
 

Development of Functional Nanomaterials 

for Next Generation Rechargeable Batteries 

 

 

A thesis presented for the award of the degree of 

 Doctor of Philosophy  

from 

University of Technology Sydney 

 

By 

 

Xin Guo, B. Sc., M. Eng. 

February, 2019 

  



I 

CERTIFICATE OF ORIGINAL AUTHORSHIP 

This research is supported by an Australian Government Research Training Program 

Scholarship. 

I certify that the work presented in this thesis has not previously been submitted for a 

degree nor has been submitted as part of requirements for a degree except as fully 

acknowledged within the text. 

I also certify that the thesis has been written by me. Any help that I have received in my 

research work and the preparation of the thesis itself has been acknowledged. In addition, 

I certify that all information sources and literature used are indicated in the thesis. 

February, 2019 



 
 

II 
 

DEDICATION 

 
  This thesis is dedicated to my family. Thank you for all of your love and support. 

  



 
 

III 
 

ACKNOWLEDGEMENTS 

There are so many people to thank for helping me during my three and a half years’ 

study. Firstly, I would like to express my sincere gratitude to my supervisor Professor 

Guoxiu Wang for his kind and continuous support of my Ph.D. study, for his motivation, 

patience and valuable guidance. I would also like to thank my co-supervisor, Dr. Hao Liu 

for his enthusiasm, selfless and kind help. Besides my supervisors, I am deeply grateful 

to Dr. Jane Yao. Without her continuous and timely support, the laboratory work would 

hardly have been completed. 

I want to thank my colleagues at UTS, Dr. Bing Sun, Dr. Dawei Su, Dr. Kefei Li, Dr. 

Anjon Kumar Mondal, Dr. Shuangqiang Chen, Dr. Ying Wang, Dr. Wenjian Wu, Dr. 

Yufei Zhao, Dr. Xiuqiang Xie, Dr. Sinho Choi, Dr. Dong Zhou, Dr. Huajun Tian, Dr. Pan 

Xiong, Dr. Jianjun Song, Dr. Jing Xu, Dr. Katja Kretschmer, Dr. Wentao Qi, Weizhai 

Bao, Lin Liu, Anastasia Tkacheva, Xiao Tang, Kang Yan, Xiaochun Gao, Xingxing Yu, 

Yi Chen, Shuoqin Zhao, Tianyi Wang, Wang Yang, Tuhin Subhra Sahu, and all the new 

members for your kind assistance and collaboration in my PhD study and life. 

I wish to thank the technical support that I received from Dr. Ronald Shimmon, Dr. 

Linda Xiao, Alexander Angeloski, Herbert Yuan, Mark Berkahn and Katie McBean. I 

appreciate the administration team of school of MaPs and Faculty of Science for their 

help and support. 

The financial support from UTS and Australian Research Council (ARC) through the 

ARC DECRA (DE 140100619) are gratefully acknowledged. 

Last but not the least I would like to thank my parents, my sister and my wife Hong 

Gao for supporting me spiritually and materially throughout my PhD period and my life.



 
 

IV 
 

LIST OF PUBLICATIONS 

1. Guo, X.; Zhang J.; Song J.; Wu. W.; Liu H.; Wang G., MXene Encapsulated Titanium 

Oxide Nanospheres for Ultra-stable and Fast Sodium Storage. Energy Storage 

Materials 2018, 14, 306-313. 

2. Guo, X.; Li, K.; Bao, W.; Zhao, Y.; Xu, J.; Liu, H.; Wang, G., Highly Reversible 

Lithium Polysulfide Semiliquid Battery with Nitrogen-Rich Carbon Fiber Electrodes. 

Energy Technology 2018, 6, 251-256. 

3. Guo, X.; Xie, X.; Choi, S.; Zhao, Y.; Liu, H.; Wang, C.; Chang, S.; Wang, G., 

Sb2O3/MXene (Ti3C2Tx) hybrid anode materials with enhanced performance for 

sodium-ion batteries. Journal of Material Chemistry A 2017, 5, 12445-12452. 

4. Guo, X.; Sun, B.; Su, D.; Liu, X.; Liu, H.; Wang, Y.; Wang, G., Recent developments 

of aprotic lithium-oxygen batteries: functional materials determine the 

electrochemical performance. Science Bulletin. 2017, 442-452. 

