-by/Chen/George+Z.
https://onlinelibrary.wiley.com/authored-by/Fow/Kam+Loon
https://onlinelibrary.wiley.com/authored-by/Yao/Xiayin


5 

 

Patents 

1. Xiayin Yao, Mingyuan Chang, Gaozhan Liu. Multi-sulfide 

materials preparing methods and relevant solid-state rechargeable 

battery. Chinese patent pending No.: 202210223722.8 

2. Xiayin Yao, Mingyuan Chang, Gaozhan Liu. LiI/multi-sulfide 

materials preparing methods and relevant solid-state rechargeable 

battery. Chinese patent No.: 202210223710.5 

3. Xiayin Yao, Mingyuan Chang, Gaozhan Liu. Solid-state 

electrolyte coated multi-sulfide materials preparing methods and 

relevant solid-state rechargeable battery. Chinese patent No.: 

202210027315.X 

  



6 

 

Acknowledgements 

As I stand at the culmination of this long and intellectually 

stimulating doctoral journey, I am overwhelmed with a sense of deep 

gratitude towards everyone who has been part of this expedition. This 

acknowledgment is a sincere effort to express my heartfelt thanks to 

all those who have been instrumental in supporting and guiding me 

through this rigorous academic endeavor. 

First of all, I would like to thank my off-campus advisor, Dr. 

Xiayin Yao, who gave me this opportunity to focus on my research 

work, his guidance and suggestion help me to get my PhD degree. I 

am grateful for the numerous hours we spent discussing my research 

ideas, brainstorming solutions, and dissecting complex concepts. His 

immense knowledge and expertise have provided me a solid 

foundation which let me built my own academic pursuits. Meanwhile 

I would like to thank my advisor Dr. Tao Wu and Dr. Ping Cui for 

their patient and invaluable advices. Their knowledge, meticulous 

attention, and boundless enthusiasm have illuminated my path, 

fostering a deeper understanding and a genuine passion for my study. 

I also would like to thank my colleagues for their support and 

assistance on my research work. For every staff of CNITECH testing 

center, I express my gratitude. They provided a lot of convenience 

for my analysis work. 



7 

 

Most importantly, I am very grateful to my parents, Mr. Jun 

Chang and Mrs. Shirong Liu for your continuous support in my work 

and life. I will attempt to articulate the depths of my appreciation for 

your unconditional love, support, and profound sacrifices. 

Throughout my life's journey, you have been the compass that steered 

me through rough seas, the beacon that lit my path in the darkest 

hours, and the anchor that kept me grounded amidst life's storms. 

During periods of intense pressure and fatigue, your understanding, 

patience, and inspiring words were my pillars of resilience. You 

taught me the importance of perseverance, discipline, and integrity – 

virtues that have been integral to my academic growth and 

professional development. I cannot carry on this difficult journey 

without your love and patient. You always encourage me, help me 

and understand me. you are the best mother and father in the world. 

Finally, my sincere appreciation extends to my grandfather, an 

outstanding engineer, Mr. Shucheng Chang. Your unconditional 

support, love, and guidance have been instrumental in my journey 

towards achieving this significant milestone in my life. Your wisdom, 

encouragement, and the strength of your character have continuously 

inspired me to push the boundaries of knowledge and strive for 

excellence. From my childhood until the master study period, your 

belief in my abilities has never wavered. I am grateful for the 



8 

 

numerous years we spent together. Your insightful suggestions and 

critical thinking skills have helped me to handle various problems. 

Your patience, understanding, and love have been my anchor during 

moments of stress and self-doubt. You gave me a loving and 

confident childhood, this love transited to my brave heart to deal with 

all kinds of issues. I will always miss you and hope you can proud of 

me, even though you have been away from me for six years, your 

spirit will accompany me through my whole life. 

There will be ups and downs in the future, but I would like to 

quote the speech content of my favorite singer: you will inevitably 

misspeak, trust the wrong person, underreact, overreact, hurt the 

people who did not deserve it, overthink, not think at all, self-

sabotage, ruined perfectly good moments for yourself and others, 

deny any wrong doing, not take the steps to make it right, feel very 

guilty, let the guilt eat you, hit rock bottom, finally address the pain 

you caused, try to do better next time, rinse, repeat. These mistakes 

will cause you to lose things. I am trying to tell you, that losing things 

does not just mean losing. A lot of time when we lose things, we gain 

things too. And I know it is hard to know which path to take. There 

will be times in life where you need to stand up for yourself. Times 

when the right thing is actually to backdown and apologize. Times 

when the right thing is to fight. Times when the right thing is to turn 



9 

 

and run. Times to hold on with all you have. Times to let go with 

grace. Sometimes the right thing to do is to throw out the old school 

of thoughts. Sometimes the right thing to do is sit and listen to the 

wisdom of those who have come before us. We will learn from it. We 

will grow more resilient because of it. As long as we are fortunate 

enough to be breathing, we will breathe in, breath through, breath 

deep, and breath out. 

  



10 

 

Table of Contents 

Abstract ............................................................................................ 1 

Achievements ................................................................................... 3 

Acknowledgements .......................................................................... 6 

List of Figures ................................................................................ 14 

List of Tables .................................................................................. 20 

List of Abbreviations ..................................................................... 21 

List of Symbols ............................................................................... 24 

Chapter 1. Introduction ................................................................ 27 

1.1. Research background ............................................................ 27 

1.2. Objectives and approaches .................................................... 30 

Chapter 2. Literature Review ....................................................... 35 

2.1. Introduction ........................................................................... 35 

2.2. Electrode and electrolyte materials ....................................... 39 

2.2.1. All solid state electrolyte materials ................................. 39 

2.2.1.1. Polymer solid electrolytes ................................ 41 

2.2.1.2. Inorganic solid electrolytes .............................. 42 

2.2.2. All-solid-state lithium battery electrode materials ......... 49 

2.2.2.1. Transition metal oxide and phosphate cathodes 

based on de-intercalation reaction (3.5–5.0 V) ............. 50 

2.2.2.2. Chalcogenides based on lithium-sulfur and 



11 

 

lithium-selenium reactions (~2.0 V) ............................. 59 

2.2.2.3. Transition metal polysulfides based on anionic 

redox reactions (~2.0 V) ............................................... 68 

2.2.2.4. Layered transition metal disulfides based on 

intercalation/de-intercalation reaction (~2.0 V)............ 74 

2.2.2.5. Transition metal sulfides based on conversion 

reactions (1.0–2.0 V) ..................................................... 81 

2.2.2.6. Anode materials based on alloying reaction (< 1.0 

V) .................................................................................. 85 

2.2.2.7. Lithium metal anode materials (0 V) ............... 92 

2.3. Summary ............................................................................... 98 

Chapter 3. Experiments .............................................................. 102 

3.1. Materials preparation .......................................................... 102 

3.1.1. MoS6 ............................................................................. 102 

3.1.1.1. Introduction .................................................... 102 

3.1.1.2. Preparation of (NH4)2Mo2S12 precursor. ........ 104 

3.1.1.3. Preparation of MoS6 ....................................... 104 

3.1.2. MoS6 @ Li7P3S11 composite ....................................... 105 

3.1.2.1. Introduction .................................................... 105 

3.1.2.2. Preparation of MoS6@15%Li7P3S11 composite

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



12 

 

3.1.3. 95MoS65LiI composite ................................................ 106 

3.1.3.1. Introduction .................................................... 106 

3.1.3.2. Preparation of 95MoS65LiI ........................... 107 

3.2. Fabrication and evaluation of all-solid-state batteries ........ 107 

3.2.1. Battery assembling of MoS6 ......................................... 107 

3.2.1.1. All-solid-state lithium battery assembling ..... 107 

3.2.1.2. Lithium-ion battery assembling ..................... 108 

3.2.2. Battery assembling of MoS6@15%Li7P3S11 composite 109 

3.2.3. Battery assembling of 95MoS65LiI composite ............ 109 

3.3. The electrochemical performances analysis of Battery ...... 110 

3.4. Materials characterization ................................................... 111 

3.4.1. X-ray diffractions (XRD) .............................................. 112 

3.4.2. Raman spectrophotometer ............................................ 113 

3.4.3. Inductively coupled plasma emission spectrometer 

analysis (ICP-OES) ................................................................. 115 

3.4.4. Field emission scanning electron microscopy (SEM) .. 117 

3.4.5. SEM-energy dispersive spectroscopy ........................... 118 

3.4.6. High-resolution transmission electron microscopy 

(HRTEM) ................................................................................ 119 



13 

 

3.4.7. Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-

SIMS) ...................................................................................... 121 

Chapter 4. MoS6 .......................................................................... 123 

4.1. Characterization results of MoS6 ........................................ 123 

4.2. Electrochemical performances of MoS6 ............................. 126 

Chapter 5. MoS6@15%Li7P3S11 ................................................. 136 

5.1. Characterization results of MoS6@15% Li7P3S11 ............... 136 

5.2. Electrochemical performances of MoS6@15% Li7P3S11 .... 142 

Chapter 6. 95MoS65LiI.............................................................. 157 

6.1. Characterization results of 95MoS65LiI ............................ 157 

6.2. Electrochemical performances of 95MoS65LiI ................. 162 

Chapter 7. Conclusions ............................................................... 174 

Chapter 8. Future works ............................................................ 179 

Bibliography ................................................................................ 183 

 

  



14 

 

List of Figures 

Figure 1-1 The flow chart of doctoral research project. 

Figure 2-1 Chemistry of various batteries 

Figure 2-2 The structure of all-solid-state lithium battery. 

Figure 2-3 The advantages and limitations of different solid 

electrolytes. 

Figure 2-4 Galvanostatic discharge/charge and electrochemical 

impedance spectroscopy profiles of uncoated LiCoO2 and LiCoO2 

coated with (a) Li4Ti5O12 and (b) LiNbO3. 

Figure 2-5 Galvanostatic discharge/charge profiles and Schematic of 

the interfacial reactions of LiNbO3-LNMO/LGPS/Li. 

Figure 2-6 Galvanostatic discharge/charge curves and intermediates 

of lithium-sulfur batteries. 

Figure 2-7 Two mechanisms of redox activity in electrode materials. 

Figure 2-8 Comparation of various cathode materials. 

Figure 2-9 Cyclic performances of cubic FeS2 assembled in two 

different battery systems. 

Figure 2-10 Cyclic performances of Li/Li7P3S11/MoS2@Li7P3S11 all-

solid-state battery. 

Figure 2-11 Crystal structure and cyclic performances of hc-VS2 

cathode material under the current density of 0.1 mA g−1. 

Figure 2-12 Schematic illustration, Ragone plot and Long-term 



15 

 

cyclic performance of Li/LPOS/LGPS/Co9S8-LPS battery. 

Figure 2-13 The in-situ characterization technique for solid 

electrolyte reaction interphase analysis. 

Figure 4-1 XRD pattern of (NH4)2Mo2S12. 

Figure 4-2 XRD pattern of MoS6. 

Figure 4-3 Raman spectra of MoS6 

Figure 4-4 SEM image of (a) MoS6. TEM image of (b) MoS6 as well 

as SAED image of (c) MoS6. 

Figure 4-5 SEM images of (a) MoS6-2 and (b) MoS6-3. TEM images 

of (c) MoS6-2 and (d) MoS6-3. 

Figure 4-6 Cyclic performances of Li/Li6PS5Cl/MoS6 and Li/ 

Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5/MoS6 all-solid-state 

batteries under 0.2 A g−1. 

Figure 4-7 Cyclic performances of all-solid-state batteries with 

50MoS6: 50Li10GeP2S12, 40MoS6: 50Li10GeP2S12: 10Super P and 

40MoS6: 40Li10GeP2S12: 20Super P cathodes under 0.1 A g−1. 

Figure 4-8 CV curves of (a) MoS6. Galvanostatic discharge/charge 

profiles of (b) MoS6 cathodes under the current density of 0.1 A g−1. 

Figure 4-9 The capacity data and error range of MoS6, 

MoS6@15%Li7P3S11 and MoS65LiI. 

Figure 4-10 Galvanostatic discharge/charge profiles of (a) 

Li/Li6PS5Cl/MoS6 and (b) Li/commercial liquid electrolyte/MoS6 



16 

 

under the current density of 0.1 A g−1. 

Figure 4-11 Nyquist plots and the equivalent circuit diagram of 

MoS6 and MoS6@15%Li7P3S11 composite cathodes after 1st and 20th 

cycles at 0.1 A g−1 within1.0–3.0 V. 

Figure 4-12 (a) Rate performances of MoS6 under different current 

densities. (b) Ragone plot deduced from the rate performances in (a). 

Figure 4-13 Long-term cyclic performance of MoS6 under 1 A g−1. 

Figure 5-1 Schematic diagram of preparation procedure for 

MoS6@15%Li7P3S11 composite. 

Figure 5-2 XRD patterns of MoS6 and MoS6@15%Li7P3S11 

composite. 

Figure 5-3 Raman spectra of MoS6 and MoS6@15%Li7P3S11 

composite. 

Figure 5-4 SEM images of (a) MoS6 and (b) MoS6@15% Li7P3S11. 

Figure 5-5 EDS mapping of MoS6@15%Li7P3S11 composite. 

Figure 5-6 TEM images of (a) MoS6 and (b) MoS6@15% Li7P3S11. 

Figure 5-7 HRTEM images of MoS6@15% Li7P3S11. 

Figure 5-8 SEM images of (a) MoS6@15%Li7P3S11-2 and (b) 

MoS6@15%Li7P3S11-3. TEM images of (c) MoS6@15%Li7P3S11-2 

and (d) MoS6@15%Li7P3S11-3. 

Figure 5-9 CV curves of (a) MoS6 and (b) MoS6@15%Li7P3S11 

composite. 



17 

 

Figure 5-10 Galvanostatic discharge/charge profiles of (a) MoS6 and 

(b) MoS6@15%Li7P3S11 composite cathodes at 0.1 A g−1. 

Figure 5-11 Cyclic performances of Li/Li6PS5Cl/MoS6 and 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-state batteries under 0.1 A 

g−1. 

Figure 5-12 Cyclic performances of MoS6@10%Li7P3S11, 

MoS6@15%Li7P3S11 and MoS6@20%Li7P3S11 cathodes under 0.1 A 

g−1. 

Figure 5-13 Nyquist plots and the equivalent circuit diagram of 

MoS6 and MoS6@15%Li7P3S11 composite cathodes over range of 

1.0-3.0 V at 0.1 A g−1after 1st and 20th cycles. 

Figure 5-14 Rate performances of MoS6 and MoS6@15%Li7P3S11 

composite under different current densities. 

Figure 5-15 Ragone plot deduced from the rate performances in 

Figure 5-14. 

Figure 5-16 (a) Long-term cyclic performance of 

MoS6@15%Li7P3S11 composite under 1 A g−1. (b) The EDS mapping 

of MoS6@15%Li7P3S11 composite after 1000 cycles. 

Figure 5-17 CV curves at different scan rates of (a) 

MoS6@15%Li7P3S11 composite and (c) MoS6. The log (peak current) 

vs. log (scan rate) fitted plots at reduction and oxidation peaks of (b) 

MoS6@15%Li7P3S11 composite and (d) MoS6. 



18 

 

Figure 5-18 GITT plot of Li/Li6PS5Cl/MoS6@15%Li7P3S11 

composite and Li/Li6PS5Cl/MoS6 all-solid-state lithium batteries. 

Figure 6-1 schematic illustration of preparation process for 

95MoS65LiI composite. 

Figure 6-2 XRD pattern of MoS6 and 95MoS65LiI composite. 

Figure 6-3 SEM images of (a) MoS6 and (b) 95MoS65LiI composite. 

Figure 6-4 STEM elemental mapping images of 95MoS65LiI 

composite. 

Figure 6-5 TEM images of (a) MoS6 and (b) 95MoS65LiI composite 

as well as SAED pattern of (c) 95MoS65LiI composite. 

Figure 6-6 SEM images of (a) MoS6-2 and (b) MoS6-3. TEM images 

of (c) MoS6-2 and (d) MoS6-3. 

Figure 6-7 TOF-SIMS 3D distribution images of I−, S2
2− and IS3− 

ions for (a) MoS6, (b) LiI and (c) 95MoS65LiI. Blue and red color 

present low and high content of ions, respectively. 

Figure 6-8 CV curves of (a) MoS6 and (b) 95MoS65LiI composite. 

Figure 6-9 Galvanostatic discharge/charge profiles of (a) MoS6 and 

(b) 95MoS65LiI composite over voltage range of 1.0–3.0 V under 

0.1 A g−1. 

Figure 6-10 Cyclic performance of 95MoS65LiI composite and 

MoS6 at 0.1 A g−1 within1.0–3.0 V. 

Figure 6-11 Cyclic performances of 90MoS610LiI, 99MoS61LiI 



19 

 

and 95MoS65LiI composite under 0.1 A g−1. 

Figure 6-12 Rate performances of MoS6 and 95MoS65LiI 

composite under different current densities. 

Figure 6-13 Ragone plot deduced from the rate performances in 

Figure 6-12. 

Figure 6-14 Long-term cyclic performance of MoS6 and 

95MoS65LiI composite under 1 A g−1. 

Figure 6-15 Nyquist plots and the equivalent circuit diagram of 

MoS6 and 95MoS65LiI composite cathodes after 1st and 500th cycles 

at 1 A g−1 within1.0–3.0 V. 

Figure 6-16 CV curves of (a) 95MoS65LiI composite and (c) MoS6 

with various scan rates. The log (peak current) vs. log (scan rate) 

simulation plots at reduction and oxidation peaks of (b) 95MoS65LiI 

and (d) MoS6. 

Figure 6-17 (a) Measured diffusivities plot of 

Li/Li6PS5Cl/95MoS65LiI and Li/Li6PS5Cl/MoS6 all-solid-state 

lithium batteries. The plot is derived from GITT measurements. (b) 

GITT plot of Li/Li6PS5Cl/95MoS65LiI and Li/Li6PS5Cl/MoS6 all-

solid-state lithium batteries. 

  



20 

 

List of Tables 

Table 4-1 The inductively coupled plasma emission spectrometer 

analysis of MoS6. 

Table 4-2 The specific capacity comparison of MoS6-1, MoS6-2 and 

MoS6-3 under the current density of 0.1 A g−1. 

Table 4-3 EIS fitting results of MoS6 and MoS6@15%Li7P3S11 under 

0.1 A g−1 after 20 cycles. 

Table 5-1 The specific capacity comparison of MoS6@15%Li7P3S11-

1, MoS6@15%Li7P3S11-2 and MoS6@15%Li7P3S11-3 under the 

current density of 0.1 A g−1. 

Table 5-2 Electrochemical performances comparison of various 

active materials in all-solid-state batteries. 

Table 5-3 EIS fitting results of MoS6 and MoS6@15%Li7P3S11 under 

0.1 A g−1 after 20 cycles. 

Table 6-1 The specific capacity comparison of 95MoS65LiI-1, 

95MoS65LiI-2 and 95MoS65LiI-3 under the current density of 0.1 

A g−1. 

Table 6-2 EIS fitting results of MoS6 and 95MoS65LiI composites 

under 1 A g−1 after 500 cycles. 

  



21 

 

List of Abbreviations 

AB                     Acetylene black 

ALD                  Atomic layer deposition 

C                       Charge rate 

CFS                   C-FeS2-S composite 

CMK-3              Ordered mesoporous carbon 

CPE                   Constant phase angle element 

CV                     Cyclic Voltammetry 

DF-MD              Density functional-molecular dynamics 

DFT                   Density functional theory 

EDS                   Energy-dispersive X-ray spectroscopy 

EIS                     Electrochemical impedance spectroscopy 

ESM                   Eggshell membrance 

FIB                     Focused ion beam 

GITT                  Galvanostatic intermittent titration technique 

HRTEM             High Resolution Transmission Electron Microscope 

ICP-OES            Inductively coupled plasma optical emission 

spectrometer 

LATP                 Li1.3Al0.3Ti1.7(PO4)3 

LGPS                 Li10GeP2S12 

LIB                    Lithium-ion batteries 

LNMO               LiNi0.5Mn1.5O4 



22 

 

LPOS                 75Li2S·24P2S5·1P2O5 

LPS                    Li3PS4 

LTO                   Li4Ti5O12 

MWCNT           Multi-walled carbon nanotubes 

NCA                  Ni-Co-Al composite 

NHE                  Normal hydrogen electrode 

NS                      Nanosheets 

PAN                   Polyacrylonitrile 

PEO                   Polyethylene oxide 

PH                     Pondus hydrogenii 

PLD                   Pulsed laser deposition 

PMMA              Polymethyl methacrylate 

PPO                   Polyphenylene ethe 

PVDC                Polyvinylidene chloride 

PVDF                Polyvinylidene difluoride 

PVP                   Polyvinyl pyrrolidone 

rGO                   Reduced graphene oxide 

SE                     Solid electrolyte 

SEI                    Solid electrolyte interphase 

SEM                  Scanning electron microscope 

SLMP                Synthesized lithium metal powder 

TBAOH             Tetrabutylammonium hydroxide 



23 

 

XPS                   X-ray photoelectron spectroscopy 

XRD                  X-ray diffraction 

2D                     Two dimension 

  



24 

 

List of Symbols 

°C                   Degree Celsius 

wt.%               Weight percentage 

Å                     Angstrom 

nm                   Nanometer 

µm                   Micron 

mm                  Millimeter 

cm                    Centimeter 

µg                     Microgram 

mg                    Milligram 

g                       Gram 

kg                     Kilogram 

min                   Minute 

h                       Hour 

W                      Watt 

kW                    Kilowatt 

m2                     Square meter 

m3                     Cubic meter 

ml                      Milliliter 

L                        Liter 

mol                    Mole 

V                        Volt 



25 

 

kV                      Kilovolt 

eV                       Electron volt 

S cm−1                Siemens per centimeter 

µA cm−2             Microampere per square meter 

mA cm−2             Milliampere per square meter 

mAh g−1              Milliampere hour per gram 

Wh kg−1              Watt hour per kilogram 

W kg−1                Watt per kilogram 

Wh L−1                Watt hour per liter 

mA g−1                 Milliampere per gram 

A g−1                    Ampere per gram 

mg cm−2               Milligram per square meter 

mAh cm−3            Milliampere hour per cubic meter 

cm3 mol−1             Cubic meter per mole 

rpm                       Revolutions per minute 

Mpa                      Megapascal 

cm−1                      Per centimeter 

Ω                           Ohm 

Hz                         Hertz 

MHz                      Millionhertz 

Re                          Resistance of the electrolyte 

Rct                         Interfacial charge transfer resistance 



26 

 

Zw                     Warburg resistance 

i                        Peak current 

τ                       Time duration of the pulse 

nm                    Molar mass of the active material 

vm                    Volume of the active material 

S                       Cell interfacial area 

∆Es                   Voltage drops of the pulse 

∆Et                   Voltage drops of discharge process 

v                       Scan rate 

D                      Diffusion 

  



27 

 

Chapter 1. Introduction 

1.1 Research background 

Lithium-ion batteries are used in many fields such as consumer 

electronic devices, electronic vehicle and other energy storage 

equipment. Using renewable energy sources to replace traditional 

sources can protect environment effectively due to the reduced 

consumption of fossil fuels. In 1799, Alessandro Volta realized the 

first demonstration of electrochemical device, Vlotaic Pile, and ~200 

years later, the first commercial lithium-ion battery (LIB) was 

successfully launched by Sony Corporation, opening up the 

electrification period by the widespread uses of electrochemical 

energy storage devices with great impacts in economy and ecology. 