5. Guo, X.; Sun, B.; Zhang, J.; Liu, H.; Wang, G., Ruthenium decorated hierarchically 

ordered macro–mesoporous carbon for lithium oxygen batteries. Journal of Material 

Chemistry A 2016, 4, 9774-9780. (Inside front cover) 

6. Bao, W.; Tang, X.; Guo, X.; Choi, S.; Wang, C.; Gogotsi, Y.; Wang, G., Porous Cryo-

Dried MXene for Efficient Capacitive Deionization. Joule 2018, 2, 778-787. (Co-first 

author) 

7. Guo, X.; Zhang, J.; Yu, X.; Sun, B.; Liu, H.; Wang, G., Atomic-thin porous NiCo2O4 

nanosheets for Li-O2 batteries: An enhanced electrochemical performance derived 

from an enhanced solution mechanism. Submitted.   

8. Liu, H.; Liu, X.; Li, W.; Guo, X.; Wang, Y.; Wang, G.; Zhao, D., Porous Carbon 

Composites for Next Generation Rechargeable Lithium Batteries. Advanced Energy 

Material 2017, 1700283. 



 
 

V 
 

9. Zhang, J.; Sun, B.; McDonagh, A. M.; Zhao, Y.; Kretschmer, K.; Guo, X.; Wang, G., 

A multi-functional gel co-polymer bridging liquid electrolyte and solid cathode 

nanoparticles: An efficient route to Li–O2 batteries with improved performance. 

Energy Storage Materials 2017, 7, 1-7. 

10. Zhao, Y.; Zhang, J.; Guo, X.; Fan, H.; Wu, W.; Liu, H.; Wang, G., Fe3C@nitrogen 

doped CNT arrays aligned on nitrogen functionalized carbon nanofibers as highly 

efficient catalysts for the oxygen evolution reaction. Journal of Material Chemistry A 

2017, 5, 19672-19679. 

11. Bao, W.; Xie, X.; Xu, J.; Guo, X.; Song, J.; Wu, W.; Su, D.; Wang, G., Confined 

Sulfur in 3D MXene/Reduced Graphene Oxide Hybrid Nanosheets for Lithium–

Sulfur Battery. Chemistry-A European Journal 2017, 23, 12613-12619. 

12. Bao, W.; Su, D.; Zhang, W.; Guo, X.; Wang, G., 3D Metal Carbide@Mesoporous 

Carbon Hybrid Architecture as a New Polysulfide Reservoir for Lithium-Sulfur 

Batteries. Advanced Functional Material 2016, 26, 8746-8756. 

13. Song, J.; Su, D.; Xie, X.; Guo, X.; Bao, W.; Shao, G.; Wang, G., Immobilizing 

Polysulfides with MXene-Functionalized Separators for Stable Lithium–Sulfur 

Batteries. ACS Applied Materials & Interfaces 2016, 8, 29427-29433. 

14. Feng, X.; Zou, H.; Xiang, H.; Guo, X.; Zhou, T.; Wu, Y.; Xu, W.; Yan, P.; Wang, C.; 

Zhang, J.; Yu, Y., Ultrathin Li4Ti5O12 Nanosheets as Anode Materials for Lithium 

and Sodium Storage. ACS Applied Materials & Interfaces 2016, 8, 16718-16726. 

15. Wang, Y.; Kretschmer, K.; Zhang, J.; Mondal, A. K.; Guo, X.; Wang, G., Organic 

sodium terephthalate@graphene hybrid anode materials for sodium-ion batteries. 

RSC Advances 2016, 6, 57098-57102. 

 

  



 
 

VI 
 

Table of Contents 

CERTIFICATE OF ORIGINAL AUTHORSHIP ............................................................. I 

DEDICATION ................................................................................................................. II 

ACKNOWLEDGEMENTS ............................................................................................ III 

LIST OF PUBLICATIONS ............................................................................................ IV 

ABSTRACT ...................................................................................................................... 1 

INTRODUCTION ............................................................................................................ 4 

Chapter 1 Literature Review ............................................................................................. 7 

1.1 Lithium-oxygen Batteries ....................................................................................... 7 

1.1.1 Electrochemistry of Lithium-oxygen Batteries ................................................ 7 

1.1.2. Overview of challenges of aprotic Li-O2 batteries ........................................ 11 

1.1.3. Cathode materials for aprotic Li-O2 batteries ............................................... 16 

1.2 Sodium-ion Batteries ............................................................................................. 28 

1.2.1 Cathode materials for Sodium-ion batteries ................................................... 31 

1.2.2 Anode materials for Sodium-ion batteries ..................................................... 34 

Chapter 2 Experiments and Methodology ...................................................................... 47 