Consequently, the three founders of LIBs, John. B. Goodenough, M. 

Stanly Whittingham and Akira Yoshino won the Nobel Prize in 

Chemistry in 2019[1]. 

A LIB consists of anode materials, cathode materials, liquid 

electrolytes and separators[2]. Typically, in the system of LIBs, 

LiNixCoyMn1−x−yO2 or LiFePO4 are employed as the cathode 

materials, graphite is used as the anode material, and organic liquid 

electrolyte consisting of Li salt and solvents is infused into the 

polymer-based separator between the cathode and anode. During the 
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charge progress, lithium ions are extracted from the cathode 

materials, pass through the electrolyte, and intercalate into the 

graphite anode. The separator not only ensures the Li+ transport, but 

also prevents the crossover of electrons that causes short circuit of 

the cell. During the discharge progress, the electrochemical reactions 

and transportations proceed inversely[3-6]. 

LIBs are the most employed devices in electrochemical energy 

storage fields, including portable electronic devices, electric vehicles, 

energy storage station, etc. They provide significant benefits in 

ecology, such as reducing air pollution and contributing to a cleaner 

environment, increasing efficiency of solar, wind, and other clean 

energy conversion into electrical energy, and alleviating the 

dependence of human’s society on the fuel resources. However, the 

large-scale applications of LIBs are still challenged, owing to 

performance and safety concern. The risk of leakage, short-circuiting 

and even fire in extreme conditions are still frequent in electric 

vehicle because of the liquid electrolyte of lithium ion batteries. 

Finally, the energy density and capacity fading of the conventional 

LIBs are still below the desired levels of electrical vehicles. 

To address the limitation issue of LIBs, a large number of 

researches are investigated. Due to the limited lithium ions diffusion 

coefficient, lithium ions often precipitated on the graphite anode 
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surface instead of inner intercalation, resulting in metallic Li 

deposition. Normally, metallic Li plating exhibits dendrite-like shape, 

and can pierce the separator, resulting in short circuit, finally caused 

thermal run away. The Li plating mainly occurs in conditions of low 

temperature and high charge rate. The low temperature would lead to 

a low diffusion coefficient, while high charge rate imposes a large 

Li+ flux, all these issues can cause unmatched transport/reaction 

kinetics at the electrode/electrolyte interface, which is the origin of 

dendrite growth. 

Compared with liquid lithium batteries, all-solid-state lithium 

batteries are expected to revolutionize the electric vehicle industry 

with their superior energy density and safety characteristics. Solid-

state lithium batteries have potential to significantly increase the 

driving range of electric vehicles due to their high energy density 

based on the enlarged working voltage window. In addition, 

compared with liquid electrolyte used in traditional lithium-ion 

batteries, the solid state electrolyte can eliminate the risk of 

electrolyte leakage and reduce the thermal runaway probability, 

hence making the solid-state batteries become a safer option for 

electric vehicles. Among all solid-state electrolytes, sulfide-based 

electrolytes have broad application potential because of their high 

ionic conductivity and lower elastic modulus. Meanwhile, sulfide 
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electrolytes show superior compatibility with high-capacity 

transition metal sulfide cathodes due to the similar chemical potential, 

thus leading to higher energy density of the battery. However, all-

solid-state lithium batteries with sulfide electrolyte and transition 

metal sulfide cathode still confront challenges of undesirable ionic 

transport kinetics and inferior interface contact within cathode layer. 

Furthermore, the specific capacity of transition metal sulfide cathode 

needs to be further improved to pursuit the increasing requirements 

of energy density. 

1.2  Objectives and approaches 

The all-solid-state lithium batteries studied in this thesis consist 

of lithium metal anode, sulfide solid electrolyte, and transition metal 

polysulfide. The main objective of this thesis is to design cathode 

material for all-solid-state lithium batteries with high theoretical 

capacity, intimate contact within cathode layer and good cyclic 

stability. Based on this context, three parts have been implemented: 

(1) Selection of polysulfide cathode materials with excellent 

electrochemical performance, with following investigations: 

a. Literature reviewing. 

b. MoS6 material synthesis. 

c. Evaluating of electrochemical performance. 
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d. Mechanism analysis. 

(2) Enhancement of MoS6 by coupling with Li7P3S11, which 

could improve the intimate contact between the cathode and 

electrolyte, so as to reach a high reversible capacity of the battery, 

with following investigations: 

a. MoS6@15%Li7P3S11 composite synthesis. 

b. Evaluating of electrochemical performance. 

c. Mechanism analysis. 

(3) Improvement of MoS6 by ball milling with LiI, with aims of 

improving the lithium ion coefficient during the charge-discharge 

process, resulting in a long cycle life of the battery: 

a. 95MoS65LiI composite synthesis. 

b. Evaluating of electrochemical performance. 

c. Mechanism analysis. 

These approaches will be divided into three works, which could 

correspond to two published papers. Every work will achieve at least 

one objective. 

Thesis structure 

Chapter 1 is the introduction part. It includes research 

background, objectives and approaches, and thesis structure.  

Chapter 2 focuses on the literature review. It introduces cathode, 

anode, and solid state electrolyte materials reported in recent 
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literatures. This review gives reasons for the cathode materials 

selection and the designing of all-solid-state batteries. 

Chapter 3 lists the methods of sample synthesis and 

characterizations in this thesis. It presents the detailed preparation 

methods of MoS6, MoS6@15%Li7P3S11, 95MoS65LiI and the 

fabrication of related batteries. Furthermore, the principles of various 

characterization techniques are introduced. 

Chapter 4 studies the morphology and electrochemical 

performances of MoS6, and the analysis of working principle of the 

investigated cathode materials during the initial charge-discharge 

process. This chapter provides a theoretical basis for further 

improvement in electrochemical performance of the MoS6 materials 

in the following two chapters. 

Chapter 5 studies the morphology and electrochemical 

performances of MoS6@15%Li7P3S11. By coupling with Li7P3S11 

sulfide electrolyte thin layer, the intimate contact between the 

cathode layer and electrolyte leads to a fast ionic transport kinetic, 

resulting in a high reversible specific capacity and stable cycle life. 

Chapter 6 studies the morphology and electrochemical 

performances of 95MoS65LiI. By doping LiI into the MoS6 lattice 

via ball milling, the lithium ion diffusion coefficient is improved, 

resulting in fast electrochemical reaction kinetics. As a result, 
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95MoS65LiI realizes a high reversible specific capacity and long 

cycle life. 

Chapter 7 concludes the findings of MoS6, MoS6@15%Li7P3S11 

and 95MoS65LiI in the project. 

Chapter 8 gives a perspective based on the achievements of this 

project. It mainly introduces the present situation of transit metal 

sulfides based all-solid-state batteries and some possible directions 

for future study. 

The relevant flow chart is shown in Figure1-1, which displays 

the technical route of the whole doctoral research project. This thesis 

provides promising cathode materials, MoS6, MoS6@15%Li7P3S11 

and 95MoS65LiI, with high theoretical specific capacity, good 

compatibility with solid-state electrolytes, as well as prominent 

electrochemical reaction kinetics for all-solid-state lithium 

rechargeable batteries. 
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Figure 1-1 The flow chart of doctoral research project. 
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Chapter 2. Literature Review 

2.1. Introduction 

Energy storage is an essential issue for the sustainable 

development of human society. On the one hand, energy storage 

systems ensure the availability of power in occasional situation of 

shortage of primary energy source. Besides, energy storage systems 

can provide backup power in the event of grid failures or natural 

disasters, ensuring basic operation of critical services and 

infrastructure. From the perspective of economics, energy storage 

can lower energy costs by reducing the need for traditional power 

plant and allowing efficiently using of the electric grids. It also 

creates new economic opportunities through the development of new 

technologies and industries[7-10]. The overexploitation and 

utilization of non-renewable fossil fuels such as coal, petroleum and 

natural gas not only cause serious depletion of natural resources, but 

also has a huge impact on the environment and climate. In order to 

pursue the sustainable development of human society, energy 

structure optimization, clean energy development, energy transition 

efficiency improvement and energy storage technology innovation 

become global problems[11-15]. At present, the development of 

clean energy mainly focuses on hydro, solar, wind, geothermal, tidal, 
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and nuclear energy. However, these energy sources feature 

discontinuity and instability[16-19], and it is crucial to develop high-

efficient energy storage devices to store these renewable energy for 

scheduled application. 

Electrochemical power source, which can convert chemical 

energy into electrical energy, is widely used in various fields such as 

civil and military industries due to the portability and reliability[20-

23]. According to the nature of uses, the electrochemical power 

source can be divided into three categories: primary batteries, 

secondary batteries and fuel cells. 

As an important member of the secondary batteries (Figure 2-

1), lithium-ion batteries have been utilized broadly in the field of 

plug-in hybrid/electric vehicles, smartphones, laptop computers and 

other portable electronic devices for the last decades, significantly 

reducing the environmental pollution and greenhouse gas emissions. 

The energy density of lithium-ion batteries is close to their limitation 

because of the low theoretical capacity of oxide cathodes (i.e. 

LiFePO4, LiCoO2, and LiNixMnyCozO2)[24-27] and graphite anode 

materials[28]. Lithium-sulfur batteries using lithium metal anode 

instead of graphite can realize high theoretical specific capacity 

value[29]. However, the organic liquid electrolyte based lithium-

sulfur batteries have safety concerns such as leakage and explosion, 
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as well as poor rate capability and cycling stability due to the huge 

volume change of sulfur during the charge/discharge process. All-

solid-state lithium batteries with nonflammable inorganic solid-state-

electrolyte have attracted much attention in the field of energy 

storage[30-32]. 

 

Figure 2-1 Chemistry of various batteries[1] 

All-solid-state lithium batteries are mainly composed of three 

components: positive electrode, solid electrolyte and negative 

electrode. The working mechanism of all-solid-state lithium batteries 

are similar with lithium-ion batteries. During the charge process, 

lithium ions are de-intercalated from the active material of cathode 

and migrate to the anode through the solid electrolyte, while 

electrons flow from the positive electrode to the negative electrode 
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through the external circuit, finally lithium ions and electrons 

reencounter at the negative electrode, where alloying or intercalation 

reactions would occur[33-37]. These processes are inversed during 

discharge of the battery. In solid electrolytes, lithium ions migrate or 

diffuse through lithium ions transport channels, defects, or polymer 

segments in the crystal structure. The solid electrolyte can transport 

lithium ions while impeding electron transfers, the schematic 

illustration of all-solid-state lithium battery is shown in Figure 2-2, 

where the green, blue and grey balls present the lithium, active 

materials and solid electrolyte, respectively[38]. 

 

Figure 2-2 The structure of all-solid-state lithium battery[38]. 
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2.2. Electrode and electrolyte materials 

2.2.1. All solid state electrolyte materials 

Solid electrolyte, also known as fast ionic conductor or 

superionic conductor, is the core component of all-solid-state lithium 

battery for achieving high safety, high energy density and long cycle 

life. These materials typically possess high ionic conductivity (10−1–

10−4 S cm−1), low conductivity activation energy (< 0.5 eV) and high 

ion mobility number (tLi+≈1) within a certain temperature range[37, 

39-41]. Thus, the solid electrolyte is both a fast-ion conductor and an 

electronic insulator. Using solid electrolytes instead of flammable 

organic electrolytes and separators can completely eliminate the risks 

of leakage, combustion, and explosion associated with conventional 

lithium-ion batteries[42-50]. In addition, the all-solid-state battery 

can employ lithium metal as anode, which not only increases the 

operating voltage of the battery, but also provides higher specific 

capacity than that of graphite for achieving higher energy density of 

all-solid-state lithium batteries[51-58]. According to the different 

chemical composition, solid electrolytes are mainly divided into two 

categories: polymer and inorganic solid electrolytes. Polymer 

electrolyte based batteries have the advantages of high flexibility, 

viscoelasticity, and film-forming ability[59-62]. However, due to the 
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limited operating temperature range, low conductivity at room 

temperature, narrow electrochemical window, as well as poor 

mechanical strength, further works are still needed for improving the 

performance of polymer electrolyte based battery. Alternatively, 

inorganic solid electrolytes have broad application prospects in high-

safety and large-capacity all-solid-state lithium batteries due to the 

high conductivity, high mechanical strength performances even at 

high temperature. The advantages and limitations of various solid 

electrolytes are shown in the Figure 2-3. The radar plots display the 

performances of oxide solid electrolytes, sulfide solid electrolytes, 

hydride solid electrolytes, halide solid electrolytes, thin-film 

electrolytes and polymer solid electrolytes[38]. 

 

Figure 2-3 The advantages and limitations of different solid 

electrolytes[38]. 
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2.2.1.1. Polymer solid electrolytes 

Polymer solid electrolytes are composed of polymer matrices 

(polyamines, polyesters, and polyethers, among others) and lithium-

based salts (LiPF6, LiClO4, and LiTFSI, etc.)[63-68], they exhibit a 

series of advantages such as light weight, easy film formation, 

outstanding viscoelasticity, and good processability[69, 70]. Polymer 

solid electrolytes mainly include polyvinyl oxide systems, 

polycarbonate systems, polysiloxane systems and single-ion 

conductor systems. The earliest polymer solid electrolyte is obtained 

by mixing PEO polymer matrix with lithium-based salts. In the 

amorphous matrix, the lithium ions are continuously complexed and 

dissociated with other lithium ions come from the ethylene oxide unit, 

resulting in the conduction of lithium ions through chain segment 

movement[59, 71-73]. Due to the high crystallinity of PEO at room 

temperature, the high ionic conductivity performance cannot be 

easily realized[74]. Some strategies such as blending, 

copolymerization, cross-linking, combing, grafting, hyperbranching 

and inorganic hybridization, can effectively reduce the crystallinity 

and transition temperature of the glass-phase in polymer matrix, 

resulting in improved kinetics of the chain segments and the 

dissociation of lithium salts, thereby increasing the ionic 

conductivity at room-temperature[75]. Furthermore, common 
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polymer matrices also include polyvinylidene fluoride (PVDF)[76], 

polypropylene oxide (PPO)[77], polymethyl methacrylate 

(PMMA)[78], polyacrylonitrile (PAN)[79] and polyvinylidene 

chloride (PVDC)[80], etc. Due to the low ionic conductivity at room 

temperature and the narrow operating temperature range, the 

practical application of the polymer electrolyte based solid-state 

batteries still confront challenges. 

2.2.1.2. Inorganic solid electrolytes 

Compared with polymer solid electrolytes, inorganic solid 

electrolytes possess numerous advantages like non-flammable 

property and wide operating temperature range. Some sulfide 

electrolytes can even achieve a similar ionic conductivity compared 

with that of liquid electrolyte at room temperature. The dense 

inorganic solid electrolyte can also impede the growth of lithium 

dendrites and prevent short circuit issue in the battery. Some 

electrolytes display high oxidation potential and stability when 

coupled with lithium metal. Finally, depending on the different 

requirements, various preparation methods are employed to synthesis 

the electrolytes, which can be molded into desired shape and size[81-

87]. 

According to the crystallographic characteristics, inorganic 



43 

 

solid electrolytes could be divided into crystalline electrolytes, glass 

electrolytes and glass-ceramic electrolytes. Typically, crystalline 

solid electrolytes would be categorized in NASICON type[88], thio-

LISICON type[89], Garnet type[90], (trans) perovskite type[91], and 

Li3N type[92]. Glass type solid electrolytes normally include LiPON 

electrolytes and glass type sulfide electrolytes. Glass-ceramic solid 

electrolytes mainly composed of NASICON type and electrolytes of 

Li2S-P2S5[93-99]. Inorganic solid electrolytes can be roughly divided 

into two categories of oxide solid electrolyte and sulfide solid 

electrolyte. Among them, NASICON, LISICON, Garnet, 

(trans)perovskite and LiPIN belong to oxide solid electrolytes, while 

sulfide solid electrolytes include thio-LISICON and Li2S-P2S5 

electrolytes[100, 101]. 

Oxide solid electrolytes possess high chemical stability and can 

be prepared in the air. Improving the ionic conductivity and 

interfacial compatibility at room temperature are the main challenges 

for all-solid-state batteries using oxide solid electrolytes. At present, 

some strategies like homovalent elements substitution to adjust the 

ion transport channel, doping heterovalent elements to increase the 

concentration of carriers, and improving the preparation process to 

reduce the grain boundary are mainly proposed. Besides, coupling a 

polymer solid electrolyte layer or amorphous electrolyte thin film is 
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an effectively method to achieve dense interfacial contact, and 

improve the compatibility between oxide solid electrolyte and 

electrode material, especially the lithium metal anode. 

Owing to the larger ionic radius and stronger polarization of S2− 

compared with those of O2−, the sulfide solid electrolytes exhibit 

more suitable crystal structure for lithium-ion transport. On the other 

hand, the non-bridging S weakens the binding effect of the lattice 

backbone for lithium ions and increases the concentration of 

transiting lithium ions. As a result, sulfide solid electrolytes achieve 

a higher ionic conductivity than that of oxide solid electrolytes at 

room temperature. The sulfide solid electrolyte also shows a series 

of mechanical advantages such as soft texture, the dense sheet can be 

easily obtained by cold pressing. Nevertheless, the sulfide 

electrolytes can easily react with moisture in the air[102], resulting 

in the invalidation of the electrolyte. The high cost of raw materials 

for sulfide electrolyte preparation would be considered as a problem 

either[38]. 

(1) Crystalline sulfide solid electrolyte 

In 2001, the group from Tokyo Institute of Technology revealed 

that thio-LISICON crystalline solid electrolyte exist in Li2S-P2S5-

GeS2 solid solution[103]. Depending on different components ratio, 

the chemical composition of Li4−xGe1−xPxS4 can be divided into three 
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parts. In the range of 0.6<x<0.8, the Li4−xGe1−xPxS4 reveal a high 

ionic conductivity at room temperature. For the condition of x=0.75, 

the ionic conductivity reaches the highest value of 2.2×10−3 S cm−1. 

In 2011, The reaseatch group of Dr. Kanno synthesized a ternary 

Li10GeP2S12 with three-dimensional lithium ion transport 

channels[104]. It possesses a high ion conductivity value of 1.2×10−2 

S cm−1, which is comparable with that of liquid organic electrolytes, 

and display a wide electrochemical window of 5 V. In 2016, they 

developed a new ternary sulfide solid electrolyte, 

Li9.54Si1.74P1.44S11.7Cl0.3, with a ionic conductivity of 2.5×10−2 S cm−1, 

which is two fold higher han that of Li10GeP2S12 at room 

temperature[30]. 

(2) Glass type sulfide solid electrolytes 

Compared with crystalline materials, glass-type materials 

illustrate advantages of long-range disorder, short-range ordering and 

isotropy, which can further expand the lithium-ion transport channel 

and improve the room-temperature ionic conductivity of glass type 

sulfide solid electrolytes. Glass type sulfides are typically composed 

of network formers (SiS2, P2S5, B2S3, etc.) and network modifiers 

(Li2S), mainly including Li2S-SiS2, Li2S-P2S5, and Li2S-B2S3[105-

107]. Introducing bridging O into the binary sulfide solid electrolyte 

by adding small amount of lithium-containing oxide LixMOy can 
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effectively weaken the binding energy of bridging S for lithium 

ions[108, 109]. The additives of lithium halides (LiI, LiBr) can also 

enhance the ionic conductivity of the electrolyte at room 

temperature[110-112]. Glass type sulfide solid electrolytes exhibit 

advantages of high ionic conductivity, wide electrochemical window, 

wide composition controllability and good thermal stability, showing 

great application potential in the field of high safety and high energy 

density all-solid-state batteries. 

(3) Glass ceramic sulfide solid electrolyte 

In 2003, Dr. Tatsumisago of Osaka Prefecturel University 

reported that partial glass ceramics sulfide solid electrolyte can be 

obtained by recrystallization of Li2S-P2S5 glass electrolyte through 

high temperature treatment after ball milling. The conductivity of 

80%Li2S-20%P2S5 can reach the value of 7.2×10−4 S cm−1, which is 

five times higher than that of the glass based electrolyte[113]. Owing 

to the crystalline phase transition of Li7P3S11by annealing treatment, 

the ionic conductivity of 70%Li2S-30%P2S5 glass-ceramic 

electrolyte is higher than that of glass based electrolyte at room 

temperature[114]. At the same time, the glass particle of solid 

electrolytes becomes soft during the annealing process, which can 

reduce the grain boundaries and reduce the resistance. In 2012, Dr. 

Boulineau from Université de Picardie Jules Verne synthesized a new 
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sulfide based solid electrolyte, Li6PS5X (X: Cl, Br, I)[115]. Li6PS5Cl 

was synthesized with a high ion conductivity of 1.33 × 10−3 S cm−1. 

By substituting halogens for S2− in the electrolyte, the disordering of 

the sites is taken place and increasing the vacancy concentration of 

lithium ions, finally promote the diffusion of Li ions. Despite the 

lower ion conductivity than that of Li10GeP2S12, the Li6PS5Cl 

electrolyte possesses advantages such as facile preparation process 

and wide electrochemical window (~7V).  

Depending on the different preparation strategies, the common 

preparation methods of sulfide solid electrolytes mainly include[37, 

61, 116-121]: 

a. Mechanical ball milling. Typically, various raw materials are 

physically mixed together, the obtained mixture would proceed the 

solid-phase reaction by mechanical ball milling to obtain an 

amorphous sulfide solid electrolyte precursor, followed by annealing 

process to obtain a glass ceramic sulfide electrolyte. 

b. Wet chemical method. Different raw materials are added into 

the organic solvent with the stoichiometric ratio followed by stirring 

and heat treatment, receive the precursor containing solvent 

molecules. The as-prepared precursor powders can be converted into 

sulfide solid electrolyte after appropriate annealing treatment. 

c. Solution method. The sulfide solid electrolyte is completely 
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dissolved in an organic solvent to form a homogeneous solution 

firstly, and then the precursor powders can be obtained after 

removing the solvent. The glass ceramic sulfide solid electrolyte is 

then obtained after appropriate annealing treatment[122]. 

In conclusion, when integrating solid electrolyte into the all-

solid-state batteries, the following advantages could be achieved: 

a. Wide electrochemical window. Solid electrolytes with wide 

electrochemical window can broaden the selection range of electrode 

materials and realize the application of high-voltage cathode 

materials. 

b. High packaging efficiency. Because of the all solid raw 

materials property, it supports serial superposition and bipolar 

structure, simplifying the battery assembly process and facilitating 

rapid packaging. 

c. Film flexibility. Flexible thin-film batteries can be fabricated 

through PLD technology, which has broad development prospects in 

the fields of smart wearables and implantable medical devices in the 

future. 

d. High output voltage. By connecting the cells through multi-

layer stacking technology, the battery system with high output 

voltages can be produced. 
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e. High temperature tolerance. Solid materials are structurally 

stable over a wide temperature range while eliminate the risk of 

volatilization and combustion at high temperatures. With the 

increasing of temperature, the conductivity of the solid electrolyte 

increases as well. 