2.1 Chemicals .............................................................................................................. 47 

2.2 Materials Syntheses ............................................................................................... 49 

2.2.1 Synthesis of porous materials via templating methods .................................. 49 

2.2.2 Hydrothermal method .................................................................................... 51 

2.2.3 Preparation strategies of 2D Metal carbides and nitrides............................... 52 



 
 

VII 
 

2.3 Characterization .................................................................................................... 55 

2.3.1 Scanning electron microscope (SEM) ............................................................ 55 

2.3.2 Transmission electron microscopy ................................................................. 57 

2.3.3 Powder X-ray diffraction ............................................................................... 59 

2.3.4 Raman Spectroscopy ...................................................................................... 60 

2.3.5 X-ray photoelectron spectroscopy (XPS)....................................................... 60 

2.3.6 N2 sorption/desorption measurement ............................................................. 61 

2.3.7 Thermogravimetric Analysis (TGA) .............................................................. 62 

2.3.8 Atomic Force Microscope (AFM) ................................................................. 62 

Chapter 3 Ruthenium Decorated Hierarchically Ordered Macro-mesoporous Carbon for 

Lithium-oxygen Batteries ............................................................................................... 64 

3.1 Introduction ........................................................................................................... 64 

3.2 Experimental ......................................................................................................... 66 

3.2.1 Materials syntheses ........................................................................................ 66 

3.2.2 Characterization ............................................................................................. 67 

3.2.3 Cells assembly and electrochemical testing ................................................... 68 

3.3 Results and discussion .......................................................................................... 69 

3.4 Conclusions ........................................................................................................... 84 

Chapter 4 Atomic-thin Porous NiCo2O4 Nanosheets as Cathode Material for Lithium-

oxygen Batteries .............................................................................................................. 85 

4.1 Introduction ........................................................................................................... 85 

4.2 Experimental ......................................................................................................... 87 



 
 

VIII 
 

4.2.1 Preparation of the cathode materials .............................................................. 87 

4.2.2 Characterization ............................................................................................. 87 

4.2.3 Electrochemical measurements ...................................................................... 88 

4.3 Results and discussion .......................................................................................... 88 

4.4 Conclusion .......................................................................................................... 104 

Chapter 5 Sb2O3/MXene(Ti3C2Tx) Hybrid Anode Materials with Enhanced Performance 

for Sodium-ion Batteries ............................................................................................... 106 

5.1 Introduction ......................................................................................................... 106 

5.2. Experimental ...................................................................................................... 108 

5.2.1 Materials syntheses ...................................................................................... 108 

5.2.2 Characterization ........................................................................................... 109 

5.2.3 Cell assembly and electrochemical measurements ...................................... 110 

5.3 Results and discussion ........................................................................................ 111 

5.4. Conclusions ........................................................................................................ 131 

Chapter 6 MXene Encapsulated Titanium Oxide Nanospheres for Ultra-stable and Fast 

Sodium Storage ............................................................................................................. 133 

6.1 Introduction ......................................................................................................... 133 

6.2 Materials and Methods ........................................................................................ 135 

6.2.1 Synthesis of TiO2-Ti3C2Tx composites ......................................................... 135 

6.2.2 Characterization ........................................................................................... 136 

6.2.3 Electrochemical measurements .................................................................... 137 

6.3 Results and discussion ........................................................................................ 138 



 
 

IX 
 

6.4 Conclusion .......................................................................................................... 164 

Chapter 7 Summary and Perspective ............................................................................ 165 

7.1 Summary ............................................................................................................. 165 

7.2 Future perspective ............................................................................................... 167 

REFERENCES .............................................................................................................. 169 

 

  



 
 

X 
 

TABLE OF FIGURES 

Figure 1. 1 a) Specific energy densities of various rechargeable batteries: lead acid (Pb-

acid), nickel-cadmium (Ni-Cd), nickel metal hydride (Ni-MH), lithium ion (Li-ion), high 

temperature sodium sulfur (HTNa-S), zinc air (Zn-air), lithium sulfur (Li-S) and lithium 

air (Li-air) batteries. For the Zn-air, Li-S, and Li-air batteries, the practical value is just 

an estimate. b) Schematic of aprotic Li-O2 batteries....................................................... 10 

Figure 1. 2 The characterizations of anodic lithium during discharge–charge cycling. a) 

Discharge-charge voltage profile of the operando Li–O2 cell as a function of cycling time. 

The stages at which XRD data sets were collected are marked as i, ii, iii… on the curve. 

b) Four representative XRD sets taken at the cycling stage i, iii, vi, and ix; each set 

consisted of seven selected XRD patterns collected at various anode–separator interfacial 

depths (marked as 1, 2, …,7 of different colours on the right of each set). c) An expanded 

XRD data set at stage ix covering the whole anode through adjacent separator region. The 

inset is a representative XRD pattern taken from the position marked by a blue line that 

includes references of Li and LiOH. ............................................................................... 13 

Figure 1. 3 a) Schematic illustration for synthesis of graphene and Ru-functional 

nanoporous graphene architectures. b) SEM image of porous graphene (PEG-2). c) The 

discharge specific capacities of Li-O2 batteries with PEG-0, PEG-1, PEG-2 and PEG-

3. ...................................................................................................................................... 18 

Figure 1. 4 XRD patterns of a) CNT and b) Ru@CNT electrodes after 1st 

discharged/charged to 3000 mAh g-1 at 200 mA g-1 in the electrolytes with different water 

contents. In-situ DEMS analysis of the gas evolution during charging Li-O2 cells with c) 

CNT and d) Ru@CNT electrodes. .................................................................................. 21 

Figure 1. 5 a) Schematic illustration of the reaction mechanism of RM for Li-O2 batteries. 

b) Molecular orbital energies of RMs and TEGDME. .................................................... 24 



 
 

XI 
 

Figure 1. 6 a) The cyclic voltammetry curves of the sealed cells in an argon atmosphere 

with PTMA and bare CB electrodes. The inset is the redox reaction of PTMA during p-

doping and n-doping. b) Discharge/charge profiles of Li-O2 batteries with PTMA 

electrodes and bare CB electrode at a discharge depth of 1000 mAh g-1 and a current 

density of 200 mA g-1. ..................................................................................................... 26 

Figure 1. 7 Elemental abundance in the Earth’s crust.87 ................................................ 29 

Figure 1. 8 Schematic illustration of SIBs.88 .................................................................. 30 

Figure 1. 9 Crystal structures of various NaxMOy: a) P2-NaxCoO2, b) O3-NaxCoO2, c) 

P3-NaxCoO2, (Na: yellow, Co/Mn/V: blue, O: red)........................................................ 32 

Figure 1. 10 Crystal structures of various polyanion compounds: a) Na3V2(PO4)3, b) 

NaFePO4 , c) Na2FePO4F, and d) NaFeSO4F (Na: yellow, V/Fe: blue, O: red, F: 

gray). ............................................................................................................................... 33 

Figure 1. 11 Operation voltages versus specific capacities of a) SIB cathode materials 

and b) SIB anode materials. ............................................................................................ 35 

Figure 1. 12 Charge/discharge curves of hard-carbon electrodes, derived from sucrose 

carbonized at 1300 °C, at a rate of 25 mA g-1; and its capacity retention is also shown in 

the inset.107 ...................................................................................................................... 37 

Figure 1. 13 MXenes reported so far. 19 different MXene compositions have 

subsequently been synthesized (marked with blue), with dozens more predicted to exist 

and studied in silico marked with grey. A random arrangement of two different transition 

metals is observed in the M layers (marked with green). Ordered MXene compositions 

are marked in orange. ...................................................................................................... 40 

Figure 1. 14 a) Elements of groups 14 and 15 in the Periodic Table to form binary 

compounds with Na, and schematic illustrations of the most Na-rich phases for b) Si and 

Ge, c) Sn and Pb, and c) P, As, and Sb. .......................................................................... 44 



 
 

XII 
 

Figure 1. 15 A schematic representation of the different reaction mechanisms observed in 

electrode materials for SIBs. Black circles: voids in the crystal structure, blue circles: 

metal, yellow circles: sodium. ......................................................................................... 45 

Figure 2. 1 Overview of the experiments and methodology of the study. ..................... 47 

Figure 2. 2 Schematic of the general procedure for replicating the structure of colloidal 

crystals into porous materials. ......................................................................................... 50 