2.2.2. All-solid-state lithium battery electrode materials 

The selection of electrode material is also an important issue to 

affect the electrochemical performance of all-solid-state lithium 

batteries. On the one hand, the poor contact between the solid 

electrolyte and electrode material can cause a large interface contact 

resistance[123]. On the other hand, traditional electrode materials for 

lithium-ion batteries cannot meet the requirements of higher energy 

density of batteries. Therefore, the improvement of the compatibility 

and stability of the electrode/electrolyte interface and the 

development of new electrode materials with high specific capacity 

are the key issues to achieve high-performance all-solid-state lithium 

batteries. 

According to the different electrochemical reaction mechanisms 

of active materials, there are seven types of active materials used in 

all-solid-state lithium batteries with sulfide solid electrolytes. 
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2.2.2.1. Transition metal oxide and phosphate cathodes based on 

de-intercalation reaction (3.5–5.0 V) 

Cathode materials working at high voltage mainly include 

lithium intercalation transition metal oxides (LiCoO2, LiNiO2, 

LiNi0.8Co0.15Al0.05O2, LiNi1/3Co1/3Mn1/3O2, LiMn2O4, etc.) and 

phosphates (LiFePO4, LiCoPO4, Li3V2(PO4)3, etc.)[124-134]. The 

electrochemical reaction mechanism of them is based on the 

intercalation/de-intercalation reaction of lithium ions, resulting in 

good structural stability and long cycle life. When employing oxide 

cathode material as ionic conductor, the lithium ions transport from 

the electrolyte to the electrode side because of the chemical potential 

differences. At the same time, space charge layers will be formed in 

the electrode and the electrolyte, respectively. When introducing 

oxide cathode material as a hybrid conductor, the electrons can 

neutralize the concentration of lithium ion of the electrode layer, 

leading to the disappearance of space charge layers. In order to 

achieve chemical potential equilibrium, the lithium ions in the sulfide 

solid electrolyte migrate to the positive electrode side and enhance 

the space charge layer, resulting in the formation of lean Li layer 

between the electrolyte and electrode, which causes a large 

interfacial impedance[135]. In order to reduce the interface 

impedance and improve the rate performance of all-solid-state 
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lithium batteries, an oxide film with ionically conductive and 

electronically insulating between the cathode and the electrolyte 

would be introduced, which can inhibit the emergence of a space 

charge layer. The interfacial buffer layers are categorized in two 

types, space charge layers between oxide electrode and sulfide solid 

electrolyte and oxide buffer layer inserted into the 

electrode/electrolyte interfaces. Due to the similar chemical 

potentials of space charge layers and the electronic insulating 

properties of oxide buffer layer, the space charge layer cannot form 

at the interface between the electrolyte and cathode materials[123]. 

OHTA et al.[136] introduced a method by using a fluidized bed 

to spray a layer of Li4Ti5O12 and LiNbO3 nanofilms on the surface of 

LiCoO2 separately. The oxide nanofilms were employed as an 

interface modification layer for ionic conductivity/electronic 

insulation, which can eliminate the effecting of space charge layer. 

As shown in Figure 2-4, the interfacial impedance shortly decrease 

followed by the gradually increasing with the thickness increasing of 

the interfacial modification layer. When the thickness of layer reach 

5 nm, the assembled all-solid-state lithium batteries with electrolyte 

of Li3.25Ge0.25P0.75S4 and Li-In alloy exhibit the ideal electrochemical 

performance. Li4Ti5O12-coated LiCoO2 shows a capacity retention 

ratio of 64% at a current density of 5 mA cm−2. The LiNbO3 nano 
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buffer layer with higher ionic conductivity can further reduce the 

interfacial impedance. With the same coating thickness and current 

density, the discharge capacity retention ratio of all-solid-state 

lithium batteries is increased to 74%. 
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Figure 2-4 Galvanostatic discharge/charge and electrochemical 

impedance spectroscopy profiles of uncoated LiCoO2 and 

LiCoO2 coated with (a) Li4Ti5O12 and (b) LiNbO3[136]. 
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SAKUDA et al.[137, 138] introduced a sol-gel method to coat 

SiO2 and Li2SiO3 amorphous nanofilms on LiCoO2, respectively, 

which not only inhibit the formation of space charge layer, but also 

eliminate interfacial side reactions, thereby reduce the interfacial 

resistance. The coating layer can affect the pre-index factor of the 

Arrhenius equation instead of conductive activation energy. The 

In/80Li2S·20P2S5/LiCoO2@Li2SiO3, In/80Li2S·20P2S5/LiCoO2@ 

SiO2 and In/80Li2S·20P2S5/LiCoO2 all-solid-state lithium batteries 

exhibit capacities of 110, 80 and 60 mAh g−1 after 50 cycles at the 

current density of 0.1 C, respectively. The results illustrate that the 

ionic conductivity of the interfacial modification layer is crucial to 

improve the electrochemical performance of all-solid-state lithium 

batteries. 

In addition, during the battery preparation and cycling process, 

the high-resistance interfacial layer can be formed due to the inter-

diffusion reaction between the active materials and the solid 

electrolytes. Coating an oxide layer on the surface of active material 

can prevent the occurring of elemental diffusion and the formation of 

the interfacial layer, thus reducing the interfacial impedance and 

promoting the transport efficiency of lithium ions of the interfacial 

contact between the active material and solid electrolyte. Through 

characterization by using HRTEM and EDS, WOO et al.[139] 
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confirmed that a high-resistance interface layer with a thickness of 

30 nm (including Co, S, and P elements) formed within the interface 

of LiCoO2/Li3.25Ge0.25P0.75S4 after numerous cycles. Coating a Al2O3 

thin layer on LiCoO2 surface by atomic layer deposition (ALD) can 

inhibit elemental diffusion and reduce the interfacial resistance. 

SUMITA et al.[140] simulated the charge-discharge state of the 

LiFePO4/Li3PS4 interface by density functional-molecular dynamics 

(DF-MD). Due to the band matching and chemical potential 

difference within the LiFePO4/Li3PS4 interface, a lean Li layer 

formed in the sulfide electrolyte during the charge process, resulting 

in the instability of the interface. Employing an oxide interface layer 

can reduce the interface impedance. SAKUDA et al.[141] 

synthesized a LiFePO4 glass-ceramic cathode material. Through 

constructing a layer of nano-amorphous lithium phosphate on the 

cathode surface, the resultant LiFePO4/Li2S-P2S5 can effectively 

improve the velocity of charge transfer. As a result, the as-prepared 

LiFePO4 glass-ceramic electrode materials exhibit higher discharge 

specific capacity than that of commercialized LiFePO4. 

Furthermore, due to the volume change within the cathode layer 

during the charge-discharge process, a large stress/strain can occur at 

the interface of the cathode, resulting in layer pulverization and poor 

solid-solid contact. Reducing the particle size or coating thin layer 
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on the cathode surface can effectively alleviate the problems of 

volume change and stress concentration, which are beneficial to 

lithium ion migration and cycling stability. OKUMURA et al.[142] 

introduced buffer layers of NbO2, ZrO2, or MoO2 at the 

LiCoO2/LATP interface by pulsed laser deposition (PLD). The 

insertion of NbO2 can not only reduce the activation energy of 

interfacial charge transfer, but also inhibit the dramatic change of Co-

O valence during the de-lithiation process, alleviating the interfacial 

stress caused by volume change. 

In order to further improve the energy density of all-solid-state 

lithium batteries, ternary cathode materials with high-capacity 

(LiNi0.8Co0.15Al0.05O2(NCA), NCM) and LiNi0.5Mn1.5O4 (LNMO), 

LiCoMnO4 with high-voltage of 5 V are used in all-solid-state 

lithium batteries. XU et al.[143, 144] prepared a core-shell 

LiAlxCo1−xO2 electrode by using annealing method, releasing a 

discharge specific capacity of 115 mAh g−1 and 84 mAh g−1 with the 

current density of 1 C and 5 C at room temperature, respectively. The 

aluminum-rich layer on the cathode surface can reduce the interface 

impedance when used as a buffer layer. Due to the higher ionic 

conductivity of Li10GeP2S12, the assembled battery achieved an 

initial discharge specific capacity of 123.1 mAh g−1 at 0.1 C with a 

Coulombic efficiency of 69.1%. Furthermore, the particle size, 
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surface impurities, and defects of the NCA are also investigated. The 

results showed that the particle size can be reduced by mechanical 

ball milling and corresponding to the intimate solid-solid contact. 

The impurities and defects of cahode suface can also be removed by 

annealing process. The resultant NCA/ Li10GeP2S12 battery display 

an initial discharge specific capacity and coulombic efficiency of 146 

mAh g−1 and 76% at 0.1 C, respectively. 

To address the poor compatibility of spinel LiNi0.5Mn1.5O4 (5 

V)with sulfide solid electrolytes, TATSUMISAGO et al.[145] coated 

Li3PO4 on the surface of LNMO by PLD technology. Although the 

buffer layer reduces the interface impedance between the LNMO and 

Li2S-P2S5, the average operating voltage of In/80%Li2S-

20%P2S5/LNMO all-solid-state battery only display 4.7 V with a low 

discharge specific capacity of 62 mAh g−1. KANNO et al.[146] 

investigated the electrochemical performance and capacity fade 

mechanism in LiNbO3-LNMO/LGPS/Li all-solid-state lithium 

batteries. It shows initial discharge specific capacity of 80 mAh g−1 

and the capacity retention rate of 75% after 10 cycles (Figure 2-5). 

The main reasons for the severe capacity fading can be attributed to: 

(1) The irreversible reaction between the electrodes and sulfide 

solid electrolyte. 
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(2) Irreversible side reaction occurs in the cathode layer when 

charging to 5 V. 

(3) The unstable performance of LGPS-AB interface, resulting 

in the decomposition of the LGPS electrolyte. 

 

Figure 2-5 Galvanostatic discharge/charge profiles and 

Schematic of the interfacial reactions of LiNbO3-

LNMO/LGPS/Li[146]. 

Although lithium-insertion transition metal oxides and 

phosphate cathode materials exhibit high discharge voltages, the 

limited reversible capacity still narrows the application field in all-

solid-state lithium batteries. At the same time, the interfacial 

compatibility and stability between the oxide cathode and the sulfide 

solid electrolyte have not been fully resolved. Therefore, it is critical 

to develop cathode materials with higher specific capacities and 

desired compatibility. 
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2.2.2.2. Chalcogenides based on lithium-sulfur and lithium-

selenium reactions (~2.0 V) 

Compared with traditional oxide cathode materials, 

chalcogenides and chalcogen elements can release higher specific 

capacities than those of lithium intercalated transition metal oxides 

and phosphate cathode materials. At the same time, the sulfide 

cathodes and sulfide solid electrolytes show similar chemical 

composition and chemical potential, thus suppressing the formation 

of serious space charge layer when combining them together. Using 

chalcogenide cathode materials instead of traditional oxide cathode 

materials can meet the requirement of all-solid-state lithium batteries 

with high-energy and long-life [147-151]. 

Lithium-sulfur battery is an emergent secondary battery system, 

which employ sulfur or lithium sulfide as the active material of the 

cathode electrode consist with lithium metal anode material. During 

the discharge process, lithium ions extracted from the anode material 

to the cathode side, S–S bonds of the sulfur are broken and combine 

with lithium ions to form insoluble lithium sulfide[132-134, 152-

154]. 

During the discharge progress, the electrochemical reactions 

and transportations proceed inversely. The reversible reaction 
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between chemical and electrical energy proceed through the broken 

and formation of S–S bonds, as shown in Figure 2-6[29]. 

 

Figure 2-6 Galvanostatic discharge/charge curves and 

intermediates of lithium-sulfur batteries[29]. 

The electrochemical reaction equation of Sulfur cathode is 

shown as below: 

Cathode: 

S8 + 16Li+ + 16e− ↔ 8Li2S (1) 

Anode:

Li ↔ Li+ + e− (2) 

Total reaction equation: 

S8 + 16Li ↔ 8Li2S (3) 

Based on equations of conversion reaction, lithium sulfides are 

formed by the reaction of one sulfur with two lithium ions, resulting 

in two electrons transition during the charge-discharge process. 

Because of the low molar mass of sulfur atom, the theoretical specific 
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capacity of sulfur can reach 1675 mAh g−1, which is about ten times 

than that of traditional lithium intercalated transition metal oxide or 

phosphate cathode materials. Lithium-sulfur batteries can also 

display a high weight energy density (~ 2600 Wh kg−1) and volume 

energy density (~2200 Wh L−1), which also higher than that of 

cathodes using in commercial lithium-ion batteries. Furthermore, 

lithium-sulfur batteries show great potential in the field of energy 

storage because of the properties of abundant raw materials, non-

toxicity and environmental friendliness[1, 155]. 

The electrochemical reaction process of liquid electrolyte based 

lithium-sulfur battery proceeds in complex multi-steps. Typically, the 

reduction reaction from S to Li2S during the discharge process can 

be divided into three stages, corresponding to two discharge voltage 

platforms of 2.4 and 2.1 V, respectively. The first stage of 2.4 V 

attribute to two-step reduction reactions from S8 to S6
2−. During this 

period, the long-chain polysulfides was generated. 

S8 + 2e− → S8
2− (4) 

3S8
2− + 2e− → 4S6

2− (5) 

The second stage is located between the 2.4 V and 2.1 V, 

corresponding to the formation of S4
2−: 

2S6
2− + 2e− → 3S4

2− (6) 
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The third stage is located from 2.1 V to the cut-off voltage of 

discharge period, corresponding to the further reducing process from 

long-chain polysulfides to insoluble Li2S: 

S4
2− + 2e− + 4Li+ → 2Li2S2 (7) 

Li2S2 + 2e− + 2Li+ → 2Li2S (8) 

Because of the slow solid-state reaction kinetics of insoluble 

Li2S2 and Li2S, the final product is generally in form of a mixture of 

them, and the actual discharge specific capacity is lower than the 

theoretical value. During the charge process, two voltage platforms 

of 2.2 and 2.5 V correspond to the forming of insoluble Li2S2 and 

soluble Li2Sx (4<x≤8), respectively. 

Although liquid electrolyte based lithium sulfur batteries have 

significant advantages compared with other battery systems, some 

problems need to be solved either[156]: 

(1) Sulfur and lithium sulfides (Li2S2 and Li2S) possess low 

electronic and ionic conductivity, which could increase the resistance 

of the whole battery, and reduce the utilization of active materials as 

well as Coulombic efficiency. 

(2) During the charge-discharge process, the reversible 

transition between S and Li2S would lead to severe volume changes, 

which lead to the forming of cracks within the cathode layer. 



63 

 

(3) The shuttle effect occurs between the cathode and anode 

during the charge-discharge process, which is generated under the 

effect of concentration and electric field gradients. It causes soluble 

polysulfides (Li2Sx, 4<x≤8) reduced into insoluble Li2S and deposit 

on the surface of the anode, resulting in a reduction of active 

materials and corrosion of the lithium metal. Moreover, some 

electrochemical processes are irreversible and cause the decreasing 

in Coulombic efficiency. 

(4) Lithium dendrites can be formed by lithium deposition 

during the charge process, which can cause internal short circuit, 

resulting in safety concerns. 

In order to deal with these problems, many strategies have been 

proposed, including the introduction of conductive additives or 

construction of conductive networks to promote electrons migration; 

optimization of the cathode structure to shorten the diffusion pathway 

of lithium ions; the increasing of the specific surface area within 

cathode materials and the reduction of the thickness of the Li2S2 or 

Li2S layer; designing of appropriate cathode materials with 

appropriate porosity and structural strength to alleviate volume 

changes and stress/strain during the charge-discharge process; and 

selection of appropriate electrolyte additives to prevent lithium 

dendrites from growing[157]. 
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Although some carbon-based materials and metal compounds 

are currently introduced into lithium-sulfur batteries to improve 

electronic conductivity and adsorb soluble polysulfides, the shuttle 

effect of soluble polysulfides cannot be completely eliminated in 

liquid electrolyte based lithium-sulfur batteries. All-solid-state 

lithium-sulfur batteries using inorganic solid electrolytes are able to 

completely solve the polysulfide shuttle effect. However, volume 

changes during charge-discharge process would increase the solid-

solid interface stress/strain and interface impedance, leading to a low 

electrochemical reaction kinetics. Improving the electronic/ionic 

conductivity and structural stability of sulfur become chanllenges to 

achieve high-performance all-solid-state lithium-sulfur 

batteries[158-160]. 

HAYASHI et al.[161, 162] reported a method to prepare 

mixtures of S-CuS and Li2S-Cu by mechanical ball milling. During 

the charge and discharge process, S and CuS participate into the 

electrochemical reaction, the Li-In/80%Li2S-20%P2S5/S-CuS all-

solid-state lithium-sulfur battery exhibit specific discharge capacity 

of 650 mAh g−1 after 20 cycles. Li2S and Cu form LixCuS with high 

electrochemically activation performance during the mechanical ball 

milling process, thereby improving electrochemical performance. 

The Li-In/80%Li2S-20%P2S5/Li2S-Cu all-solid-state lithium-sulfur 
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battery release an initial discharge specific capacity of 490 mAh g−1 

and maintain 350 mAh g−1 after 20 cycles. 

KANNO et al.[163] prepared S-AB composite with particle size 

of 1–10 nm by gas-solid mixture method. Compared with the 

mechanical ball milling method, S-AB show a intimate contact 

within the cathode layer. Li-Al/Li3.25Ge0.25P0.75S4/S-AB all-solid-

state lithium-sulfur battery release an improved initial discharge 

specific capacity from 120 mAh g−1 to 590 mAh g−1. After 15 cycles, 

the capacity still remains 420 mAh g−1. Subsequently, KANNO et 

al.[164] synthesized S/CMK-3 composite, which not only improve 

the electric conductivity, but also inhibit the volume change of S, 

resulting in improved electrochemical performances of all-solid-state 

battery. The Li-Al/Li3.25Ge0.25P0.75S4/S/CMK-3 show a high capacity 

of 700 mAh g−1 after 10 cycles. 

TATSUMISAGO et al.[165, 166] prepared two different 

cathode composites by mechanical ball milling method, obtained S-

AB-SE and Li2S-AB-SE composite cathodes. Sulfur in the S-AB-SE 

shows amorphous structure with small particle size. The assembled 

Li-In/80%Li2S-20%P2S5/S-AB-SE all-solid-state lithium-sulfur 

battery maintain discharge specific capacities of 853 and 996 mAh 

g−1 under the current densities of 1.3 and 0.64 mA cm−2 after 200 

cycles at room temperature, respectively. The Li2S-AB-SE improves 
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interfacial contact between the electrolyte and cathode by reducing 

the particle size of Li2S. Li-In/80%Li2S-20%P2S5/Li2S-AB-SE show 

reversible specific capacities of 800 and 270 mAh g−1 under 0.03 C 

and 3.5 C. Recently, SUN et al.[167] reported a Se-Li3PS4-C 

composite synthesized by mechanical ball milling. At room 

temperature, the Li-Sn/Li3PS4/Se-Li3PS4-C battery demonstrate an 

initial specific capacity of 652 mAh g−1 under 50 mA g−1 with an 

active material utilization of 96%. After 100 cycles, the reversible 

specific capacity remained the value of 585 mAh g−1, corresponding 

to a capacity retention of 90%. 

Although the electronic conductivity of the S-C composite can 

be increased by conductive carbon, the electronic and ionic 

conductivity of the solid electrolyte cannot be significantly improved 

by simply mixing. The velocity of charge transfer is essential for the 

efficiency of electrochemical reactions, which could influence the 

electrochemical performance. In-situ coupling conductive carbon 

and solid electrolytes with cathode material can improve the 

electronic and ionic conductivity of cathode materials. YAO et 

al.[168] employed the thiamine method to deposit a layer composed 

by amorphous sulfur nanoparticle (~10 nm) on the surface of 

graphene oxide. rGO can not only increase the electric conductivity, 

but also mitigates volume variations. The nano-level particle size can 
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also shorten the migration distance in lithium ions and increase the 

contact area within the cathode layer. The Li/LPOS/LGPS/rGO@S 

all-solid-state Li-S battery demonstrate an initial discharge specific 

capacity of 1629 mAh g−1 under the current density of 0.05C at 60 

oC, which is close to the theoretical value. The specific capacity 

maintained 830 mAh g−1 under 0.1 C even after 750 cycles. LIANG 

et al.[169] synthesized nano-size Li2S through precipitation method. 

By in-situ coating a thin layer of β-Li3PS4 solid electrolyte with a 

liquid-phase method, the Li2S@β-Li3PS4 with core shell structure 

was successfully prepared. The high ionic conductivity and small 

particle size of this cathode composite can reduce the interface 

impedance and improve the rate and cycling performance of all-

solid-state lithium batteries. At the temperature of 60 oC, the battery 

displays a reversible specific capacity of 402 mAh g−1 under 0.1 C 

with a capacity retention of 71 % after 100 cycles. TATSUMISAGO 

et al.[170] reported a solid solution of Li2S-LiX (X=Cl, Br, and I) 

synthesized by mechanical ball milling. Doping LiX into the active 

material can not only improve the ionic conductivity, the utilization 

of Li2S active material is also improved because LiI disperse into the 

Li2S matrix to provide additional electrochemical reaction sites 

during charging process. The Li-In/75%Li2S-25%P2S5/80Li2S-20LiI 

battery show an initial specific capacity of 1090 mAh g−1 under 0.5 
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C with an active material utilization of 95% at 25 oC. Even after 2000 

cycles, the battery can maintain a reversible specific capacity of 980 

mAh g−1 under 2 C with a capacity retention of 100%. WANG et 

al.[171] introduced a method to construct the electronic/ionic 

conductive networks in the cathode materials, by dissolving Li2S, 

Li6PS5Cl, and PVP in ethanol to induce co-precipitation, which was 

followed by high-temperature carbonization to form Li2S-Li6PS5Cl-

C composite. Li2S and Li6PS5Cl nanoparticles homogenously 

distributed in the C matrix, improving the mechanical and conductive 

properties of the cathode composite. The Li-In/80%Li2S-

20%P2S5/Li2S-Li6PS5Cl-C release a reversible specific capacity of 

830 mAh g−1 under the current density of 50 mA g−1 for 60 cycles. 

2.2.2.3. Transition metal polysulfides based on anionic redox 

reactions (~2.0 V) 

Although in-situ combining carbon material or solid electrolytes 

with active materials can construct an effectively electronic/ionic 

conductive network within cathodes, most all-solid-state lithium-

sulfur batteries could operate at high temperatures (60 oC) due to the 

intrinsic insulating properties of S or Li2S as well as the slow charge 

transfer kinetics of the solid-solid interfacial contact. In order to 

allow all-solid-state Li-S battery demonstrate excellent 
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electrochemical performance at room temperature, suitable active 

materials are essential. High theoretical specific capacity, similar 

operating voltages with electrolyte, high electronic/ionic 

conductivity at room-temperature and low cost as well as convenient 

preparation processes become the challenges to realize high 

electrochemical performances of batteries[172]. 