Figure 2. 3 a) Schematic for the exfoliation process of MAX and formation of MXenes.114 

b) Schematic for the intercalation and delamination process for stacked MXenes, the 

aqueous suspension of Ti3C2Tx flakes with laser beam showing the Tyndall scattering 

effect, and the SEM image showing delaminated flakes filtered from the aqueous 

suspension.145 c) Schematic for the exfoliation of Ti3SiC2 and formation of Ti3C2 MXene 

using an etch solution consisting of HF and an oxidant, the SEM images show the 

morphologies of Ti3SiC2, Ti3SiC2 treated with 50 wt% HF and Ti3SiC2 treated with 

HF/H2O2.150 ..................................................................................................................... 54 

Figure 3. 1 Schematic illustration of the synthesis of MmC@Ru.................................. 70 

Figure 3. 2 SEM image of a) SiO2 templates and b) MmC@Ru composite. ................. 70 

Figure 3. 3 SEM images a, b) and TEM images c, d) of MmC material at different 

magnifications. Middle magnification TEM image (e) and high magnification TEM 

image (f) of MmC@Ru; Inset of (f) is lattice-resolved TEM image of Ru nanoparticles.

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

Figure 3. 4 a) Low magnification and b) high magnification TEM images of MC. c) SEM 

and d) TEM images of MC@Ru composite ................................................................... 72 

Figure 3. 5 a) XRD patterns of MmC and MmC@Ru. b) TG curves, c) nitrogen 

adsorption/desorption isotherms, the pore size distribution curve (inset of c) and d) Raman 

spectrum of the MmC@Ru. ............................................................................................ 74 



 
 

XIII 
 

Figure 3. 6 a) TG curves, b) Raman spectrum, c) nitrogen adsorption/desorption 

isotherms and d) the pore size distribution curve of the MC@Ru. ................................. 75 

Figure 3. 7 a) First discharge and charge profiles of Li-O2 batteries using MmC@Ru and 

MC@Ru as cathode catalysts. Discharge/Charge profiles for different cycles of Li-O2 

batteries with b) MC@Ru and c) MmC@Ru catalysts at a current density of 400 mA g-1 

with a curtailing capacity of 1000 mAh g-1. d) The cycling profiles of both Li-O2 batteries.

 ......................................................................................................................................... 76 

Figure 3. 8 Impedance spectra (Nyquist plots) of MC@Ru and MmC@Ru electrodes. 

The fresh electrodes were assembled into batteries and placed in oxygen atmosphere for 

4h before the test. ............................................................................................................ 77 

Figure 3. 9 Discharge/Charge profiles at different cycles of a) MC@Ru and b) MmC@Ru 

electrodes at a current density of 400 mA g-1 with a restricted capacity to 2000 mAh g-1. 

Discharge/Charge profiles at different cycles of c) MC@Ru and d) MmC@Ru electrodes 

at a current density of 1A g-1 with a restricted capacity of 1000 mAh g-1. ..................... 79 

Figure 3. 10 Discharge/Charge profiles at different cycles of Li-O2 batteries with a) MC 

and b) MmC cathode at of 400 mA g-1 with a curtailing capacity of 1000 mAh g-1. ..... 80 

Figure 3. 11 a) XRD patterns of pristine MmC@Ru electrode and fully discharged and 

then recharged MmC@Ru electrodes at 400mA g-1. SEM images of the corresponding b) 

discharged electrode and c) recharged electrode. ........................................................... 81 

Figure 3. 12 SEM images of MC@Ru electrode after a) fully discharge and b) charge at 

400mA g-1. ...................................................................................................................... 82 

Figure 3. 13 SEM images of discharged  a) MmC@Ru electrode and  b) MC@Ru 

electrode by curtailing the capacity to 2000 mAh g-1; SEM images of c)MmC@Ru 

electrode  and d) MC@Ru electrode after 10 cycles at a current density of 400 mA g-1 

with a restricted capacity to 2000 mAh g-1. .................................................................... 83 



 
 

XIV 
 

Figure 4. 1 a) Low-magnification and b) high-magnification SEM images of the NiCo2O4 

material. c) TEM image, d) HRTEM image and e) corresponding SAED pattern of the 

NiCo2O4 sheets. f) STEM image and EDS mapping analysis of the g) Ni, g) Co and i) O 

elements. j) AFM image of NiCo2O4 nanosheets and the corresponding amplitude profile 

for the selected red line. .................................................................................................. 89 

Figure 4. 2 a) Low magnification and b) high magnification SEM images of the NiCo2O4 

precursor. ......................................................................................................................... 90 

Figure 4. 3 a, b) SEM images of the NiCo2O4 material calcined at 450 oC for 3h with a 

ramping rate of 6 oC min-1. c, d) SEM images of the NiCo2O4 material calcined at 450 oC 

for 6h a ramping rate of 3 oC min-1. Both high heating rate and long thermal treatment are 

detrimental to the formation of porous NiCo2O4nanosheets. .......................................... 90 