The classical oxide cathode materials and transition metal 

sulfides display different reaction mechanism during the 

charge/discharge process. For classical lithium intercalation process 

in oxide cathode materials, due to the 3d metal cationic band is much 

higher than the p band of oxygen, the ion-electron transfer reactions 

occur from lithium to the lowest unoccupied energy level of the 

transition metal d band in ionic oxides. Discharge/charge (lithium 

ions intercalation/de-intercalation) process relies on the d metal level 

to host/release the associated electrons, which is called cation-driven 

redox process. For transition metal sulfide materials, the p band of 

sulfur is located in a higher position and therefore closer or even 

penetrate the d band of transition metal (Figure 2-7). Due to the 

charge transfer donation of these two bands, the anionic redox 

process is triggered, which can improve the reversible capacity of the 

battery, [172]. 
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Figure 2-7 two mechanisms of redox activity in electrode 

materials[172]. 

As shown in Figure 2-8, the specific capacity comparison of 

various cathode materials are shown in the plot, where the x axis 

indicates the specific capacity based on the total weight of cathode 

and anode layer, the y axis shows the value of voltage plateau. 

Traditional cathode materials such as LiNixCoyMn1−x−yO2 and 

LiFePO4 only can display the specific capacity of 150–250 mAh g−1, 

while the sulfide based cathode materials can reach ~700 mAh 

g−1.The transition metal sulfides such as a-TiS4[173], NiS2[174, 175] 

and TiS3[175] have been widely studied in all-solid-state batteries 

due to low cost of raw materials and abundant yields. Meanwhile, the 

relatively high transport kinetics can promote the conductivities and 

reducing charge transfer resistance. Furthermore, sulfide electrolytes 

show superior compatibility with transition metal sulfide cathodes 

due to similar chemical potential, thus realizing high energy 

density[176, 177]. 
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Figure 2-8 Specific capacity comparation of various cathode 

materials[172]. 

1970s–1980s, scientists explored the application of transition 

metal chalcogenides for lithium-ion batteries. Recently, advanced 

characterization and simulation techniques have been utilized into 

the reaction mechanism analysis of metal sulfides. Depending on the 

different properties, the reaction mechanism of cathode materials 

during the charge and discharge is divided into two categories: 

intercalation reactions and conversion reactions. In conventional 

intercalation-based materials, Li ions could be stored in the lattice of 

electrode without dramatically structural changes. 

Reversible intercalation/de-intercalation reaction equation: 

𝑥Li+ + MQ𝑦 + 𝑥e− ↔ Li𝑥MQ𝑦 (9) 

Cathode materials based on the conversion reaction would be 

completely decomposed when react with Li ions. 

Reversible conversion reaction equation: 

𝑥Li+ + MQ𝑦 + 𝑥e− ↔ Li𝑥Q𝑦 + M (10) 
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Although these materials can exhibit high theoretical specific 

capacity, poor reversibility and high voltage hysteresis could be 

induced due to the large volume variation.  

Due to the abundant resources and low price of natural pyrite, it 

has been explored as active material for all-solid-state lithium 

batteries. The cubic-FeS2 with a high theoretical specific capacity 

value (894 mAh g−1), has been widely studied. During the initial 

discharge process, FeS2 firstly transits into the Li2FeS2 interphase due 

to the intercalation reaction. Then Li2FeS2 is completely converted 

into Fe0 and Li2S. The subsequent cycling process display a complex 

electrochemical reaction mechanism that the FeS2 phase would not 

generate again during the initial charge process and following cycles. 

Attribute to the cleavage/formation of S–S bonds, the anionic redox-

driven reaction mechanism is proceeded and provide a high specific 

capacity of FeS2[178]. 

LEE et al.[179] synthesized cubic-FeS2 by solvothermal method, 

it can release a high reversible discharge specific capacity, which is 

pretty close to the theoretical value (894mAh g−1) when assembled 

in Li/77.5Li2S·22.5P2S5/FeS2 all-solid-state lithium battery. Owing 

to the four-electron reaction and advanced battery system, the 

specific capacity is significantly higher than liquid battery system, as 

shown in Figure 2-9. 
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Figure 2-9 Cyclic performances of cubic FeS2 assembled in two 

different battery systems[179]. 

Transition metal sulfides display electrochemical activity 

performances when employed in the lithium-sulfur battery and 

possess the fixation/trapping properties for polysulfides in 

conventional liquid lithium-sulfur batteries. Recently, PASSERINI et 

al. [108] successfully prepared C-FeS2-S composite with different 

mixing ratio by mechanical ball milling, which was introduced as 

cathode materials in LI/LiI-Li3PS4/CFS(5:5) all-solid-state lithium-

sulfur batteries. It releases a discharge specific capacity of 1200 mAh 

g−1 after 20 cycles with active material loading of 1 mg cm−2. When 

the loading of active material increased to 5 mg cm−2, the specific 

capacity would be slightly decreased (710 mAh g−1). 

As a cathode material with amorphous structure, TiS3 shows a 

high theoretical specific capacity of 558 mAh g−1 and a moderate 

operating voltage. HAYASHI et al.[180, 181] synthesized amorphous 
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TiS3 by mixing TiS2 and S together using high-energy ball milling. 

The assembled Li-In/80Li2S-20P2S5/TiS3 battery demonstrate an 

initial discharge specific capacity of ~400 mAh g−1. After 10 cycles, 

the reversible specific capacity remain the capacity of 300 mAh g−1. 

Ex-situ XRD and Raman results indicate that TiS3 maintain the 

amorphous structure during cycling. Due to the open and random 

structural characteristics of amorphous materials, freedom transport 

pathway can be provided within the cathode, therefore obtain high 

reversible capacity and long cycle life. Experimental results 

demonstrate that the initial Coulombic efficiency and cycling 

stability of amorphous TiS3 are better than those of crystalline TiS3. 

XRD and HRTEM results illustrate the c-TiS3 can be partially 

amorphized during the first discharge process, resulting in the 

consuming of irreversible capacity. 

2.2.2.4. Layered transition metal disulfides based on 

intercalation/de-intercalation reaction (~2.0 V) 

Scientists also successfully sythesized single-layer graphene by 

mechanical exfoliation in 2004, then ultra-thin two-dimensional 

nanomaterials has been prepared either. Graphene possesses a series 

of advantages such as high electrical conductivity, large specific 

surface area and good mechanical strength. Two-dimensional layered 
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transition metal disulfides MX2 (M: transition metal, X: 

chalcogenide) show a similar structure with graphene, and display 

strong anisotropy performances in electrical, chemical, mechanical, 

and thermal properties. When inserting the transition metal into two 

layers of chalcogenides, an X-M-X sandwich structure could be 

formed, which could reach a ultra thin thickness of 6-7 Å for single 

layer. These layers are stacked by van der Waals forces, the M-X 

located in in-plane is connected by covalent bonds. Therefore, single 

or few layers of transition metal disulfides can be obtained from 

transition metal disulfides by exfoliation process. Depending on the 

different physical properties, transition metal disulfides could be 

divided into insulators (HfS2), semiconductors (MoS2, WS2), 

semimetals (WTe2, TiSe2), and metals (NbS2, VSe2). Most transition 

metal disulfides have three homogeneous phases of triclinic (1T), 

hexagonal (2H) and trigonal (3R), which can proceed phase 

transition under certain conditions. Transition metal disulfides 

possess a wide application range, which can be utilized in catalysis, 

energy storage, sensor, and electronics devices[182, 183]. 

Transition metal disulfide also show great potential in the field 

of electrochemical energy storage[184-187]. In general, transition 

metal disulfides exhibit a desirable theoretical specific capacity, 

which is higher than that of conventional lithium-ion battery. 
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However, most of transition metal disulfides show the property of 

semiconductor with low conductivity, resulting in poor rate 

performance. In addition, continuous lithium-ion intercalation/de-

intercalation leads to structural destruction and electrode 

pulverization, corresponding to rapid capacity fade. As a result, they 

exhibit poor electrochemical performance in lithium-ion batteries. 

Two-dimensional transition metal disulfides with high specific 

surface area can provide abundant electrochemical reaction sites, as 

following reduce the de-intercalation energy barrier of lithium ions, 

as a results shorten the charging diffusion distance. However, due to 

the high surface free energy and van der Waals attraction, 2D 

transition metal disulfides are easily restacked on the cathode surface 

and form a layered structure similar with that of bulk materials. This 

condition not only lead to the structure loss of 2D material, but also 

affects the electrochemical performance. There are three types of 2D 

transition metal disulfides electrodes for lithium-ion batteries: Self-

assembled structures of transition metal disulfides nanosheets, 2D 

transition metal disulfides with increased d-spacing and 2D transition 

metal disulfides matrix composite. 

As a typical member of transition metal disulfides, layered 

MoS2 has wide applications in transistors, biosensors and energy 

storage devices[188]. Layered MoS2 exhibits a high theoretical 
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specific capacity of 670 mAh g−1. The layer spacing can provide 

more suitable space for lithium ions. As a cathode material, the 

chemical reaction equations of discharge/de-intercalation process are 

summarized as follows: 

De-intercalation: 

MoS2 + 𝑥Li+ + 𝑥e− ↔ Li𝑥MoS2 (11) 

Conversion: 

Li𝑥MoS2 + (4 − 𝑥)Li+ + (4 − 𝑥)e− ↔ Mo + 2Li2S (12) 

ADAMS et al.[189] applied MoS2 in In-Li/Li6PS5Br/MoS2 all-

solid-state batteries. After the initial discharge process, MoS2 is 

converted into Li2S and Mo. Mo nanoparticles are homogenously 

distributed in the cathode layer, and Li2S participates to the following 

reaction during the subsequent cycles. At room temperature, the 

battery exhibits reversible capacity of 190 mAh g−1 after 40 cycles. 

When the temperature increased to 70 oC, the battery remains 

reversible capacity of 270 mAh g−1 under the current density of 0.2C 

after 700 cycles with capacity retention of 85%. The particle size of 

MoS2 limits the value of reversible capacity, it is necessary to prepare 

nanostructure MoS2 in the future to improve the electrochemical 

performance of all-solid-state batteries. TU et al.[190] designed a 

cathode composite by in-situ coating Li7P3S11 solid electrolyte thin 

layer on the MoS2 particle surface with a liquid phase method, 
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resulting in a MoS2@Li7P3S11 composite. The 

Li/Li7P3S11/MoS2@Li7P3S11 all-solid-state battery show an initial 

discharge specific capacity of 868.4mAh g−1 under 0.1C, the 

corresponding Coulombic efficiency is 77.1%. It also maintained a 

reversible capacity of 238.1 mAhg−1 under 1 C after 400 cycles, as 

shown in Figure 2-10. Reasonable interface modification not only 

increases the contact area between the cathode and solid electrolyte, 

but also provides more active sites in charge process, thus improving 

the utilization of active materials. In addition, the coating layer can 

also alleviate the volume change, ensuring an excellent interfacial 

contact, and improving the cycling stability of the battery. 

 

Figure 2-10 Cyclic performances of 

Li/Li7P3S11/MoS2@Li7P3S11 all-solid-state battery[190]. 

The intercalation reaction based TiS2 was applied into lithium 

batteries and exhibited high energy and power density in 1970s. TiS2 

was considered to be the most promising electrode material due to its 

high conductivity, high ion diffusion coefficient and light weight. 

WHITTINGHAM et al. reported that TiS2 can exhibit high specific 
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capacity and cycling stability in lithium rechargeable batteries. LEE 

et al.[191] reduced the particle size of TiS2 through high-energy ball 

milling,  which can improve the utilization of active material and the 

dynamics of charge transmission. TiS2 cathode based on de-

intercalation reaction showed good rate performance in Li/77.5Li2S-

22.5P2S5/TiS2 all-solid-state batteries. At 0.2 C, it can release an 

initial discharge specific capacity of 200 mAh g−1 with the capacity 

retention rate of 90% after 50 cycles. Even at the current density of 

10 C, the battery can maintain a reversible capacity of 150 mAh g−1 

after 50 cycles. JUNG et al.[191-193] prepared a TiS2/ Li2S-P2S5 

nanocomposite by ball milling method. The obtained 

Li0.5In/Li3PS4/TiS2-SE all-solid-state lithium batteries exhibit initial 

discharge specific capacity of 416 and 837 mAh g−1 in the voltage 

range of 1.5–3.0 V and 1.0–3.0 V, respectively. After 60 cycles within 

the range of 1.5–3.0 V, the capacity retention can reach 95%. 

HRTEM and ex-situ XRD characterization techniques demonstrate 

that the additional capacity contribution arises from the generation of 

surface Li-Ti-P-S amorphous phases during ball milling process.  

JUNG et al. also investigated the electrochemical performance 

differences of various battery structures for Li-In/TiS2 all-solid-state 

batteries. Although LGPS possesses a higher ionic conductivity than 

LPS, the poor stability of LGPS at low potential range can cause  
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severe capacity degradation of solid-state batteries. Combining 

LGPS-LPS double-layer solid electrolyte with TiS2-LGPS cathode 

composite can optimize the battery structure. Li-In/LGPS-LPS/TiS2-

LGPS all-solid-state batteries achieve a discharge specific capacity 

of ~60 mAh g−1 under the current density of 20 C in the voltage range 

of 1.5–3.0 V. The experimental results confirm that the ionic 

conductivity of the cathode layer is an important issue in the all-

solid-state battery. The development of solid electrolytes with high 

ionic conductivity, the appropriate cathode material as well as 

reasonable battery structures are essential to improve the 

electrochemical performance of all-solid-state batteries. Single-layer 

TiS2 nanosheets were prepared by mechanochemical and ultrasonic 

exfoliation method, which exhibited good electrochemical 

performance compared with bulk materials in Li-In/LGPS-LPS/TiS2-

NS all-solid-state batteries which is due to ultra-thin nanosheet 

structure not only increase the interfacial contact between the active 

material and the solid electrolyte, but also shortens the transport 

pathway of lithium ions, and finally improves the electronic 

conductivity. 

YAO et al.[194] synthesized VS2 nanoflowers by solvothermal 

method and use them as the active material in all-solid-state batteries. 

The Li/LPOS/LGPS/hc-VS2 battery maintains a reversible specific 
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capacity of 532.2 mAh g−1 under current density of 50 mA g−1 with 

30 cycles. The reversible specific capacity remains 436.8 and 270.4 

mAh g−1 under the current density of 100 and 500 mA g−1 after 100 

cycles, as shown in Figure 2-11. VS2 with high crystallinity 

demonstrates an outstanding electrochemical performance, due to the 

high conductivity and unique crystal structure. 

 

Figure 2-11 Crystal structure and cyclic performances of hc-

VS2 cathode material under the current density of 0.1 mA 

g−1[194, 195]. 

2.2.2.5. Transition metal sulfides based on conversion reactions 

(1.0–2.0 V) 

The transition metal sulfides based on conversion reactions are 

different from the cathode material with intercalation/de-

intercalation reactions, which can react with lithium ions via 
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chemical bond breaking/rebuilding [1, 196, 197]. The reaction 

equation for the conversion reaction is shown as below: 

M𝑎X𝑏 + (𝑏𝑛)Li+ + (𝑏𝑛)e− ↔ 𝑎M0 + 𝑏Li𝑛X (13) 

Where M represents transition metal elements (Fe, Co, Ni, Cu, 

Mn, etc.), X is anion (O2−, S2−, Se2−, F−, P3−, etc.), n is the oxidation 

state of anions, and 0 reflects the reduction of transition metals into 

metallic state. During the first discharge process, the transition metal 

compound reacts with lithium ions and converted into nanoparticles 

M0 and lithium compounds LinX. The M0 nanoparticles are uniformly 

dispersed in the LinX matrix and form M0/LinX nanocomposite phase. 

Subsequently, during the charge process, lithium ions in LinX are de-

intercalated and react with the transition metal nanoparticle M0 to 

form MaXb. The conventional transition metal compounds used as 

cathode materials in lithium battery include metal fluoride, oxide, 

nitride, sulfide, selenide, phosphide, etc. Among them, the transition 

metal fluorides and sulfides possess higher theoretical potentials. 

In the most of transition metal sulfides which are based on the 

conversion reaction, CuS exhibits a higher discharge voltage (~2.0 V 

vs. Li/Li+) and a theoretical specific capacity of 560 mAh g−1. 

ADAMS et al.[198] applied CuS as an active material used in Li-

In/Li6PS5Br/CuS all-solid-state batteries to explore the 

electrochemical properties and reaction mechanisms. The all-solid-



83 

 

state battery has initial discharge capacity of 650 mAh g−1 under the 

current density of 0.02 C. After 20 cycles, the battery remains a 

reversible capacity of 90 mAh g−1. The high-resistance 

CuyLi6−yPS5Br interphase could be formed by the reaction between 

Li6PS5Br and CuS. The large volume change of the electrolyte can 

cause cracks of the composite and separate the cathode from the 

electrolyte, resulting in rapid capacity decay and poor cycling 

performance of solid-state batteries. HAYASHI et al.[199] applied 

CuxMo6S8−y as an active material in all-solid-state lithium batteries. 

It displays a reversible capacity of ~200 mAh g−1 at the current 

density of 20 C at 120 oC after 50 cycles. The high discharge specific 

capacity and rapid capacity decay are mainly due to Cu diffusing into 

the Li2S-P2S5 solid electrolyte at high temperatures, resulting in an 

increase in the internal resistance of the battery. Adding acetylene 

black AB into the cathode material can effectively inhibit the 

diffusion of Cu and improve the cycling performance of Li-In/Li2S-

P2S5/CuxMo6S8−y. the as-prepared battery remains reversible 

capacity of 190 mAh g−1 under 60 C after 100 cycles at 160 oC. 

Besides, using chemical method can remove Cu from CuxMo6S8−y. 

The obtained Mo6S8−y can also improve the high-temperature cycling 

stability of the battery. 
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In order to improve the electronic/ionic conductivity and 

structural stability of transition metal sulfides based on conversion 

reactions, YAO et al.[200] synthesized a ~10 nm thin layer of 

Li7P3S11 solid electrolyte, which was in-situ deposited on the surface 

of Co9S8 nanosheets by liquid phase method, not only improving the 

interfacial contact between the solid electrolyte and the active 

material, but also forming a good lithium-ion transition channel, and 

reducing the interface impedance of Li/LPOS/LGPS/Co9S8-LPS all-

solid-state lithium battery. Consequently, an initial discharge specific 

capacity of 633 mAh g−1 at a current density of 0.38 mA cm−2 was 

achieved. The battery displays an initial Coulombic efficiency of 

90.7%, and remains the reversible specific capacity of 421 mAh g−1 

at 1.27 mA cm−2 after 1000 cycles, as shown in Figure 2-12. 
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Figure 2-12 Schematic illustration, Ragone plot and Long-term 

cyclic performance of Li/LPOS/LGPS/Co9S8-LPS battery[200]. 

2.2.2.6. Anode material based on alloying reaction (< 1.0 V) 

Graphite anode is mainly utilized in commercial lithium-ion 

batteries because of the long-term cyclic stability, abundant resources 

and low cost[201-208]. However, the theoretical specific capacity of 

the graphite is relatively low (375 mAh g−1). A new material with low 

cost, high energy density and cycling stability is urgently demanded. 

Alloy anode materials exhibit high specific capacity, moderate 

working voltage and reliable safety performance[209-215]. However, 

the alloy anodes can undergo severe volume changes (up to 300%) 
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during alloying/de-alloying process, causing serious cracks of the 

electrode, and resulting in rapid capacity decay and poor cycling 

stability. The large irreversible capacity losing during the initial 

cycles also limits the practical application of alloys. To address these 

issues, tremendous works have been devoted: 

(1) The alloy anodes with specific nanostructures, not only can 

eliminate the stress/strain occur caused by volume change, but also 

shorten the transmission distance of lithium ions and provide 

additional lithium storage sites. 

(2) Nanocomposites by introducing carbon matrix to mitigate 

the volume change while increasing the electronic conductivity of the 

electrode. 

(3) Alloying anode material with the second phase M. The 

second phase M not only alleviates volume changes during charge-

discharge processes, but also enhances the electronic conductivity of 

anode materials. Two phases can mitigate both volume changes of 

anode when the second phase M display electrochemical 

activity[216-218]. 

Many metals such as Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, Pt, 

Au, Cd, As, Gas, and Ge can react with lithium, where the Si, Sn, Sb, 

Al and Mg with the properties of low cost, abundant storage, and 

environmentally friendly  have been widely studied as anode 



87 

 

materials[219-224]. Silicon displays a low discharge voltage (0.06 V 

vs. Li/Li+) with a high theoretical specific capacity (4200 mAh g−1), 

which is currently studied in many research works. However, the low 

initial Coulombic efficiency and large volume changing limit the 

large-scale application of Si anode in lithium-ion batteries[225, 226]. 

Takada et al.[227-230] have systematically studied the 

application of Si anode in all-solid-state batteries. Firstly, Li2S and 

SiS2 were introduced as raw materials to obtain amorphous Li2SiS3 

cathode materials through high-energy ball milling method. The 

initial discharge specific capacity of Li-In/70Li2S-30P2S5/Li2SiS3 

ASSLB based on continuous conversion and alloying reaction is 

close to 2500 mAh g−1, the high specific surface area of the active 

material results in high discharge specific capacity. However, the low 

electronic conductivity of Li2SiS3 lead to large irreversible capacity 

losses and poor Coulombic efficiency. Introducing conductive 

additives and reducing particle size can overcome the problem of low 

conductivity. Experiment results show that the Li2SiS3 thin film 

prepared by PLD method can shorten the electron transmission 

distance. Adding FeS into Si can increase the conductivity, resulting 

in a higher electrochemical performance than that of Si. Subsequently, 

amorphous Si nanofilms with the thickness of 50 nm were prepared 

by magnetron sputtering technology. The Li-In/70Li2S-30P2S5/a-Si 
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all-solid-state battery can display a reversible specific capacity of 

2500mAh g−1 under 10 mA cm−2 after 100 cycles. Takada et al. also 

explored the electrochemical performance when introducing a few 

amounts of O into amorphous Si nanofilms. During the conversion 

reaction period, the cycling performance of all-solid-state batteries 

can be enhanced due to the formation of a non-electrochemically 

active skeleton. O can effectively prolong the cycle life without 

reducing capacity and rate performance. The Li-In/70Li2S-30P2S5/a-

SiO0.4 battery obtains a reversible capacity of more than 2800 mAh 

g−1 at 0.1 mA cm−2 after 100 cycles with the capacity decay of 0.06%. 

LEE et al.[231-234] has also reported a work that assemble Si 

nanoparticles in Li/77.5Li2S-22.5P2S5/Si all-solid-state batteries, the 

battery releasing an initial discharge specific capacity of 3127 mAh 

g−1 and an initial Coulombic efficiency of 43.7%. After 40 cycles, the 

battery exhibits a capacity retention of 66.9%. The electrochemical 

performance of nano-Si in all-solid-state batteries is significantly 

better than that of liquid based batteries. In order to solve the problem 

of volume expansion of Si anode, the following methods are utilized: 

(1) Using conductive additives to alleviate the volume 

expansion and maintain the contact between the Si particles. 