Figure 4. 4 a, c) HRTEM images of the as-prepared NiCo2O4 materials, and b, d) 

corresponding dark field images. .................................................................................... 91 

Figure 4. 5 a) XRD pattern of the as-synthesized NiCo2O4 porous sheets. b) Nitrogen 

adsorption/desorption isotherms and pore size distribution curve (inset). ...................... 92 

Figure 4. 6 a) N2 adsorption/desorption isotherms and b) pore size distribution curve of 

the NiCo2O4 precursor. .................................................................................................... 94 

Figure 4. 7 OER catalytic performance of NiCo2O4 porous nanosheets. a) LSVs and Tafel 

plot (inset) in a three-electrode system in 1 M KOH solution with a scan rate of 5 mV S-

1. b) Stability of NCO catalyst for OER. c) ORR polarization curves of porous NiCo2O4 

nanosheets at different rotating speeds in 1 M KOH solution. ....................................... 95 

Figure 4. 8 a) First discharge curves of NiCo2O4 cathodes in the DMSO-based electrolyte 

and DEGDME-based electrolytes. b) Discharge/charge curves of NiCo2O4 cathodes using 

the selected electrolytes at a current density of 400 mA g-1 with a restricted capacity of 

1000 mAh g-1. c) Discharge/charge curves of NiCo2O4 cathodes at 400 mA g-1 over 150 



 
 

XV 
 

cycles in the DEGDME-based electrolyte. d) Cycling performance of the NiCo2O4 

electrodes in the selected electrolytes. ............................................................................ 96 

Figure 4. 9 First discharge/charge curves of NiCo2O4 (NCO) and CB cathodes using the 

DEGDME-based electrolyte at 400 mA g-1 with a restricted capacity of 1000 mAh g-

1. ...................................................................................................................................... 97 

Figure 4. 10 Comparison of the cycling performances of NiCo2O4 (NCO) and CB 

cathodes using the DEGDME-based electrolyte at 400 mA g-1. ..................................... 98 

Figure 4. 11 SEM images of NiCo2O4 electrodes discharged to a) 2000 mAh g-1 and b) 

4000 mAh g-1 at 200 mA g-1 in the DEGDME-based electrolyte. SEM images of NiCo2O4 

electrodes discharged to c) 2000 mAh g-1 and d) 4000 mAh g-1 in the DMSO-based 

electrolyte. ....................................................................................................................... 99 

Figure 4. 12 SEM images of the NiCo2O4 cathode after fully discharged to 2.0 V in 

DEGDME-based electrolyte. ........................................................................................ 100 

Figure 4. 13 XRD patterns of (i) fully discharged NiCo2O4 cathode, (ii) charged NiCo2O4 

cathode after a full discharge-charge cycle and (iii) NiCo2O4 cathode after 60 cycles at 

400 mA g-1 with a restricted capacity of 1000 mAh g-1. ............................................... 101 

Figure 4. 14 a) SEM and b) TEM images of the NiCo2O4 cathode material after 60 cycles 

at 400 mA g-1 with a restricted capacity of 1000 mAh g-1. ........................................... 102 

Figure 4. 15 First discharge and charge profiles of NiCo2O4 cathode using DEGDME 

based electrolyte in the voltage range of 2.0-4.3 V. ...................................................... 103 

Figure 4. 16 a) STEM image of NiCo2O4 cathode materials after 60 cycles and 

corresponding EDS mapping analysis of b) O, c) Co and d) Ni elements. ................... 104 

Figure 5. 1 Schematic illustration of the preparation process for Sb2O3/MXene (Ti3C2Tx).

 ....................................................................................................................................... 112 



 
 

XVI 
 

Figure 5. 2 a) XRD patterns of Ti3AlC2, delaminated Ti3C2Tx and exfoliated MXene 

Ti3C2Tx. b) XRD pattern of the intermediate product, which can be indexed as the 

Sb4O5Cl2 phase according to PDF database. ................................................................. 112 

Figure 5. 3 a) SEM image and b) Raman spectrum of pure Sb2O3 material. ............... 113 

Figure 5. 4 a) SEM and b) TEM images of the Ti3C2Tx. c, d) SEM and e) TEM images 

of Sb2O3/Ti3C2Tx sample. f) HRTEM image of Sb2O3/Ti3C2Tx, the inset is a schematic of 