(2) Limiting the voltage window of charge and discharge 

processes, to reduce the degree of electrode pulverization, and 
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prolong the cycle life. 

(3) Decreasing the particle size of Si to reduce the mechanical 

stress and capacity decay. 

Through above three strategies, the traditional acetylene black 

can be replaced by multi-walled carbon nanotubes, leading to the 

increase in the specific surface area and electronic conductivity. The 

n-Si/MWCNT materials exhibit the best electrochemical properties 

over various voltage ranges. Limiting the cut-off voltage range to 

0.05–1.0 V during the charge-discharge process, the specific 

discharge capacity of Li/77.5Li2S-22.5P2S5/n-Si/MWCNT all-solid-

state battery can be stabilized at 800 mAh g−1 after 100 cycles, which 

is significantly higher than that of bulk Si. However, due to the 

extremely low conductivity of Si, the loading amount of active 

material is limited in all-solid-state batteries. At the same time, the 

poor solid-solid interfacial contact between the active material and 

the solid electrolyte also inhibits the transportation of lithium ions. 

In order to increase the loading amount of the Si anode in all-solid-

state batteries, it is necessary to increase the electronic and ionic 

conductivity of the active material. The nano-Si of Si-Ti-Ni ternary 

alloy embedded in the Ti4Ni4Si7 matrix, which demonstrate a similar 

microstructure with the nano-Si anode, become an ideal anode 

material for lithium-ion batteries. However, due to the poor 
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conductivity of Si-Ti-Ni ternary alloys, pre-lithiated Li3.2Ti4Ni4Si7 

hybrid conductors were synthesized through lithium metal powder 

(SLMP) to improve the electrochemical performance. 

Si-C composite have been obtained from industrial waste asphalt by 

pyrolysis with a simple process. Soft amorphous carbon materials 

exhibit superior lithium storage and hybrid conductivity[235-237]. 

The Li-In/77.5Li2S-22.5P2S5/Si-C all-solid-state battery display a 

discharge specific capacity of 1089.2 mAh g−1 after 100 cycles with 

a Coulombic efficiency of 99%. They also applied polypropylene 

nitrile as a carbon precursor to prepare Si/C fibers by using 

electrospinning and heat treatment. Experiments results shown that 

Si/C fibers with smaller diameter possess ideal capacity retention. 

The Li-In/77.5Li2S-22.5P2S5/Si/C all-solid-state battery displays a 

reversible capacity of approximately 700 mAh g−1 after 70 cycles 

with a Coulombic efficiency of 99.2%. 

The Sn can undergo an alloying reaction with Li to form the 

Li17Sn4 alloy phase, and each Sn atom can contain 4.25 Li atoms. The 

theoretical specific capacity of the Sn anode is 959.5 mAh g−1 with 

the operating voltage of 0.5 V (vs. Li/Li+). Although the mass specific 

capacity of the Sn anode is lower than that of the Si and Li anodes, 

the volumetric specific capacity can reach about 2000 mAh cm−3, 

featuring the highest value among these three anode materials. 
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However, just similar with other Li alloy materials, the alloying 

reaction of the Sn anode during charge-discharge process leads to 

dramatically volume expansion, causing rupture and pulverization of 

the anode, resulting in low capacity retention[238]. LEE et al.[239-

241] employed Sn metal nano-powders as active material in Li-

In/77.5 Li2S-22.5P2S5/Sn all-solid-state battery. It exhibits reversible 

capacity of 800mAh g−1 at the current density of 0.1 C at 60 oC for 

50 cycles. In order to solve the volume expansion issue of the Sn 

alloy anode during the charge-discharge process, Sn is completely 

embedded in the one-dimensional C matrix. The one-dimensional C 

substrate not only improves conductivity, but also impedes the 

volume expansion. The porosity of carbon fibers is a major factor to 

influence the particle size and dispersion of Sn. The Li/77.5Li2S-

22.5P2S5/Sn/C all-solid-state battery maintained a reversible capacity 

of 762 mAh g−1 after 50 cycles with the Coulombic efficiency of 

99.5%. Due to the advanced conductivity and stability, Sn can be 

used as an active carrier for Si. The Sn-Si alloy in Li-In/77.5Li2S-

22.5P2S5/Sn-Si all-solid-state battery maintained a reversible 

capacity of 1000 mAh g−1 after 50 cycles. 

HAYASHI et al.[242, 243] prepared 80SnS·20P2S5 amorphous 

material with micro size by mechanical ball milling method. The Li-

In/80Li2S-20P2S5/80SnS·20P2S5 all-solid-state battery displays a 
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discharge specific capacity of 400 mAh g−1 at 64 μA cm−2 after 50 

cycles. As a network former, P2S5 can effectively improve the 

discharge capacity and cycle stability of all-solid-state batteries. 

Besides, the liquid phase method was used to synthesize needle and 

sheet SnS by changing different coordination solvents. The Li-

In/80Li2S-20P2S5/SnS all-solid-state battery based on the alloying 

reaction, can release a reversible discharge specific capacity of 620 

mAh g−1 at a current density of 0.13 mA cm−2 after 15 cycles. The 

primary reason of the improved electrochemical performance for 

needle-like SnS can be attributed to the improved solid-solid 

interfacial contact, which formed a continuous lithium-ion 

conductive channel in the composite. 

In order to improve the interfacial contact between lithium 

metal and solid electrolyte, Li-In alloy is used as anode materials in 

many all-solid-state batteries. However, due to the high cost of In, 

Li-In alloys cannot meet practical applications. 

2.2.2.7. Lithium metal anode materials (0 V) 

Lithium metal possesses low electrode potential (−3.04 V vs. 

NHE) and high theoretical specific capacity (3862 mAh g−1), which 

is an ideal anode material [7, 41, 244-250]. Using lithium metal in 

traditional liquid lithium-ion batteries can directly cause the 
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interfacial reaction between the lithium metal and electrolyte during 

the charge-discharge process, consequently forming a solid 

electrolyte interface film (SEI). At the same time, non-homogenously 

lithium deposition will cause lithium dendrite growth, resulting in 

dead lithium and lithium content loss, and increased interfacial 

impedance. Lithium dendrites may pierce the separator and cause 

short circuit and thermal runaway. 

All-solid-state lithium battery using inorganic solid electrolytes 

instead of the traditional liquid electrolyte and separator, which is 

expected to improve the safety performance and energy density. 

However, due to the strong reducing nature, lithium metal can easily 

react with high-valent metal cations in the solid electrolyte, forming 

an intermediate layer with high interfacial impedance. Furthermore, 

despite solid electrolytes show the high mechanical strength, lithium 

dendrites can grow along grain boundaries and pores of solid 

electrolyte. In order to improve the interfacial stability between 

lithium metal and solid electrolyte, electrolyte surface modification, 

lithium metal surface modification and interfacial buffer layer are 

investigated. 

JANEK et al.[251] categorized the interface between the lithium 

metal and solid electrolyte into two types: 

(1) Thermodynamically stable interface, which means a two-
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dimensional interface between the solid electrolyte and lithium metal 

without any reaction. In this condition, thermodynamically 

equilibrium between the lithium metal and solid electrolyte is 

achieved. 

(2) Thermodynamically unstable interface. Driving by 

thermodynamics, the solid electrolyte reacts with lithium metal to 

form a three-dimensional interface. According to the charge transport 

characteristics of the reactive layer, the interface layer can be further 

divided into two categories: 

a. Hybrid conductor interface. The reactants possess both 

electronic and ionic conductivity, the interfacial layer gradually 

grows within the solid electrolyte, and changing the properties of the 

entire block. The formation of a hybrid conductor interface will 

eventually lead to electrons pass through the entire solid electrolyte, 

causing self-discharge of the battery. Solid electrolytes containing 

multivalent cations tend to form interfaces of conductor mixture, the 

introduction of artificial SEI films can avoid the formation of mixed 

conductor interfaces. 

b. Kinetically stabilized solid electrolyte interface. This 

interface layer is a stable thin film layer that display the performances 

of electronically insulating or low electrical conductivity, which can 

inhibit the further growth of the interface layer. The electrochemical 
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performances of all-solid-state battery is highly dependent on the 

ionic conductivity of the interfacial layer. 

An in-situ characterization technique was designed to directly 

explore the reaction region of the solid electrolyte interface[252-254], 

as shown in the Figure 2-14. Typically, the argon ion beam was 

generated to attack the metal target, then a thin metal film was in-situ 

sputtering on the surface of the solid electrolyte. X-ray photoelectron 

spectroscopy was employed to observe the chemical reaction 

between the solid electrolyte and the metal. Subsequently, the 

interface reactions between the lithium metal and sulfide solid 

electrolytes with high ionic conductivity such as Li7P3S11, 

Li10GeP2S12, and Li6PS5X was characterized, respectively. The 

interfacial reactions were analyzed by in-situ X-ray photoelectron 

spectroscopy combined with time-dependent electrochemical 

impedance spectroscopy (EIS). For the Li7P3S11 solid electrolyte, a 

non-growing interface layer was formed when react with lithium 

metal. The interphase mainly composed of the decomposition 

products of Li2S and Li3P. This interface layer is similar with the SEI 

film in a conventional lithium-ion battery. A layer with the thickness 

of 2.3 nm is obtained after a 30-hour standing in Li/Li7P3S11/Li 

symmetrical battery. For the Li10GeP2S12 solid electrolyte, it reacts 

with lithium metal to form a hybrid conductor interface, and the 
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interface layer gradually grows into the electrolyte. The interface 

layer is mainly composed of Li2S, Li3P, and Li-Ge alloys. The 

thickness of the interface layer in Li/Li10GeP2S12/Li symmetrical 

battery is about 20 nm after standing for 30 h. For the Li6PS5X solid 

electrolyte, the solid electrolyte interface layer formed by reacting 

with lithium metal, which is mainly composed of Li2S, Li3P, and LiX. 

Among them, Li6PS5Cl and Li6PS5Br exhibit slow growth of SEI, 

which is similar with Li7P3S11. Furthermore, Li6PS5I and Li10GeP2S12 

exhibit high SEI impedance. 

 

Figure 2-14 The in-situ characterization technique for solid 

electrolyte reaction interphase analysis[254]. 

MO et al.[255-259] calculated the chemical and electrochemical 

stability of a series of sulfide solid electrolyte-electrode interfaces by 

using density-functional theory of first-principle calculations. In the 

ternary sulfide solid electrolyte, the substitution of Ge4+ in LGPS by 
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hovalent or allovalent cations has little effect on improving the phase 

stability, electrochemical stability and conductivity of the solid 

electrolyte, while anion substitution has a great effect on its intrinsic 

performance. The conductivity decreasing attributes to the reducing 

of the lattice constant, while the increasing of lattice constant has a 

limited effect on the improvement of conductivity. The size of S2− is 

close to the optimal value for the migration of lithium ions in the 

structural skeleton. The sulfide solid electrolyte possesses a narrow 

thermodynamically electrochemical window, the spontaneous 

chemical reaction occurs when contact with lithium metal, as a result 

Li2S, Li3P, Li-Ge alloys would be formed. A hybrid conductor 

interface is formed within the interface between Li and Li10GeP2S12, 

and the resulting Li-Li3PS4 interface forms a kinetically stable solid 

electrolyte interface. The elimination of high-valent cations and the 

technology of hybrid anion utilization can improve the stability of 

the electrolyte when coupling with lithium metal. The results show 

that the good stability of the solid electrolyte is not attributed to the 

thermodynamic intrinsic properties, but corresponding to the kinetic 

stability. The slow decomposition reaction kinetics and poor 

electronic transportation in the interfacial layer are important issues 

to limit the kinetic stability. The calculation results also confirm that 

the decomposition and interface engineering of SEI film are 
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important problems to influence the performances of all-solid-state 

batteries. The interface layer can insulate electrons while conduct 

ions exhibits good interfacial stability and lower impedance. 

Artificial coating method is an effectively strategy to stabilize the 

interface and reduce the impedance of the interface. 

2.3. Summary 

In summary, compared with traditional lithium ion battery, all-

solid-state batteries possess advanced safety performance and high 

energy density, have broad development potential in the fields of 

power using and energy storage. Lithium metal with low potential 

and high theoretical specific capacity, becomes the one of most ideal 

anode materials for solid-state batteries. Many sulfide solid 

electrolytes would spontaneously decompose when contact with 

metallic lithium, resulting in an increasing interfacial impedance and 

lithium consumption. A lithium-stable solid electrolyte, Li6PS5Cl, 

was introduced in this project as electrolyte to achieve long cycle life 

of the battery. On the other hand, the traditional Li-intercalation 

based transition metal oxide cathode material releases a low 

theoretical specific capacity, the high-resistance space charge layer 

exists in the contact within sulfide solid electrolytes, cannot meet the 

requirement of high-energy density solid-state batteries. The 
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transition metal sulfide not only exhibits a high theoretical specific 

capacity and moderate working voltage range, but also displays ideal 

interfacial compatibility between the sulfide solid electrolyte and 

cathode materials, become the one of the most promising electrode 

materials for achieving high energy density all-solid-state lithium 

batteries. Nevertheless, in transition metal sulfide cathode materials 

with anionic redox driven chemistry, sulfur fully or partially exists in 

the state of S2
2− pairs, and this has a strong influence on specific 

capacity. For example, MoS2 only has S2− pairs, displaying a 

theoretical specific capacity of 670 mAh g−1[190, 260]. MoS3 has 

both S2
2−  and S2− pairs, showing a higher theoretical specific 

capacity of 837 mAh g−1[261]. A cathode material with large amount 

of S2
2− pairs become candidate to realize high theoretical specific 

capacity. The transition metal sulfides were in-situ combined with 

solid electrolytes, forming a good ionic conductive network and 

structural framework, could not only improve the charge transport 

kinetics in the composite, but also enhance the structural stability 

during the charge-discharge process. However, the electrochemical 

performance of transition metal sulfides in all-solid-state batteries 

still need to be further improved, the electrochemical reaction and 

capacity decay mechanism of transition metal sulfides in all-solid-

state batteries are still unclear as well. The purpose of this study is 
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the designing and improvement of MoS6 material with various 

synthesis methods, and explore electrochemical properties when 

using in the all-solid-state batteries. 

The research content of this thesis mainly includes the following 

aspects: 

(1) Preparation and analysis of MoS6 as a cathode material in 

all-solid-state lithium batteries. 

Micro-size MoS6 was prepared by aqueous solution reaction. 

MoS6 has been considered as one of promising cathode materials for 

all-solid-state lithium battery because of its ultra-high theoretical 

specific capacity of 1117 mAh g−1 due to the high S2
2− content as well 

as amorphous nature, which possess open and random transmission 

path to achieve cycling stability[262], therefore showing potential 

applications in high energy all-solid-state battery. Ex-situ XRD, 

HRTEM and XPS were used to analyze the reaction mechanism 

during the charge and discharge process. 

(2) Preparation and analysis of MoS6@15%Li7P3S11 composite 

in all-solid-state lithium batteries. 

By in-situ coating Li7P3S11 solid electrolytes on the MoS6, the 

resultant MoS6@15%Li7P3S11 composite can achieve an improved 

ion diffusion coefficient range. The 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-sate lithium batteries 
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show a high initial discharge capacity and long cycle life. Besides, 

the MoS6@15%Li7P3S11 composite displays a high energy density 

and power density. This contribution provides a new sulfide-based 

cathode material with high specific capacity and superior ion 

diffusion coefficient, showing promising application potential for all-

solid-state lithium batteries. 

(3) Preparation and analysis of 95MoS65LiI composite in all-

solid-state lithium batteries. 

A transition metal sulfide composite 95MoS65LiI with a 

superior electrochemical reaction kinetics was prepared by 

mechanical ball milling for all-solid-state lithium batteries. After 

cooperated LiI with MoS6, the average ion diffusion coefficient was 

improved during the first cycle. The all-solid-state lithium batteries 

with 95MoS65LiI exhibit high initial and reversible capacity. This 

work demonstrates a promising transition metal sulfide composite 

with high Li-ion transport kinetics, showing a new insight to improve 

the electrochemical performance for high-performance all-solid-state 

lithium batteries. 
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Chapter 3. Experiments 

3.1. Materials preparation 

3.1.1. MoS6 

3.1.1.1.. Introduction 

Traditional sulfide cathode materials based on insertion 

reactions can accommodate lithium ions in their lattice without 

serious structural change during the intercalation/de-intercalation 

reaction of: 

𝑥Li+ + MS𝑦 + 𝑥e− ↔ Li𝑋MS𝑦 (14) 

where M represents the transition metal. Although insertion 

reaction based cathode materials present stability and long cycle life 

performance when using in the all-solid-state lithium battery, they 

still have intrinsic problems related to the limit space for lithium ions, 

leading to a low specific capacity[172]. Nevertheless, for transition 

metal sulfide cathode materials with anionic redox driven chemistry 

(a-TiS4[173], MoS3[261] and FeS2[179]), sulfur fully or partially 

exists in the state of S2
2−  pairs, which has a strong influence on 

specific capacity. For example, MoS2 only has S2−pairs, displaying 

a theoretical specific capacity of 670 mAh g−1[190, 260]. MoS3 has 

both S2
2−  and S2− pairs, showing a higher theoretical specific 
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capacity of 837 mAh g−1[261]. The electronic structure of the S2
2− 

group allows them to donate or receive electrons. Their ability as 

donors is attributed to the π*g orbital, which can release electrons 

that convert S2
2− to S2−. Because of the reversible reaction of S2

2− +

2e− → 2S2− , multi-electron reactions proceed during 

charge/discharge process, resulting in a high specific capacity[172, 

190]. In addition, transition metal sulfides with anionic redox driven 

chemistry display a high voltage plateau of about 2 V, which is close 

to that of lithium-sulfur batteries. 

Although transition metal sulfides have numerous advantaged 

when using as cathode materials, the environmental concern of them 

is also an essential part. As an abundant and non-toxic material, 

transition metal sulfides show sustainable property compared with 

other rare materials used in battery systems. For example, they can 

be easily recycled and reducing the pollution for the environment. 

However, the synthesis of transition metal sulfides would involve 

hazardous chemicals and energy-intensive processes, which may 

have negative environmental impacts if not managed properly. The 

careful management is necessary to prevent the harm of 

environmental. Furthermore, the economic feasibility of using 

transition metal sulfides is also tied to the availability of the raw 

materials and the stability of the supply chain. The fluctuating prices 
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of transition metals can impact the cost of producing these sulfides, 

which in turn affects their economic viability. 

3.1.1.2. Preparation of (NH4)2Mo2S12 precursor. 

(NH4)2Mo2S12 was used as a precursor and synthesized by wet 

chemical methods. Briefly, 4.5 g of (NH4)6Mo7O244H2O and 3 g of 

NH2OHHCl were dissolved in 60 ml of water (50 oC). 12 g of sulfur 

powder and 60 ml of (NH4)2S (6−20 % aqueous solution) were mixed 

and stirred for 1 h. The above two solutions were mixed together and 

placed in the oven at 50 oC and 90 oC for 1 h and 4 h, respectively. 

After filtering, the filtrate was mixed with 20 ml of (NH4)2S and 

allowed to stand for 36 h, which were filtered and washed with water, 

ethanol carbon disulfide and diethyl ether.  

3.1.1.3. Preparation of MoS6 

Micro-size MoS6 was prepared by aqueous solution reaction 

corresponding to the reaction of: 

(𝑁𝐻4)2𝑀𝑜2𝑆12 + 𝐼2 → 2𝑁𝐻4𝐼 + 2𝑀𝑜𝑆6 (15) 

Typically, 0.28 g of (NH4)2Mo2S12 and 0.2 g of iodine were 

separately dissolved in N, N-dimethylformamide. Afterward, two 

solutions were thoroughly mixed together and kept stirring for 30 

minutes. The obtained MoS6 was filtered, washed with N, N-
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dimethylformamide, CS2, and acetone and finally dried and storage 

in argon atmosphere. 

3.1.2. MoS6 @ Li7P3S11 composite 

3.1.2.1. Introduction 

Although the amorphous multi-sulfide active materials can 

shorten the transmission distance of lithium ions, and increase the 

theoretical specific capacity, the mixing of the active material and the 

solid electrolyte by manual grinding or mechanical ball milling 

cannot obtain an ideal solid-solid contact interface, resulting in the 

reducing of the reversible capacity due to some active materials 

cannot participate in the electrochemical reaction during the charge-

discharge process. The lithium-ion transportation properties within 

interfacial contact between cathode and solid electrolyte are 

generally considered to be the essential part of the electrochemical 

reaction. In order to improve the interfacial contact between the 

active material and the solid electrolyte, so as to promote the charge 

transfer kinetics of lithium ions, the composite is formed by in-situ 

coating the solid electrolyte nanoparticles on the surface of active 

material, which can not only improve the solid-solid interface contact, 

shorten the transport path of lithium ions, but also further improve 

the rate and cycling performance of all-solid-state lithium batteries. 
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3.1.2.2. Preparation of MoS6@15%Li7P3S11 composite 

A in-situ liquid phase reaction with annealing process were 

conducted for the MoS6@15%Li7P3S11 composite preparation[261]. 

In a typical process, the as-prepared MoS6 were mixed with P2S5 and 

Li2S powders, then magnetic stirring in anhydrous acetonitrile at 60 

oC for 12 h. After removing the residual solvent, MoS6 in-situ coated 

with Li7P3S11 precursor was collected and then heated at 260 oC for 

about 1 h to obtain MoS6@15%Li7P3S11 composite. 

The synthesis details of Li10GeP2S12, Li6PS5Cl and 75%Li2S-

24%P2S5-1%P2O5 can be found elsewhere, the ionic conductivities 

of these solid electrolytes were 8.27×10−3 S cm−1 (Li10GeP2S12), 3.5

×10−3 S cm−1 (Li6PS5Cl) and 1.54×10−3 S cm−1 (75%Li2S-24%P2S5-

1%P2O5). 

3.1.3. 95MoS65LiI composite 

3.1.3.1. Introduction 

Due to the limited electrochemical reaction kinetics of MoS6, 

the assembled all-solid-state lithium batteries suffered from low 

utilization of active materials during the charge-discharge process, 

leading to poor specific capacity and short lifespan[170, 260]. 

Recently, MoS2@LiI-LiBr has been reported as a high 
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electrochemical reaction kinetics cathode material, which can 

enhance the ionic conductivity due to LiI-LiBr reduce the interaction 

between Li+ and S2−, as a result improve the utilization of active 

materials[263]. Therefore, doping LiI into MoS6 is an effective 

strategy to improve the reversible capacity during the 

charge/discharge process[170]. 

3.1.3.2. Preparation of 95MoS65LiI 

To prepare the 95MoS65LiI (mol %) composites, a mixture of 

MoS6 and LiI powders was placed into a ZrO2 pot and then 

mechanically milled with a planetary ball mill for 9 h at 510 rpm in 

argon atmosphere. 