Ti3C2 structure. g) A STEM image and h-k) EDS mapping images of Ti, Sb and O 

elements of the Sb2O3/Ti3C2Tx composite. ................................................................... 113 

Figure 5. 5 AFM image of the exfoliated MXene Ti3C2Tx and corresponding height 

profile. ........................................................................................................................... 114 

Figure 5. 6 SEM images of the Raw-Sb2O3/Ti3C2Tx composite fabricated under an 

immediate hydrolysis process without PVP. Typically, the same amount of NaOH 

solution was added into the SbCl3 and Ti3C2Tx mixture in one fell swoop instead of the 

dropwise addition. ......................................................................................................... 116 

Figure 5. 7 Energy dispersive spectroscopy (EDS) analysis of the Sb2O3/Ti3C2Tx 

composite. ..................................................................................................................... 117 

Figure 5. 8 a) XRD pattern of the Sb2O3/Ti3C2Tx composite. b) Raman spectra of the 

Sb2O3/Ti3C2Tx composites and Ti3C2Tx. ....................................................................... 118 

Figure 5. 9 XPS spectra in the Sb 3d and O 1s region of (a) Ti3C2Tx, (b) Sb2O3 and (c) 

Sb2O3/Ti3C2Tx; Ti 2p spectra of (d) Ti3C2Tx and (e) Sb2O3/Ti3C2Tx; (f) comparison of the 

spectra of Ti3C2Tx and Sb2O3/Ti3C2Tx in the F 1s region. ............................................ 120 

Figure 5. 10 Cyclic voltammetry (CV) curves for the initial 5 cycles of the Sb2O3/Ti3C2Tx 

anode at a scan rate of 0.05 mV s-1 between 0.01 and 2.5 V. ....................................... 121 

Figure 5. 11 The first 5 cycles of cyclic voltammetry curves of the a) Ti3C2Tx and b) 

Sb2O3 anode at a scan rate of 0.1 mV s-1. ...................................................................... 122 



 
 

XVII 
 

Figure 5. 12 a) Galvanostatic charge-discharge curves of the Sb2O3/Ti3C2Tx electrode 

plotted for 1st, 2nd and 50th cycles at a current density of 50 mA g-1. b) Cycling 

performance of the Sb2O3/Ti3C2Tx and Sb2O3 electrodes at a current density of 50 mA g-

1. c) Charge-discharge curves of the Sb2O3/Ti3C2Tx electrode at different current densities. 

d) Rate performance of Sb2O3/Ti3C2Tx and Sb2O3 anodes for Na-ion batteries. e) 

Reversible capacity and corresponding coulombic efficiency for the first 100 cycles of 

the Sb2O3/Ti3C2Tx electrodes tested under different current densities.......................... 123 

Figure 5. 13 a) First discharge-charge curves of Na-ion batteries with Ti3C2Tx anode at a 

current density of 50 mA g-1, and b) cycling performance of Ti3C2Tx anode at a current 

density of 50 mA g-1. c) First charge-discharge curves of the Sb2O3 electrode at a current 

density of 50 mA g-1. d) Charge-discharge curves of the Sb2O3 electrodes at different 

current densities. ........................................................................................................... 125 

Figure 5. 14 a) The Nyquist plots of the Sb2O3/Ti3C2Tx and Sb2O3 electrodes at room 

temperature. b) Arrhenius plots of log io vs. 1/T for electrodes of Sb2O3/Ti3C2Tx and 

Sb2O3. c) Nyquist plots of the Sb2O3/Ti3C2Tx hybrid anodes and d) Sb2O3 anodes after 

different cycles at full charge states. ............................................................................. 127 

Figure 5. 15 Nyquist plots of the Sb2O3/Ti3C2Tx and Sb2O3 electrodes at room 

temperature in high frequency region. .......................................................................... 128 

Figure 5. 16 Electrochemical impedance spectra (EIS) for the batteries made of (a) the 

Sb2O3/Ti3C2Tx and (b) Sb2O3 at different temperature range from 35 oC to 55 oC. ...... 129 

Figure 5. 17 Schematic illustration of the enhanced performance mechanism of the 

Sb2O3/MXene anode in Na-ion batteries. ..................................................................... 131 

Figure 5. 18 Ex-situ SEM images of the Sb2O3/Ti3C2Tx electrodes after a) 10 cycles and 

b) 50 cycles. .................................................................................................................. 131 



 
 

XVIII 
 

Figure 6. 1 a) Schematic illustration of synthetic process for TiO2@Ti3C2Tx material. 