3.2. Fabrication and evaluation of all-solid-state batteries 

3.2.1. Battery assembling of MoS6 

3.2.1.1. All-solid-state lithium battery assembling 

For electrochemical performance analysis of above-synthesized 

samples, the obtained MoS6, Li10GeP2S12 and Super P were mixed 

together at weight ratio of 40:50:10. For the preparation of 

Li/Li10GeP2S12/Li6PS5Cl/MoS6 all-solid-state batteries, upon cold 

pressing at 240 MPa, Li6PS5Cl (150 mg) solid electrolyte pellet 
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(ϕ=10 mm) can be fabricated. Then, the above-synthesized 

composites cathodes were homogeneously spread on the electrolyte 

surface and applied cold pressing again under 240 MPa. Finally, the 

metallic lithium foil (ϕ=10 mm) was attached to the other side of 

Li6PS5Cl layer with 360 MPa. For the purpose of comparison, the 

Li/Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5/MoS6 all-solid-state 

batteries were fabricated as well. The bilayer pellets (ϕ=10 mm) 

consisting of Li10GeP2S12 and orthorhombic phase 75%Li2S-

24%P2S5-1%P2O5 were constructed under 240 Mpa either. The above 

mentioned cathodes were spread on the side of Li10GeP2S12 solid 

electrolytes homogeneously followed with 240 MPa cold pressing. 

The metallic lithium foil (ϕ=10 mm) was placed on the 75%Li2S-

24%P2S5-1%P2O5 solid electrolyte side by pressing them together 

under 360 MPa. The reason for bilayer solid electrolyte pellet is due 

to the instability between Li10GeP2S12 and lithium metal. All the 

processes were operated in glove box with dry argon atmosphere. 

3.2.1.2. Lithium-ion battery assembling 

In order to analysis the electrochemical performances of MoS6 

when coupling with liquid electrolyte, the lithium-ion battery was 

assembled. Typically, 100 mg of MoS6 was mixed with 28.6 mg of 

super P, and then 0.375 g of 4%PVDF was dropped into the powder 
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mixture. The mixture with 4%PVDF stirred with ball milling 

machine, black paint was generated. After applied the paint on the 

Aluminum foil and dried for 12 h, the cathode layer was successfully 

prepared. The coin cell composed by the cathode of MoS6 cathode 

wafer, lithium metal, polyethylene separator film, and commercial 

electrolyte. 

3.2.2. Battery assembling of MoS6@15%Li7P3S11 composite 

The obtained MoS6@15%Li7P3S11 composite, Li10GeP2S12 and 

Super P were mixed together with weight ratio of 40:50:10. For the 

preparation of Li/Li10GeP2S12/Li6PS5Cl/MoS6@15%Li7P3S11 all-

solid-state batteries, upon cold pressing at 240 MPa, Li6PS5Cl (150 

mg) solid electrolyte pellet (ϕ=10 mm) can be fabricated. Then, the 

above-synthesized composite cathodes were homogeneously spread 

on the electrolyte surface and applied cold pressing again under 240 

MPa. Finally, the metallic lithium foil (ϕ=10 mm) was attached to the 

other side of Li6PS5Cl layer with 360 MPa. 

3.2.3. Battery assembling of 95MoS65LiI composite 

For the purpose of electrochemical performance evaluating, the 

as-synthesized MoS6 or 95MoS65LiI composite were mixed with 

Li10GeP2S12 and Super P in mass ratio of 40:50:10. Afterward, 150 
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mg of Li6PS5Cl solid electrolytes were cold pressed into pellets under 

240 MPa. Then, the above-mentioned composite cathodes were 

uniformly spread on the electrolyte surface and cold pressed under 

240 MPa. Finally, a piece of lithium foil was placed on the other side 

of the solid electrolyte pellet by pressing them together under 360 

MPa. All of the process were operated in argon atmosphere. 

3.3. The electrochemical performances analysis of Battery 

Galvanostatic charge and discharge tests were conducted on the 

multi-channel battery test system under various current densities with 

voltage range from 1.0 V to 3.0 V at room temperature. The 

galvanostatic intermittent titration technique (GITT) was tested 

under 1 A g−1 for 1 min followed by rest for 120 min. The Li ions 

diffusion coefficient (𝐷 ) was determined by Eq. 16 based on the 

Fick’s second law[264-267]: 

𝐷 =
4

πτ
(

𝑛𝑚𝑣𝑚

𝑆
)

2

(
∆𝐸𝑠

∆𝐸𝑡
)

2

(16) 

Where τ is the time duration of the pulse, 𝑛𝑚 and 𝑣𝑚 are the molar 

mass (mol) and volume (cm3/mol) of the active material, respectively. 

𝑆  is the cell interfacial area, ∆𝐸𝑠  and ∆𝐸𝑡  are voltage drops of the 

pulse and discharge process[268]. 

The electrochemical work station (Solartron 1470E) was 

employed for cyclic voltammetry (CV) measurements and 
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electrochemical impedance spectroscopy (EIS). All measurements 

were proceeded under room temperature.  

3.4. Materials characterization 

X-ray diffractions (XRD) measurements were performed on 

Bruker D8 Advance Davinci with Cu Kα radiation of λ = 1.54178 Å 

in a 2θ range of 10–60o to determine the crystal structure of samples. 

Raman spectra results were recorded in the range of 250 to 580 cm−1 

by Raman spectrophotometer (Renishaw inVia Reflex) with 532 nm 

laser. The atom ratio of MoS6 was analyzed by the inductively 

coupled plasma emission spectrometer analysis (ICP-OES, Spectro 

Arcos, Spectro). Field emission scanning electron microscopy (SEM, 

S-4800, Hitachi) and Field emission scanning electron microscopy 

energy dispersive spectroscopy (SEM-EDS) were conducted to 

confirm the morphology, particle size and elements distribution. 

High-resolution transmission electron microscopy (HRTEM) was 

conducted on FEI Tecnai F20 for the existence of Li7P3S11 solid 

sulfide electrolyte thin layer coated on the MoS6 surface. X-ray 

photoelectron spectroscopy (XPS, Axis Supra, Kratos) is used for 

energy bonding detection. The sample cross-sections used for 

mechanism analysis were performed on focused-ion-beam (FIB, 

Helios-G4-CX, Thermo scientific). 
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3.4.1. X-ray diffractions (XRD) 

X-ray diffraction (XRD) is a powerful analytical technique 

employed extensively in the field of materials science, chemistry, 

physics, and geology for the characterization of crystalline materials. 

The core functionality of XRD revolves around the investigation of 

the internal atomic structure and arrangement within a substance by 

exploiting the diffraction phenomenon that occurs when a 

monochromatic X-ray beam interacts with a crystalline lattice. 

When X-rays encounter the orderly array of atoms in a crystal, 

they undergo scattering events governed by Bragg's Law. The 

scattered waves interfere constructively at specific angles (Bragg 

angles), producing intense peaks on a detector, which are collectively 

referred to as the diffraction pattern or diffractogram. Each peak 

corresponds to a set of interatomic spacings (d-spacings) and 

crystallographic planes within the material. 

Key functionalities of XRD include: 

(1) Phase Identification: By comparing the observed diffraction 

patterns against reference databases, XRD enables the identification 

of the crystalline phases present in a sample, thus determining its 

chemical composition and mineralogy. 

(2) Crystal Structure Analysis: Detailed analysis of the 

intensities and positions of diffraction peaks allows for the 
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determination of unit cell parameters (lattice constants), space groups, 

and atomic positions within the crystal lattice. 

(3) Texture Analysis: The preferred orientation of crystals in a 

polycrystalline material (texture) can be quantified using XRD 

techniques. 

(4) Structural Studies: In-depth studies of crystal structures can 

reveal changes in bonding environments, oxidation states, or 

complex structural transformations under varying conditions such as 

temperature, pressure, or composition. 

Overall, XRD provides invaluable information about the 

fundamental nature of solids, including their composition, crystal 

structure, microstructure, and preferred orientations, making it an 

indispensable tool in both research and industrial quality control 

settings. 

3.4.2. Raman spectrophotometer 

Raman spectroscopy instrument serves as a versatile analytical 

tool widely utilized in various scientific disciplines for non-

destructive identification and characterization of materials. The 

primary function of a Raman spectrometer involves probing the 

vibrational, rotational, and other low-frequency modes of molecules 

within a sample through the inelastic scattering of light. 
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Raman spectroscopy is based on the Raman effect, where 

incident monochromatic light, often from a laser source, interacts 

with the molecular bonds within a substance. When this light is 

scattered by the molecules, most of it scatters elastically, 

corresponding to the well-known Rayleigh scattering. However, a 

small fraction (approximately 1 in 10−6 to 10−8 photons) scatter 

inelastically, gaining or losing energy during the process. This shift 

in energy corresponds to the vibrational transitions occurring within 

the molecule and results in a unique spectral fingerprint for each 

material. 

The main functions of a Raman spectrometer include: 

(1) Molecular Identification: By analyzing the Raman spectrum, 

which displays peaks corresponding to the vibrational frequencies of 

the molecules, one can identify the chemical composition and 

functional groups present in a sample. This is particularly useful for 

organic and inorganic compounds, pharmaceuticals, biological 

tissues, and minerals. 

(2) Structural Analysis: Raman spectroscopy reveals 

information about the molecular structure, including conformational 

isomers, polymorphs, and the presence of defects in crystalline 

materials. It can also detect subtle changes in molecular geometry 

and bond lengths. 
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(3) Low Concentration Detection: With advancements in 

instrumentation, such as near-infrared lasers and surface-enhanced 

Raman spectroscopy (SERS), it is possible to detect trace amounts of 

substances even down to single-molecule detection levels. 

(4) Temperature and Pressure Dependent Studies: Raman 

spectroscopy can be performed under controlled environmental 

conditions, allowing for real-time monitoring of molecular changes 

during reactions or under variable stressors. 

3.4.3. Inductively coupled plasma emission spectrometer analysis 

(ICP-OES) 

Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES) is a highly sensitive and accurate analytical technique 

employed for the qualitative and quantitative determination of a wide 

range of elements in various sample matrices. This advanced method 

combines the principles of plasma physics with optical emission 

spectroscopy to deliver rapid, multi-element analysis with 

exceptional precision and reproducibility. 

In an ICP-OES system, a sample is introduced into a high-

temperature plasma generated by an inductively coupled 

radiofrequency (RF) field. The plasma torch, operating at 

temperatures exceeding 6000 oC, effectively atomizes and ionizes the 
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sample components, converting them into excited atomic and ionic 

species. Upon returning to their ground state, these species emit 

characteristic wavelengths of light, which are detected and measured 

by a high-resolution optical spectrometer. 

The primary functions and advantages of ICP-OES include: 

(1) Elemental Analysis: Capable of detecting nearly all elements 

in the periodic table, from alkali metals to transition metals, rare earth 

elements, and several non-metals, ICP-OES allows for the 

simultaneous determination of multiple elements at concentrations 

ranging from parts per million (ppm) to parts per billion (ppb). 

(2) Broad Dynamic Range: It has a large linear dynamic range, 

meaning it can quantify elements over several orders of magnitude 

without significant loss of precision. 

(3) Accuracy and Precision: Due to the inherent stability of the 

plasma and the use of external calibration standards, ICP-OES 

provides reliable and repeatable measurements with low detection 

limits. 

(4) Trace Element Detection: The sensitivity of ICP-OES is 

particularly advantageous for detecting trace elements, which may be 

critical for regulatory compliance, quality control, or research 

purposes. 
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3.4.4. Field emission scanning electron microscopy (SEM) 

In this work, secondary electrons (SEs) were used to scan 

surfaces of samples to obtain information. In SEM, secondary 

electrons (SEs) play a pivotal role in imaging and surface analysis. 

Secondary electrons are generated as a result of the interaction 

between the primary electron beam and the sample material. When 

the high-energy incident electrons impinge upon the specimen 

surface, they can cause atoms within the material to become excited 

or ionized, leading to the ejection of electrons that were originally 

bound to those atoms. These ejected electrons are known as 

secondary electrons and typically carry much lower energies than the 

primary electrons. 

The key feature of secondary electrons in SEM applications is 

their sensitivity to the topographical details at the surface of the 

specimen. Due to their low kinetic energy and short escape depth, 

SEs are predominantly emitted from close to the surface, providing 

information about surface topology with excellent resolution and 

contrast. This makes them particularly useful for creating high-

resolution images that reveal intricate surface features such as texture, 

roughness, and morphology. 

Secondary electron detectors in an SEM are designed to capture 

these low-energy electrons effectively. By raster-scanning the 
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focused primary electron beam across the sample and continuously 

collecting the secondary electrons emitted, a detailed topographic 

image is constructed. The resulting SEM images display a strong 

signal intensity variation with respect to surface inclination, which 

enhances the three-dimensional appearance of the imaged structures. 

In summary, the secondary electron imaging mode in a scanning 

electron microscope is crucial for visualizing and characterizing the 

microstructure and surface properties of various materials in fields 

ranging from materials science and engineering to biology and 

geology. It offers a non-destructive method for obtaining highly-

detailed, high-contrast images that provide valuable insights into the 

surface characteristics of specimens. 

3.4.5. SEM-energy dispersive spectroscopy 

Scanning Electron Microscopy coupled with Energy Dispersive 

Spectroscopy (SEM-EDS) is a powerful combination of analytical 

tools that provides both morphological and elemental compositional 

information about a sample.  

Energy Dispersive Spectroscopy (EDS) is an accessory attached 

to the SEM that analyzes the X-ray emissions produced by the 

sample when it is bombarded by the electron beam. When high-

energy electrons from the SEM penetrate the material, they can 
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dislodge inner shell electrons from the atoms, causing the higher 

energy outer shell electrons to drop down and fill the vacancies. In 

doing so, characteristic X-rays are emitted, each with a specific 

energy level that is unique to the element from which they originated. 

The EDS detector captures these X-rays and measures their 

energy, thereby identifying and quantifying the elemental 

composition of the sample. This information is displayed as an 

elemental map or spectrum, providing a semi-quantitative or 

quantitative distribution of elements across the scanned area. 

Consequently, SEM-EDS not only gives insight into the sample’s 

morphology but also its chemical makeup, allowing for 

comprehensive material characterization. 

As a practical characterization technique, SEM-EDS can 

perform elemental analyses at micron or even submicron scales, 

facilitating diverse applications in materials science, geology, 

forensics, biology, semiconductor technology, and many other fields 

to understand the relationship between microstructure and 

composition. 

3.4.6. High-resolution transmission electron microscopy 

(HRTEM) 

High Resolution Transmission Electron Microscopy (HRTEM) 
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is an analytical technique in the field of materials science and 

nanotechnology that delivers ultra-high resolution imaging of 

materials at the atomic scale. HRTEM works by utilizing a highly 

focused beam of electrons transmitted through an extremely thin 

specimen, typically less than 100 nm and often below 1 nm thick, to 

create detailed images of the internal structure of materials. 

The principal function of HRTEM based on its ability to resolve 

the arrangement of atoms within a crystalline lattice. As the electrons 

pass through the specimen, they interact with the periodic potential 

of the crystal, leading to interference patterns that form the basis of 

the image. The high resolving power of HRTEM instruments allows 

for the visualization of individual lattice fringes, which correspond 

to the distances between adjacent crystal planes, thereby providing 

precise information about the crystal structure and orientation. 

Additionally, HRTEM can reveal defect structures, such as 

dislocations, grain boundaries, and interfaces, which are critical in 

understanding material properties and behavior. Moreover, it can 

produce Fourier transforms of the images, which can be analyzed to 

determine crystal structures directly from the diffraction patterns. 

Furthermore, advanced HRTEM setups can incorporate exit wave 

reconstruction techniques and other computational algorithms to 

enhance the interpretability of the acquired data. 
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Another important aspect of HRTEM is its compatibility with 

other TEM-based techniques like Selected Area Electron Diffraction 

(SAED), which enable further characterization of the chemical 

composition, electronic structure, and bonding environments within 

the material. 

3.4.7. Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-

SIMS) 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

is a sophisticated surface analysis technique that provides high-

resolution chemical information about the topmost layers of a sample. 

It is widely recognized for its ability to detect a vast array of elements 

and molecular species, even in complex mixtures, with exceptional 

sensitivity and spatial resolution. 

Key features of TOF-SIMS include: 

(1) High Sensitivity: TOF-SIMS can detect trace elements and 

impurities at concentrations as low as parts per billion (ppb) or even 

parts per trillion (ppt), making it an excellent tool for quality control 

and failure analysis. 

(2) High Mass Resolution: The technique offers high mass 

resolution, allowing for the differentiation between isotopes and 

closely related molecular species, which is crucial for complex 
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sample analysis. 

(3) Depth Profiling: By varying the sputtering conditions, TOF-

SIMS can be used to create depth profiles of the sample, providing 

information about the composition as a function of depth.  
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Chapter 4. MoS6
1 

4.1. Characterization results of MoS6 

To better demonstrate the property of as-prepared samples, the 

characterization techniques were revealed. The as-prepared 

(NH4)2Mo2S12 display a crystal structure, which matched well with 

standard peaks in the PDF card (JCPDS: F73-0900)(Figure 4-1)[269]. 

 

Figure 4-1 XRD pattern of (NH4)2Mo2S12. 

Micro-size MoS6 was prepared by aqueous solution reaction 

with (NH4)2Mo2S12, showing an amorphous structure (Figure 4-2). 

 

Figure 4-2 XRD pattern of MoS6. 

 
1 The data used in this chapter have been published by Mingyuan Chang as first author in journal of Batteries 

named “Micro-sized MoS6@ 15% Li7P3S11 composite enables stable all-solid-state battery with high 

capacity. Batteries, 2023, 9(11): 560.” 
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To better demonstrate the property of as-prepared sample, the 

Mo/S atom ratio was measured by inductively coupled plasma 

emission spectrometer (Table 4-1). The actual remaining weight ratio 

of Mo and S were 31.5 wt.% and 63.5 wt.%, indicating Mo/S ratio is 

6.036, which in agreement with the theoretical value of 6. 

Table 4-1 The inductively coupled plasma emission spectrometer 

analysis of MoS6. 

Elements S Mo 

Weight % 63.5 31.5 

Atom % 85.7 14.2 

In order to confirm the bonds in MoS6, Raman spectroscopy was 

performed (Figure 4-3). The peaks located at the range of 286–

385cm−1 and 518–550 cm−1 correspond to vibrations of molybdenum 

sulfide bonds and bridging disulfide/terminal disulfide[26, 27]. 

 

Figure 4-3 Raman spectra of MoS6. 

The morphology and microstructure of MoS6 was observed by 
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SEM and HRTEM (Figure 4-4). The particle size for MoS6 is in the 

range of 1–4 μm (Figure 4-4a). HRTEM images further confirm the 

amorphous nature of MoS6 (Figure 4-4b), which is well matched with 

the result of SAED rings shown in Figure 4-4c. 

 

Figure 4-4 SEM image of (a) MoS6. TEM image of (b) MoS6 as 

well as SAED image of (c) MoS6. 

To guarantee the uniformity of the characterization results, the 

SEM and TEM figures of MoS6-2 and MoS6-3 are shown in Figure 
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4-5. Both of them display the particle size range of 1–4 μm, and show 

the amorphous structure in TEM figures, which are well matched 

with MoS6 in Figure 4-4. 

 

Figure 4-5 SEM images of (a) MoS6-2 and (b) MoS6-3. TEM 

images of (c) MoS6-2 and (d) MoS6-3. 

4.2. Electrochemical performances of MoS6 

The electrochemical performances of MoS6 were tested in all-

solid-state lithium batteries, where two type battery configures were 

employed at 25 oC under 0.2 A g−1, i.e. Li/Li6PS5Cl/MoS6 and 

Li/Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5/MoS6 all-solid-state 

batteries. As shown in Figure 4-6, Li/Li6PS5Cl/MoS6 all-solid-state 

battery exhibits a reversible specific capacity of 361.8 mAh g−1 after 

200 cycles, which is higher than the value of 78.3 mAh g−1 for 
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Li/Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5/MoS6 all-solid-state 

battery, showing a better capacity retention. 

 

Figure 4-6 Cyclic performances of Li/Li6PS5Cl/MoS6 and Li/ 

Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5/MoS6 all-solid-state 

batteries under 0.2 A g−1. 

For the purpose of comparison, cyclic performances of 50MoS6: 

50Li10GeP2S12, 40MoS6: 50Li10GeP2S12: 10Super P and 40MoS6: 

40Li10GeP2S12: 20Super P were performed under 0.1 A g−1 at 25 oC 

to determine the appropriate mixing ratio, as shown in Figure 4-7. 

The discharge capacity of 40MoS6: 50Li10GeP2S12: 10Super P was 

544.8 mAh g−1 after 10 cycles, which is higher than 394.69 mAh g−1 

and 438.29 mAh g−1 for 50MoS6: 50Li10GeP2S12 and 40MoS6: 

40Li10GeP2S12: 20Super P, respectively, showing a high reversible 

discharge capacity. 
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Figure 4-7 Cyclic performances of all-solid-state batteries with 

50MoS6: 50Li10GeP2S12, 40MoS6: 50Li10GeP2S12: 10Super P and 

40MoS6: 40Li10GeP2S12: 20Super P cathodes under 0.1 A g−1. 

To reveal the electrochemical reaction mechanism of MoS6, CV 

curves of Li/Li6PS5Cl/MoS6 all-solid-state batteries were performed 

for the first three cycles, as shown in Figure 4-8a. During the first 

cathodic scan, reduction peak at around 1.75 V can be attribute to the 

lithiation process of MoS6 and further conversion process. During the 

initial anodic scanning period, the oxidation peak at 2.25 V 

corresponds to the de-lithiation processes and the formation of 

molybdenum sulfides[200, 270]. Clearly, the redox reactions of 

MoS6 occur within the potential window of 1.0–3.0 V, which was 

selected to further evaluate electrochemical performances. Figure 4-

8b present the first three cycles galvanostatic discharge-charge 

curves of MoS6 and MoS6@15% Li7P3S11 composites in all-solid-

state lithium batteries under 0.1 A g−1 at 25 oC.  The all-solid-sate 

lithium battery with MoS6 cathodes deliver high initial discharge 

capacities of 913.9 mAh g−1.  



129 

 

 

Figure 4-8 CV curves of (a) MoS6. Galvanostatic 

discharge/charge profiles of (b) MoS6 cathodes under the 

current density of 0.1 A g−1. 

To guarantee the reproducibility of electrochemical 

performances, the initial discharge specific capacity of MoS6-1, 

MoS6-2 and MoS6-3 under the current density of 0.1 A g−1 are shown 

in Table 4-2. All of them display the similar performance, 

demonstrating the reproducibility of the data. As shown in the Figure 

4-9, the error bar was also derived from the capacity data of MoS6, 

MoS6@15%Li7P3S11 and MoS65LiI. The small error range can co-

confirm the reproducibility of samples. 
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Table 4-2 The specific capacity comparison of MoS6-1, MoS6-2 

and MoS6-3 under the current density of 0.1 A g−1. 

Sample No. 
Current density 

(A g−1) 

Specific capacity 

(mAh g−1) 

MoS6-1 0.1 913.9 

MoS6-2 0.1 916.9 

MoS6-3 0.1 903.9 

 

 

Figure 4-9 The capacity data and error range of MoS6, 

MoS6@15%Li7P3S11 and MoS65LiI. 

For comparison, the liquid electrolyte based battery with MoS6 

cathode material was assembled and tested as well. The galvanostatic 

discharge/charge profiles of Li/Li6PS5Cl/MoS6 and Li/commercial 

liquid electrolyte (matched with NMC811 cathode)/MoS6 are shown 

in Figure 4-10. The shape of voltage curve and plateau location of 

the battery using liquid electrolyte is roughly same with those of the 
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all-solid-state battery. However, due to the shuttle effect[271-274], 

the initial discharge capacity of Li/commercial liquid 

electrolyte/MoS6 is 812.43 mAh g−1, which is lower than 913.9 mAh 

g−1 of the Li/Li6PS5Cl/MoS6 battery. After 3 cycles, the discharge 

capacity of Li/commercial liquid electrolyte/MoS6 decreases to 

395.93 mAh g−1 (622.3 mAh g−1 for Li/Li6PS5Cl/MoS6). As a result, 

the Li/Li6PS5Cl/MoS6 system is chosen for further analysis works. 

 

Figure 4-10 Galvanostatic discharge/charge profiles of (a) 

Li/Li6PS5Cl/MoS6 and (b) Li/commercial liquid 

electrolyte/MoS6 under the current density of 0.1 A g−1. 

To explore the principle of cathode kinetics and capacity 

variation for Li/Li6PS5Cl/MoS6 all-solid-state lithium battery, EIS 

was conducted with the amplitude of 15 mV from 106 to 0.1 Hz. The 
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corresponding equivalent circuit model is shown in the Figure 4-11, 

where Re is the resistance of the electrolyte, semicircle shows the 

interfacial charge transfer resistance (Rct) emerges, the constant phase 

angle element (CPE) is used to indicate the behavior of non-ideal 

capacitance of  the double-layer, and Zw represents the Warburg 

resistance, which indicating the lithium ions diffuse into the bulk 

electrodes[200, 270]. The fitted results of Re and Rct are listed in 

Table 4-3. 

Table 4-3 EIS fitting results of MoS6 and MoS6@15%Li7P3S11 

under 0.1 A g−1 after 20 cycles. 

Cathode 

materials 

1st cycle 20th cycle 

Re (Ω) Rct (Ω) Re (Ω) Rct (Ω) 

MoS6 105.42 / 384.11 52.96 

After the first cycle, the EIS plot is straight line. MoS6 exhibits 

a Re value of 105.42 Ω. After 20 cycles, MoS6 delivers Re value of 

384.11 Ω and Rct value of 52.96 Ω. 
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Figure 4-11 Nyquist plots and the equivalent circuit diagram of 

MoS6 and MoS6@15%Li7P3S11 composite cathodes after 1st and 

20th cycles at 0.1 A g−1 within1.0–3.0 V. 

The rate capabilities of MoS6 cathode were performed under 

various current densities from 0.1 to 2 A g−1 (Figure 4-12a). MoS6 

cathode exhibited superior reversible discharge capacities of 683.9, 

516.8, 407.7, 326.2 and 255.8 mAh g−1 under current densities of 0.1, 

0.2, 0.5, 1 and 2 A g−1, respectively. The rate capability of MoS6 can 

be further enhanced, which lead to improved electrochemical 

reaction kinetics. As shown in Figure 4-12b, the Ragone plot gives 

the relationship between the average power density and energy 

density. Under current density of 0.1 and 2.0 A g−1, the MoS6 

cathodes deliver energy and power densities of 495.8 Wh kg−1 and 

1332.2 W kg−1 based on the total cathode layer composed of MoS6, 

Li10GeP2S12 and super P. 



134 

 

 

Figure 4-12 (a) Rate performances of MoS6 under different 

current densities. (b) Ragone plot deduced from the rate 

performances in (a). 

The long-term cycling stability of MoS6 under 1 A g−1 is further 

shown in Figure 4-13. After activation at 0.1 A g−1 for the first 5 

cycles, the MoS6 rapidly decay for the first 100 cycles and decreases 

to 0 mAh g−1 after 500 cycles at 1 A g−1. The limited reversible 

capacity and bad cyclic performances are mainly ascribed to the poor 

interfacial contact and structural instability[261, 275]. 
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Figure 4-13 Long-term cyclic performance of MoS6 under 1 A 

g−1. 

MoS6 has been considered as one of promising cathode 

materials for all-solid-state lithium battery because of its ultra-high 

theoretical specific capacity of 1117 mAh g−1 due to the high S2
2− 

content as well as amorphous nature, which possess open and random 

transmission path to achieve cycling stability, therefore showing 

potential applications in high energy all-solid-state battery. However, 

the challenges such as poor contact between the cathode and 

electrolyte, limited ionic transport kinetics and low electrochemical 

reaction kinetics lead to an unappealing Coulombic efficiency and 

poor rate performances, resulting in reversible specific capacity of 

635.1 mAh g−1. Further strategies are employed in following chapters 

to obtain MoS6@15%Li7P3S11 and 95MoS65LiI, which can provide 

intimate contact within the cathode and electrolyte, improved ionic 

transport kinetics and high electrochemical reaction kinetics. 
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Chapter 5. MoS6@15%Li7P3S11
2
 

5.1. Characterization results of MoS6@15% Li7P3S11 

To better demonstrate the property of as-prepared sample, the 

synthesis procedures of MoS6@15%Li7P3S11 composite are 

schematically illustrated in Figure 5-1. Li7P3S11 solid electrolyte 

precursor was in-situ coated on the MoS6 surface during the facile 

liquid phase deposition method. After the 260 oC annealing treatment, 

MoS6@15%Li7P3S11 composite was successfully prepared. 

 

Figure 5-1. Schematic diagram of preparation procedure 

for MoS6@15%Li7P3S11 composite. 

XRD patterns of MoS6 and MoS6@15%Li7P3S11 composite are 

shown in Figure 5-2, confirming amorphous nature of MoS6. No 

characteristic peaks for Li7P3S11 sulfide electrolyte were detected, 

indicating the low coating amount of Li7P3S11 sulfide electrolyte. 

 
2 The data used in this chapter have been published by Mingyuan Chang as first author in journal of 

Batteries named “Micro-sized MoS6@ 15% Li7P3S11 composite enables stable all-solid-state battery with 

high capacity. Batteries, 2023, 9(11): 560.”. 
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Figure 5-2 XRD patterns of MoS6 and MoS6@15%Li7P3S11 

composite. 

In order to confirm the existence of Li7P3S11 sulfide solid 

electrolyte in MoS6@15%Li7P3S11 composite, Raman spectroscopy 

was performed (Figure 5-3). The peaks located at the range of 286–

385cm−1 and 518–550 cm−1 correspond to vibrations of molybdenum 

sulfide bonds and bridging disulfide/terminal disulfide[276, 277]. 

Furthermore, the peak located at 421cm−1 can be attributed to the 

PS4
3− in Li7P3S11 sulfide solid electrolyte[200]. 

 

Figure 5-3 Raman spectra of MoS6 and MoS6@15%Li7P3S11 

composite. 
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The microstructures of MoS6 and MoS6@15%Li7P3S11 

composites were observed by SEM (Figure 5-4). The particle sizes 

for MoS6 and MoS6@15%Li7P3S11 composite are in the range of 1-

4μm. 

 

Figure 5-4 SEM images of (a) MoS6 and (b) MoS6@15% 

Li7P3S11. 

EDS mapping of MoS6@15%Li7P3S11 composite clearly 

illustrate the well distribution of molybdenum (blue), phosphorus 

(purple) and sulfur (yellow) (Figure 5-5). 
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Figure 5-5 EDS mapping of MoS6@15%Li7P3S11 composite. 

HRTEM images further confirm that Li7P3S11 solid electrolytes 

uniformly grow on the surface of MoS6 (Figure 5-6), which facilitates 

ionic transport and creates intimate interfacial contact. 
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Figure 5-6 TEM images of (a) MoS6 and (b) MoS6@15% 

Li7P3S11. 

As shown in Figure 5-7, the d-spacings of 0.38, 0.35 and 0.309 

nm correspond to the d030, d202, and d−211 spacing of Li7P3S11, 

respectively[200]. 
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Figure 5-7 HRTEM images of MoS6@15% Li7P3S11. 

To guarantee the uniformity of the characterization results, the 

SEM and TEM images of MoS6@15%Li7P3S11-2 and 

MoS6@15%Li7P3S11-3 are shown in Figure 5-8. Both of them display 

the particle size range of 1–4 μm, and show lattice fringes in TEM 

figures, which are well matched with MoS6@15%Li7P3S11 in Figure 

5-4 and Figure 5-6. 
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Figure 5-8 SEM images of (a) MoS6@15%Li7P3S11-2 and 

(b) MoS6@15%Li7P3S11-3. TEM images of (c) 

MoS6@15%Li7P3S11-2 and (d) MoS6@15%Li7P3S11-3. 

5.2. Electrochemical performances of MoS6@15% Li7P3S11 

To reveal the electrochemical reaction mechanism of MoS6 and 

MoS6@15% Li7P3S11 composites, CV curves of Li/Li6PS5Cl/MoS6 

and Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-state batteries were 

performed for the first three cycles, as shown in Figure 5-9. During 

the first cathodic scan, reduction peak around 1.75 V can be attribute 

to the lithiation process of MoS6 and further conversion process. 

During the initial anodic scanning period, the oxidation peak at 2.25 

V corresponds to the de-lithiation processes and the forming of 

molybdenum sulfides. The CV curves of MoS6@15%Li7P3S11 
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composite are similar to those of the MoS6, showing the same 

electrochemical reaction process[200, 270, 275, 278]. Even so, the 

redox peaks of MoS6@15%Li7P3S11 composite are narrower and 

stronger than those of the MoS6, indicating the enhancement of 

reversibility and electrochemical reaction kinetics owning to the 

favorable ionic diffusion. The apparent overlapping of CV curves 

from the second cycle indicates that MoS6@15%Li7P3S11 composite 

has excellent cycling stability. 

 

Figure 5-9 CV curves of (a) MoS6 and (b) MoS6@15%Li7P3S11 

composite. 

Figure 5-10 present the first three cycles galvanostatic 
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discharge-charge curves of MoS6 and MoS6@15% Li7P3S11 

composites in all-solid-state lithium batteries under 0.1 A g−1 at 25 

oC. The all-solid-sate lithium battery with MoS6 cathodes deliver high 

initial discharge capacities of 913.9 mAh g−1. After coupling with 

Li7P3S11 solid-electrolyte thin layer, all-solid-state lithium battery 

with MoS6@15%Li7P3S11 composite cathodes can deliver an initial 

and reversible discharge capacities of 1083.8 mAh g−1 and 851.5 

mAh g−1, respectively (Figure 5-10b), which are superior to the 

values of many sulfide-based cathode materials reported previously, 

such as rGO-MoS3, cubic FeS2, Co9S8@Li7P3S11 and 

MoS2@Li7P3S11[179, 190, 200, 261]. 
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Figure 5-10 Galvanostatic discharge/charge profiles of (a) MoS6 

and (b) MoS6@15%Li7P3S11 composite cathodes at 0.1 A g−1. 

To guarantee the reproducibility of electrochemical 

performances, the initial discharge specific capacity of 

MoS6@15%Li7P3S11-1, MoS6@15%Li7P3S11-2 and 

MoS6@15%Li7P3S11-3 under the current density of 0.1 A g−1 are 

shown in Table 5-1. All of them display the similar number, 

demonstrating the reproducibility of the data. 
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Table 5-1 The specific capacity comparison of 

MoS6@15%Li7P3S11-1, MoS6@15%Li7P3S11-2 and 

MoS6@15%Li7P3S11-3 under the current density of 0.1 A g−1. 

Sample No. 
Current density 

(A g−1) 

Specific capacity 

(mAh g−1) 

MoS6@15%Li7P3S11-1 0.1 1083.8 

MoS6@15%Li7P3S11-2 0.1 1116.5 

MoS6@15%Li7P3S11-3 0.1 1107.5 

 

As shown in Table 5-2, the initial discharge capacity of rGO-

MoS3, FeS2, Co9S8@Li7P3S11 and MoS2@Li7P3S11 were 1241.4 mAh 

g−1, 750 mAh g−1, 633 mAh g−1 and 868.4 mAh g−1, while the 

reversible capacities were around 760 mAh g−1, 730 mAh g−1, 574 

mAh g−1 and 669.2 mAh g−1, separately. The increased reversible 

discharge capacity compared with MoS6 could be attributed to the 

better interface compatibility between active material and solid 

electrolyte.  
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Table 5-2 Electrochemical performances comparison of various active materials in all-solid-state batteries. 

Active Material Electrolyte Anode 

Voltage 

Range 

(V) 

Initial 

Capacity 

(mAh g−1) 

Reversible 

Capacity 

(mAh g−1) 

References 

rGO-MoS3 
Li10GeP2S12/75%Li2S-

24%P2S5-1%P2O5 
Li 0.5–3 V 1241.4 ~760 17 

Cubic FeS2 77.5%Li2S-22.5%P2S5 Li 1–3 V 750 ~730 10 

Co9S8@Li7P3S11 
Li10GeP2S12/75%Li2S-

24%P2S5-1%P2O5 
Li 0.5–3 V 633 574 21 

MoS2@Li7P3S11 Li7P3S11 Li 0.1–3 V 868.4 669.2 19 

MoS6 Li6PS5Cl Li 1–3 V 913.9 635.1 This work 

MoS6@15%Li7P3S11 Li6PS5Cl Li 1–3 V 1083.8 851.5 This work 
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As shown in Figure 5-11, MoS6@15%Li7P3S11 composite 

exhibits a remarkably stable cyclic performance with an impressive 

reversible specific capacity of 693.2 mAh g−1 after 20 cycles, while 

MoS6 only shows 517.7 mAh g−1. The excellent electrochemical 

performance of MoS6@15%Li7P3S11 composite attribute to the 

Li7P3S11 thin layer, which can improve the cathode-electrolyte 

compatibility. 

 

Figure 5-11 Cyclic performances of Li/Li6PS5Cl/MoS6 and 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-state batteries under 

0.1 A g−1. 

Actually, the coating ratio of Li7P3S11 solid electrolyte also 

effect the electrochemical performances of MoS6@Li7P3S11 

composites (Figure 5-12). Li/Li6PS5Cl/MoS6@10%Li7P3S11 and 

Li/Li6PS5Cl/MoS6@20%Li7P3S11 deliver initial discharge of 967.8 

mAh g−1 and 991.4 mAh g−1, respectively. After 20 cycles, the 

capacity retention of 10%Li7P3S11 and 20%Li7P3S11 coated electrodes 

were 476.1 mAh g−1 and 496.3 mAh g−1. Obviously, 
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Li/Li6PS5Cl/MoS6@15%Li7P3S11 displays a highest reversible 

capacity. 

 

Figure 5-12 Cyclic performances of MoS6@10%Li7P3S11, 

MoS6@15%Li7P3S11 and MoS6@20%Li7P3S11 cathodes under 

0.1 A g−1. 

To explore the principle of cathode kinetics and capacity 

variation for Li/Li6PS5Cl/MoS6 and 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-state lithium battery, EIS 

was conducted with the amplitude of 15 mV from 106 to 0.1 Hz. The 

corresponding equivalent circuit model is shown in the Figure 5-13, 

where Re is the resistance of the electrolyte, semicircle shows the 

interfacial charge transfer resistance (Rct) emerges, the constant phase 

angle element (CPE) is used to indicate the behavior of non-ideal 

capacitance of  the double-layer and Zw represents the Warburg 

resistance, which indicating the lithium ions diffuse into the bulk 

electrodes[200, 270]. 
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Figure 5-13 Nyquist plots and the equivalent circuit diagram of 

MoS6 and MoS6@15%Li7P3S11 composite cathodes over range 

of 1.0–3.0 V at 0.1 A g−1after 1st and 20th cycles. 

The fitted results of Re and Rct are listed in Table 5-3. After the 

first cycle, the EIS plots of both all-solid-state lithium batteries are 

straight lines. MoS6@15%Li7P3S11 composite exhibits a Re value of 

75.89 Ω, which is lower than that of MoS6 with 105.42 Ω. After 20 

cycles, MoS6 delivers higher Re (384.11 Ω) and Rct (52.96 Ω). On the 

contrary, MoS6@15%Li7P3S11 composite shows Re and Rct values of 

124.79 Ω and 10.78 Ω due to the intimate interfacial contacts. 

Table 5-3 EIS fitting results of MoS6 and MoS6@15%Li7P3S11 

under 0.1 A g−1 after 20 cycles. 

Cathode materials 
1st cycle 20th cycle 

Re (Ω) Rct (Ω) Re (Ω) Rct (Ω) 

MoS6 105.42 / 384.11 52.96 

MoS6@15%Li7P3S11 75.89 / 124.79 10.78 
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The rate capabilities of MoS6 and MoS6@15%Li7P3S11 

composite cathode were performed under various current densities 

from 0.1 to 2 A g−1 (Figure 5-14). MoS6@15%Li7P3S11 composite 

cathode exhibited superior reversible discharge capacities of 801.5, 

648.1, 536.3, 454.4 and 370.8 mAh g−1 under current densities of 0.1, 

0.2, 0.5, 1 and 2 A g−1, respectively, while MoS6 only delivered 683.9, 

516.8, 407.7, 326.2 and 255.8 mAh g−1. The excellent rate capability 

of MoS6@15%Li7P3S11 composite can be attributed to enhanced 

ionic diffusivity, which lead to improved electrochemical reaction 

kinetics. 

 

Figure 5-14 Rate performances of MoS6 and 

MoS6@15%Li7P3S11 composite under different current 

densities. 

As shown in Figure 5-15, the Ragone plot gives the relationship 

between the average power density and energy density. Under current 

density of 0.1 and 2.0 A g−1, the MoS6@15%Li7P3S11 composite 

cathodes deliver energy and power densities of 588 Wh kg−1 and 
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1358 W kg−1 based on the total cathode layer composed of 

MoS6@15%Li7P3S11 composite, Li10GeP2S12 and super P, which are 

significantly higher than 495.8 Wh kg−1 and 1332.2 W kg−1 of MoS6 

at the same current densities, respectively. 

 

Figure 5-15 Ragone plot deduced from the rate performances in 

Figure 5-14. 

The long-term cycling stability of MoS6@15%Li7P3S11 

composite cathode under 1 A g−1 is further shown in Figure 5-16a, 

showing high reversible capacity of 400 mAh g−1 after 1000 cycles. 

Furthermore, the Li7P3S11 thin layer still existed even after long-term 

cycling, as shown in Figure 5-16b. The EDS mapping of 

MoS6@15%Li7P3S11 composite clearly illustrate the well distribution 

of phosphorus (red), sulfur (yellow), and molybdenum (green). 
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Figure 5-16 (a) Long-term cyclic performance of 

MoS6@15%Li7P3S11 composite under 1 A g−1. (b) The EDS 

mapping of MoS6@15%Li7P3S11 composite after 1000 cycles. 

CV measurements were also conducted to illustrate the 

electrochemical reaction kinetics. The relationship between the peak 

current (i) and scan rate obeys the power law: 𝑖 = 𝑎𝑣𝑏. The b-value 

is fitted by the log(v)-log(i) plot. The b-value of 1.0 indicates a 

surface-mediated mode while 0.5 displays a diffusion-controlled 

mode. As shown in Figure 5-17a, c, the CV curves show similar 

shapes and gradually broadened redox peaks. Under the same scan 

rate, the curves intensity of MoS6@15%Li7P3S11 composite was 

higher than MoS6, indicating MoS6@15%Li7P3S11 composite can 

maintain a fast electrochemical kinetics with increasing scan rate. As 

shown in Figure 5-17b, the fitted b-values of reduction peak and 

oxidation peak are 0.50 and 0.67 in MoS6@15%Li7P3S11 composite, 
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respectively, which are lower than the fitting b-values of 0.62 and 

0.76 in MoS6 (Figure 5-17d), indicating the electrochemical reaction 

kinetics are dominated by diffusion-controlled processes. This 

condition allows full intercalation of lithium ions, thereby realize 

high reversible capacity[261, 279]. 

 

Figure 5-17 CV curves at different scan rates of (a) 

MoS6@15%Li7P3S11 composite and (c) MoS6. The log (peak 

current) vs. log (scan rate) fitted plots at reduction and 

oxidation peaks of (b) MoS6@15%Li7P3S11 composite and (d) 

MoS6. 

To further quantify the ionic transport kinetics of 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 and Li/Li6PS5Cl/MoS6 all-solid-

state batteries, GITT were conducted to determine the lithium ions 

diffusion coefficient at 1 A g−1 under 1.0–3.0 V. As shown in Figure 
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5-18, the ion diffusion coefficient range of MoS6@15%Li7P3S11 

composite were calculated to be 10−11–10−10 cm2 s−1, which is higher 

than MoS6 with 10−12–10−11 cm2 s−1. Obviously, the ionic diffusivity 

of MoS6@15%Li7P3S11 composite was enhanced significantly, which 

is beneficial for the rapid lithium ions transportation, and thus 

significantly improving the electrochemical performances in terms 

of high discharge capacity and rate capability. 

 

Figure 5-18 GITT plot of Li/Li6PS5Cl/MoS6@15%Li7P3S11 

composite and Li/Li6PS5Cl/MoS6 all-solid-state lithium 

batteries. 

In this work, Li7P3S11 was in-situ coated on the MoS6, the 

resultant MoS6@15%Li7P3S11 can realize the intimate contact 

between the cathode material and solid electrolyte, while decreasing 

the weight ratio of active material based on the total cathode layer, 

which decreases the energy density. Another MoS6 based composite 

was designed in this project, which not only increases the weight 

ratio of MoS6 for a higher energy density, but also improves the 

utilization of the active material, releasing a high specific capacity 
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during the charge-discharge process. 
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Chapter 6. 95MoS65LiI3 

6.1. Characterization results of 95MoS65LiI 

The preparation of 95MoS65LiI composite are schematically 

illustrated in Figure 6-1. LiI was mixed with MoS6 homogeneously 

by ball milling. After mixed as-prepared 95MoS65LiI with 

Li10GeP2S12 and Super P, the composite cathodes were obtained. 

 

Figure 6-1 schematic illustration of preparation process for 

95MoS65LiI composite. 

X-ray diffraction (XRD) patterns of MoS6 and 95MoS65LiI 

composites are shown in Figure 6-2, demonstrating the amorphous 

structure of MoS6. No diffraction peaks of LiI were detected, 

indicating the low mixing amount of LiI. 

  

 
3 The data used in this chapter have been accepted by Mingyuan Chang as first author to the journal of 

chemcomm named “LiI doped MoS6 composite for room temperature all-solid-state lithium batteries” 
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Figure 6-2 XRD pattern of MoS6 and 95MoS65LiI composite. 

As shown in Figure 6-3, the morphology and microstructure of 

MoS6 and 95MoS65LiI were clearly detected by field emission 

scanning electron microscopy (SEM) and high-resolution 

transmission electron microscopy (HRTEM). After ball milling 

process, the particle sizes for 95MoS65LiI composite were in the 

range of 0.5–2 µm (Fig. 6-3b), which was smaller than that of MoS6 

(1–4 µm) (Fig. 6-3a). 

 

Figure 6-3 SEM images of (a) MoS6 and (b) 95MoS65LiI 

composite. 
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The scanning transmission electron microscopy-energy 

dispersive spectroscopy (STEM-EDS) mapping images of 

95MoS65LiI further illustrate the well distribution of S (yellow), Mo 

(blue) and I (green) (Figure 6-4). 

 

Figure 6-4 STEM elemental mapping images of 95MoS65LiI 

composite. 

The TEM images and selected area electron diffraction (SAED) 

pattern (Figure 6-5) further confirm the amorphous nature of 

95MoS65LiI composite after ball milling, which display similar 

morphology with that of MoS6 (Fig. 6-5b). Furthermore, there is no 

lattice in the 95MoS65LiI composite, as shown by the SAED pattern 

(Figure 6-5c). 
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Figure 6-5 TEM images of (a) MoS6 and (b) 95MoS65LiI 

composite as well as SAED pattern of (c) 95MoS65LiI 

composite. 

To guarantee the uniformity of the characterization results, the 

SEM and TEM figures of 95MoS65LiI-2 and 95MoS65LiI-3 are 

shown in Figure 6-6. Both of them display the particle size range of 

0.5–2 µm, and show the amorphous structure in TEM figures, which 

are well matched with 95MoS65LiI in Figure 6-3 and Figure 6-5. 
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Figure 6-6 SEM images of (a) MoS6-2 and (b) MoS6-3. 

TEM images of (c) MoS6-2 and (d) MoS6-3. 

To demonstrate the successful doping of LiI into the MoS6 

matrix, time-of-flight secondary ion mass spectroscopy (TOF-SIMS) 

was employed to demonstrate the ionic bonds differentiation among 

MoS6, LiI and 95MoS65LiI. The TOF-SIMS 3D distribution images 

of I−, S2
2−  and IS3− for MoS6, LiI and 95MoS65LiI are shown in 

Figure 6-7. Due to the chemical properties, only S2
2− and I− were 

detected in MoS6 and LiI, respectively. After doping LiI into the 

MoS6, IS
3− ions were homogeneously distributed in the 95MoS65LiI 

composite, which indicates that the 95MoS65LiI is solid solution 

instead of simply mixture. 
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Figure 6-7 TOF-SIMS 3D distribution images of I−, 𝐒𝟐
𝟐− and 

IS3− ions for (a) MoS6, (b) LiI and (c) 95MoS65LiI. Blue and 

red color present low and high content of ions, respectively. 

6.2. Electrochemical performances of 95MoS65LiI 

To demonstrate the electrochemical performance of MoS6 and 

95MoS65LiI composite, the cyclic voltammetry curves (CVs) of 

Li/Li6PS5Cl/MoS6 and Li/Li6PS5Cl/95MoS65LiI all-solid-state 

batteries were conducted at room temperature for the initial three 

cycles between 1.0 V and 3.0 V at a scan rate of 0.1 mV s−1 (Figure 

6-8). The reduction peak at 1.75 V could be indicated that the 

lithiation and the following conversion process. During the anodic 

scanning scan, the peak at 2.25 can be attributed to the de-lithiation 

process and the formation of molybdenum sulfide. The CV curves of 
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MoS6 and 95MoS65LiI composites possess similar peaks, 

demonstrating the similar electrochemical reaction mechanism. The 

redox peaks of 95MoS65LiI are stronger than MoS6, indicating the 

improved ionic transport kinetics of the electrochemical reaction. 

 

Figure 6-8 CV curves of (a) MoS6 and (b) 95MoS65LiI 

composite. 

The initial three cycles galvanostatic discharge-charge curves of 

Li/Li6PS5Cl/MoS6 and Li/Li6PS5Cl/95MoS65LiI all-solid-state 

batteries are presented in Figure 6-9. The MoS6 delivers an initial and 

reversible discharge capacity of 916.9 mAh g−1 and 595.2 mAh g−1 

at 0.1 A g−1 under 25 oC within 1.0–3.0 V (vs. Li/Li+). By ball milling 

with LiI, 95MoS65LiI composites show an improved initial and 
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reversible discharge capacity of 1016.3 mAh g−1 and 798 mAh g−1, 

respectively. 

 

Figure 6-9 Galvanostatic discharge/charge profiles of (a) MoS6 

and (b) 95MoS65LiI composite over voltage range of 1.0–3.0 V 

under 0.1 A g−1. 

To guarantee the reproducibility of the electrochemical 

performances, the initial discharge specific capacity of 95MoS65LiI-

1, 95MoS65LiI-2 and 95MoS65LiI-3 under the current density of 

0.1 A g−1 are shown in Table 6-1. All of them display the similar 

number, demonstrating the reproducibility of the data. 
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Table 6-1 The specific capacity comparison of 95MoS65LiI-1, 

95MoS65LiI-2 and 95MoS65LiI-3 under the current density of 

0.1 A g−1. 

Sample No. 
Current density 

(A g−1) 

Specific capacity 

(mAh g−1) 

95MoS65LiI-1 0.1 1016.3 

95MoS65LiI-2 0.1 1023.9 

95MoS65LiI-3 0.1 1026.1 

 

Furthermore, Li/Li6PS5Cl/95MoS65LiI all-solid-state batteries 

shows cycle life of 15 cycles with a high capacity retention of 762.8 

mAh g−1 at 0.1 A g−1, which is higher than the value of 485.4 in MoS6 

(Figure 6-10). It is expected that 95MoS65LiI composites were 

decomposed during the charge-discharge processes, which is 

beneficial for the LiI dispersing and consequently improve the 

reaction kinetics during the charge-discharge process[170]. 
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Figure 6-10 Cyclic performance of 95MoS65LiI composite and 

MoS6 at 0.1 A g−1 within1.0–3.0 V. 

Actually, the LiI contents significantly influence the 

electrochemical performances of the battery. 90MoS610LiI and 

99MoS61LiI were also tested in all-solid-state batteries for 

comparison, only showing reversible capacities of 663 and 691.6 

mAh g−1 after the fifteenth cycle (Fig. 6-11). 

 

Figure 6-11 Cyclic performances of 90MoS610LiI, 99MoS61LiI 

and 95MoS65LiI composite under 0.1 A g−1. 

The rate performance of MoS6 and 95MoS65LiI composites 

were determined at different current densities from 0.1 A g−1 to 2 A 

g−1, as shown in Figure 6-12. 95MoS65LiI composites display 
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improved reversible discharge capacities of 757.3, 610.9, 497.9, 

412.7 and 328.6 mAh g−1 under current densities of 0.1, 0.2, 0.5, 1 

and 2 A g−1, respectively, while MoS6 only exhibited 609.8, 409.8, 

331.5, 273.6 and 224 mAh g−1. The superior rate capability of 

95MoS65LiI composites attributed to the enhanced electrochemical 

reaction kinetics. 

 

Figure 6-12 Rate performances of MoS6 and 95MoS65LiI 

composite under different current densities. 

The Ragone plot gives the relationship between the average 

energy density and power density (Figure 6-13). Under current 

density of 0.1 and 2.0 A g−1, 95MoS65LiI composites exhibit energy 

and power density of 687.23 Wh kg−1 and 1351 W kg−1 based on the 

total cathode layer composed of 95MoS65LiI composites, 

Li10GeP2S12 and super P, which are significantly higher than 498.7 

Wh kg−1 and 1338.9 W kg−1 of MoS6 at the same current densities, 

respectively. 
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Figure 6-13 Ragone plot deduced from the rate performances in 

Figure 6-12. 

The long-term cycling stability of MoS6 and 95MoS65LiI 

composite under 1 A g−1 is further illustrated in Figure 6-14. After 

activation at 0.1 A g−1 for the first 5 cycles, the reversible capacity 

for MoS6 rapidly decays for the first 100 cycles and decreases to 1.9 

mAh g−1 after 500 cycles at 1 A g−1. By sharp contrast, 95MoS65LiI 

composite shows high reversible capacity of 301.1 mAh g−1 after 500 

cycles[261, 275]. 

 

Figure 6-14 Long-term cyclic performance of MoS6 and 

95MoS65LiI composite under 1 A g−1. 
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The electrochemical impedance spectroscopy (EIS) and the 

equivalent circuit model of MoS6 and 95MoS65LiI composites were 

exhibited to explore the mechanism of capacity change and electrode 

reaction kinetics for all-solid-state batteries (Figure 6-15). The 

measurements were conducted in the frequency range from 1.0 MHz 

to 0.1 Hz with the amplitude of 10 mV. The fitted results are listed in 

Table 1. Where Zw is the Warburg resistance, indicating the lithium 

ions diffuse into the bulk electrodes. CPE (constant phase element) 

compensate for the non-ideal behavior resulting from the rough 

electrode surface. Re is the resistance of the electrolyte, and Rct 

presents the interfacial charge transfer resistance[200, 270, 275]. 

 

Figure 6-15 Nyquist plots and the equivalent circuit diagram of 

MoS6 and 95MoS65LiI composite cathodes after 1st and 500th 

cycles at 1 A g−1 within1.0–3.0 V. 

After the first cycle, MoS6 and 95MoS65LiI composites show 

similar Re values of 69.87 and 52.58 Ω. However, the MoS6 displayed 

sharp increase in Re and Rct values (605.71 and 447.82 Ω) after 500 



170 

 

cycles, while 95MoS65LiI composites deliver 208.36 and 352.25 Ω 

due to the intimate interfacial contacts (Table 6-2). 

Table 6-2 EIS fitting results of MoS6 and 95MoS65LiI composites 

under 1 A g−1 after 500 cycles. 

Cathode 

materials 

1st cycle 500th cycle 

Re (Ω) Rct (Ω) Re (Ω) Rct (Ω) 

MoS6 69.87 / 605.71 447.82 

95MoS65LiI 52.58 / 208.36 352.25 

In order to further analysis the electrochemical reaction 

kinetics of MoS6 and 95MoS65LiI composite, CV and GITT were 

performed, as shown in Figure 6-16. The CV curves of MoS6 and 

95MoS65LiI exhibit similar shapes and gradually broaden with the 

increase of scan rates (Figure 6-16a and c). At the same scan rate, 

95MoS65LiI displays higher peak intensity than that of MoS6, 

indicating a faster electrochemical kinetics. The relationship 

between the scan rate and peak current (i) is followed by the 

equation of 𝑖 = 𝑎𝑣𝑏 . The b-value fitted from log(v)-log(i) plot 

gives information of surface-mediated mode (1.0) or diffusion-

controlled mode (0.5). As shown in Figure 6-16b, the fitting b-

values of reduction and oxidation peaks are 0.55 and 0.67 for 

95MoS65LiI composite, which is similar with 0.60 and 0.69 for 
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MoS6 (Figure 6-16d), indicating the electrochemical reaction 

kinetics of 95MoS65LiI and MoS6 are dominated by diffusion-

controlled process, allowing lithium ions fully intercalated[261, 

279]. 

 

Figure 6-16 CV curves of (a) 95MoS65LiI composite and (c) 

MoS6 with various scan rates. The log (peak current) vs. log 

(scan rate) simulation plots at reduction and oxidation peaks of 

(b) 95MoS65LiI and (d) MoS6. 

As shown in Figure 6-17a, measured diffusivities plot further 

illustrate the improved lithium ions diffusion coefficient at 0.1 A 

g−1, which was calculated from the GITT results (Figure 6-17b) 

with the Fick’s second law 𝐷 =
4

πτ
(

𝑛𝑚𝑣𝑚

𝑆
)

2

(
∆𝐸𝑠

∆𝐸𝑡
)

2
, where τ is the 

time duration of the pulse, 𝑛𝑚  and 𝑣𝑚  are the molar mass (mol) 

and volume (cm3/mol). 𝑆  is the interfacial area of cells, ∆𝐸𝑠  and 
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∆𝐸𝑡 are voltage drops of the pulse and discharge process[3]. The 

average ion diffusion coefficient of 95MoS65LiI was 1.23×10−10 

cm2 s−1, which is twice higher than that of MoS6 with 5.03×10−11 

cm2 s−1. The enhanced ionic diffusivity of 95MoS65LiI indicates 

the diffusion-controlled process proceed smoothly, which is 

beneficial for the high-efficiency lithium ions transportation, as a 

result significantly improving the reversible capacity and cycle 

stability[261, 279]. 

 

Figure 6-17 (a) Measured diffusivities plot of 

Li/Li6PS5Cl/95MoS65LiI and Li/Li6PS5Cl/MoS6 all-solid-state 

lithium batteries. The plot is derived from GITT measurements. 

(b) GITT plot of Li/Li6PS5Cl/95MoS65LiI and 

Li/Li6PS5Cl/MoS6 all-solid-state lithium batteries. 
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In summary, a transition metal sulfide composite 95MoS65LiI 

with superior electrochemical reaction kinetics for all-solid-state 

lithium batteries is proposed. After cooperated LiI with MoS6, the 

average ion diffusion coefficient was improved from 5.03×10−11 cm2 

s−1 for MoS6 to 1.23×10−10 cm2 s−1 for 95MoS65LiI. The all-solid-

state lithium batteries with 95MoS65LiI exhibit high initial 

discharge and charge capacities of 1016.3 mAh g−1 and 784.4 mAh 

g−1 at 0.1 A g−1 within 1.0–3.0 V. Even under the current density of 1 

A g−1, the battery retained the capacity of 301.1 mAh g−1 for 500 

cycles. This work demonstrates a promising active material with high 

specific capacity and long cycle life for all-solid-state lithium 

batteries. 
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Chapter 7. Conclusions 

All-solid-state lithium batteries using inorganic solid 

electrolytes instead of organic electrolytes and separators can 

fundamentally solve the leakage problem and thermal runaway of 

traditional lithium-ion batteries. At the same time, lithium metal has 

low potential and a high theoretical specific capacity, which can be 

used as an anode material to improve the operate voltage and energy 

density of all-solid-state batteries. Therefore, all-solid-state lithium 

battery is the one of the most promising energy storage systems with 

high safety and high energy for the next generation. 

Although the room-temperature lithium-ion conductivities of 

some sulfide solid electrolytes are close to or even higher than that 

of liquid electrolytes, due to the high charge transfer impedance of 

the solid-solid interface, all-solid-state lithium batteries still cannot 

achieve higher electrochemical performance. When the lithium 

intercalated transition metal oxide cathode comes into contact with 

the sulfide solid electrolyte, due to the large chemical potential 

difference between the transition metal sulfide cathodes and sulfide 

solid electrolytes, the lithium ions spontaneously migrate to the 

cathode materials, and a high-impedance space charge layer is 

formed. At the same time, sulfide solid electrolytes have a narrow 

electrochemical window, the side reaction would be occurred and 



175 

 

caused electrolyte decomposition when operate within higher voltage 

ranges. Moreover, the traditional lithium-intercalation based 

transition metal oxide cathodes have a low theoretical specific 

capacity, which cannot meet the requirements of high energy density. 

In order to solve the above problems, the researchers attempted 

to apply transition metal sulfides as active materials into sulfide-

based all-solid-state lithium batteries. On the one hand, the transition 

metal sulfide electrode has similar chemical composition and similar 

chemical potential with the sulfide solid electrolyte, and the contact 

with the sulfide solid electrolyte does not produce a serious space 

charge layer, showing good interfacial compatibility. Furthermore, 

transition metal polysulfide electrodes typically operate in a voltage 

range of less than 3.0 V, and lower operating voltages allow for a 

stable solid-solid interface. In addition, the transition metal sulfide 

electrode has a high theoretical specific capacity, which helps to meet 

the demand for high-energy-density all-solid-state lithium batteries. 

However, the charge transfer at the interface between the transition 

metal sulfide electrode and the sulfide solid electrolyte is a key factor 

restricting the electrochemical performance of all-solid-state lithium 

batteries. In addition, the transition metal sulfide electrode will 

undergo a large volume change during the charging and discharging 

process, resulting in the concentration of stress/strain at the interface, 
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electrode pulverization, and electrolyte cracks, which in turn causes 

the all-solid-state lithium battery to exhibit poor cycling stability. 

Therefore, through reasonable material design, a good 

electronic/ionic conductive network and a stable structure are 

constructed inside the composite electrode, which is conducive to 

achieving higher and more stable electrochemical performance. 

MoS6 has been considered as one of promising cathode 

materials for all-solid-state lithium battery because of its ultra-high 

theoretical specific capacity of 1117 mAh g−1 due to the high S2
2− 

content as well as amorphous nature, which possess open and random 

transmission path to achieve cycling stability, therefore showing 

potential applications in high energy all-solid-state battery. The 

electronic structure of the S2
2− group allows them to donate or receive 

electrons. Their ability as donors is attributed to the π*g orbital, which 

can release electrons that convert S2
2−  to S2− . Because of the 

reversible reaction of S2
2− + 2e− → 2S2− , multi-electron reactions 

proceed during charge/discharge process, resulting in a high specific 

capacity. In addition, transition metal sulfides with anionic redox 

driven chemistry display a high voltage plateau of about 2 V, which 

is close to that of lithium-sulfur batteries. 

By coating Li7P3S11 solid electrolytes on the MoS6, the resultant 

MoS6@15%Li7P3S11 composite can achieve an improved ion 
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diffusion coefficient range of 10−11–10−10 cm2 s−1, which is higher 

than the value of MoS6 with 10−12–10−11 cm2 s−1. The 

Li/Li6PS5Cl/MoS6@15%Li7P3S11 all-solid-sate lithium batteries 

show a high initial discharge capacity of 1083.8 mAh g−1 at 0.1 A g−1 

and long cycle life of 1000 cycles under 1A g−1 at 25 oC. Besides, the 

MoS6@15%Li7P3S11 composite displays a high energy density of 588 

Wh kg−1 and power density of 1358 W kg−1 based on the total cathode 

layer. This contribution provides a new sulfide-based cathode 

material with high specific capacity and superior ion diffusion 

coefficient, showing promising application potential for all-solid-

state lithium batteries. 

Doping halide into active materials is an effectively strategy to 

improve the electrochemical performances. The redox kinetics of 

Li2S/S can be enhanced by LiI-LiBr compound due to the reduced 

interaction between Li+ and S2−, thus improve the utilization of active 

materials. In addition, LiI also can improve the cycling performances 

of Li2S when using in all-solid-state lithium battery. Therefore, it is 

anticipated that doping LiI into MoS6 could efficiently improve the 

electrochemical reaction kinetics, and thus realize high specific 

capacity and cycle life. 95MoS65LiI composite is designed as the 

active material for all-solid-state batteries. The average ion diffusion 

coefficient of 95MoS65LiI shows the value of 1.23×10−10 cm2 s−1, 
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which is twice higher than that of MoS6 with 5.03×10−11 cm2 s−1. 

Benefitting from the impressive improved electrochemical reaction 

kinetics within cathode layer, the Li/Li6PS5Cl/95MoS65LiI all-solid-

state battery displays initial discharge and charge capacities of 

1016.3 and 784.4 mAh g−1 at 0.1 A g−1 within 1.0–3.0 V. Besides, the 

all-solid-state battery with 95MoS65LiI can realize superior cycle 

life of 500 cycles with high reversible specific capacity of 301.1 mAh 

g−1 at 1 A g−1. This work demonstrates a promising active material 

with high specific capacity and long cycle life for all-solid-state 

lithium batteries. 
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Chapter 8. Future works 

Compared with the traditional lithium-intercalation based 

transition metal oxide electrode, the transition metal sulfide electrode 

possesses better interfacial compatibility and higher theoretical 

specific capacity, which is expected to meet the needs of high-safety 

and high-energy all-solid-state lithium batteries. In order to further 

improve the electrochemical performance, the composite materials 

were synthesized with special morphology and structure through 

reasonable material design, and successfully applied them as active 

materials in all-solid-state lithium batteries. By ball milling with 

halides, the diffusivity of the composite electrode can be improved, 

and the volume change of the electrode during cycling can be 

mitigated. Then, the solid electrolyte nanoparticles are in-situ coated 

by the liquid-phase method, which can improve the solid-solid 

interface contact and increase the charge transfer kinetics at the 

microscopic scale. This kind of material shows good electrochemical 

performance in prototype batteries, and its electrochemical properties 

in pouch batteries need to be further explored to meet the 

requirements of practical applications. This work provides a possible 

direction for the development of high-capacity all-solid-state lithium 

battery cathode materials. 

Of course, there are several limitations in the preparation 
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process and structural stability of transition metal sulfide composite 

cathode like MoS6, which need to be further improved. Micro-size 

materials and their composites have a low specific surface area, 

which leads to poor interfacial contact and is difficult to obtain the 

performances under high charge rate. How to quickly and easily 

synthesize transition metal sulfide electrode materials with high-

capacity, as well as improve the electronic/ionic conductivity and 

structural stability is an important research direction to achieve high-

energy-density all-solid-state lithium batteries. 

Understanding the mechanisms underlying the operation and 

degradation of MoS6 in all-solid-state batteries is essential in 

advancing energy storage technology. The complex interplay 

between structural stability, ion diffusion kinetics, redox reactions, 

and electrochemical/electronic conductivity within MoS6 impacts 

capacity, rate capability, and cycle life of the whole battery. Based on 

these comprehensions on MoS6 properties, the optimized battery 

system would be designed, which would possess high capacity and 

long cycle life even in the extremely operating conditions. 

Furthermore, all-solid-state lithium secondary batteries 

employing sulfide-based cathode materials hold great promise for 

future industrial applications due to their potential to address key 

challenges faced by conventional lithium-ion batteries, such as safety 
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concerns, energy density limitations, and cycle life improvements. 

Sulfide-based electrolytes offer high ionic conductivity and better 

compatibility with both lithium metal anodes and high-voltage 

cathodes compared with oxide cathode materials, making them 

particularly attractive for next-generation battery technologies. 

Industrial outlook for these batteries indicates a gradual yet 

steady progression towards mass production and commercial 

viability. Research efforts have led to significant strides in optimizing 

the synthesis and processing of sulfide-based solid electrolytes, 

enhancing their mechanical properties, and ensuring stable interfaces 

with electrodes. Moreover, advances in scalable manufacturing 

processes, such as innovative casting and coating techniques, are 

helping to overcome the challenge of fabricating reliable and 

hermetic all-solid-state battery cells. 

Recent breakthroughs have demonstrated improved 

electrochemical performance, including high capacity retention, 

reduced resistance, and enhanced thermal stability. Additionally, 

prototypes and pilot-scale production lines have been established to 

test the feasibility of manufacturing sulfur-based cathode-containing 

all-solid-state lithium-ion batteries, paving the way for larger-scale 

production and integration into electric vehicles, grid storage, and 

portable electronic devices. 
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However, the all-solid-state batteries still confront numerous 

technical problems, which limits the widespread adoption of all-

solid-state batteries. These issues include achieving consistent 

fabrication quality across large batches, maintaining uniformity of 

the solid electrolyte and electrode layers, and reducing costs 

associated with raw materials and manufacturing processes. Despite 

these challenges are existing, ongoing research and development, 

backed by increasing investment from both academia and industry, 

suggests a bright future for sulfide-based all-solid-state lithium-ion 

batteries, positioning them as a transformative solution in the global 

pursuit of safer, more efficient, and sustainable energy storage 

solutions. 
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