Low-magnification SEM images of b) amorphous TiO2 spheres and c) TiO2@Ti3C2Tx. d) 

High-magnification SEM image of TiO2@Ti3C2Tx. e) TEM and f, g) HRTEM images of 

TiO2@Ti3C2Tx. h) STEM image and EDS mapping analysis of i) Ti, j) O and k) C 

elements. ....................................................................................................................... 138 

Figure 6. 2 Zeta potential of a) 0.1 M of TiO2-NH2 and b) 0.1 M of Ti3C2Tx nanosheets 

colloidal solution at PH ≈  6-7; Insets are corresponding digital images of the 

solution. ......................................................................................................................... 139 

Figure 6. 3 Digital images of a) TiO2-NH2/Ti3C2Tx and b) TiO2/Ti3C2Tx mixture after 

centrifugal separation. The mixture was adequately pre-blended under stirring and 

ultrasonic treatment in aqueous solution. ...................................................................... 140 

Figure 6. 4 a, b) SEM images of the as-prepared anatase TiO2 spheres. c, d) SEM images 

of the pure MXene Ti3C2Tx sheets. ............................................................................... 141 

Figure 6. 5 a) TEM image and b) corresponding high-angle annular dark field (HAADF) 

image of TiO2@Ti3C2Tx composites. c) HRTEM image and d) corresponding dark field 

image of the marked square region. .............................................................................. 142 

Figure 6. 6 a) Low magnification and b) high magnification SEM images of 

SiO2@Ti3C2Tx composite fabricated by the same method. c) Low magnification and d) 

high magnification SEM images of SiO2@Ti3C2Tx composite prepared by using the 

partially-oxidized Ti3C2Tx colloidal solution as starting material. ................................ 143 

Figure 6. 7 a) XRD patterns of TiO2, Ti3C2Tx and TiO2@Ti3C2Tx. b) Raman spectra of 

TiO2, Ti3C2Tx and TiO2@Ti3C2Tx. c) Wide survey XPS spectrum of TiO2@Ti3C2Tx, and 

corresponding high-resolution XPS spectra of d) Ti2p, e) C1s and f) O1s. ................. 144 

Figure 6. 8 Enlarged Raman spectrum of the TiO2@Ti3C2Tx composite in the range of 

200cm-1 to 800 cm-1. ...................................................................................................... 145 



 
 

XIX 
 

Figure 6. 9 High resolution XPS spectra of a) Ti 2p and b) O 1s in the Ti3C2Tx material. 

High resolution XPS spectra of c) Ti 2p and d) O 1s in the TiO2 material. .................. 146 

Figure 6. 10 a) Galvanostatic discharge/charge curves of TiO2@Ti3C2Tx electrode tested 

at a current density of 30 mA g-1. b) Reversible capacities and corresponding coulombic 

efficiencies of TiO2, Ti3C2Tx and TiO2@Ti3C2Tx electrodes at 30 mA g-1. c) Rate 

performance of TiO2 and TiO2@Ti3C2Tx electrodes. d) Long-term cycling performance 

of TiO2@Ti3C2Tx electrode at a current density of 960 mA g-1. e) Nyquist plots of the 

TiO2@Ti3C2Tx electrode before cycling and after different cycles at full charge states. f-

g) SEM images of TiO2@Ti3C2Tx after 1000 cycles. h) Schematic illustration of the 

structural changes of the TiO2@Ti3C2Tx electrodes upon cycling. .............................. 147 

Figure 6. 11 The first galvanostatic discharge/charge curves of a) TiO2, b) Ti3C2Tx and 

c) mechanically mixed TiO2/Ti3C2Tx electrodes at a current density of 30 mA g-1. ..... 149 

Figure 6. 12 Comparison of the rate performance of the TiO2@Ti3C2Tx and mechanically 

mixed TiO2/Ti3C2Tx electrodes. The mass ratio of TiO2 and Ti3C2Tx in the TiO2/Ti3C2Tx 

electrode is identical to the as-synthesized TiO2@Ti3C2Tx composite ......................... 150 

Figure 6. 13 Discharge/charge curves of TiO2@Ti3C2Tx electrode from selected cycles 

tested at a current density of 960 mA g-1. ..................................................................... 150 

Figure 6. 14 Nyquist plots of the TiO2 electrode after selected cycles at 60 mA g-1 at full 

charge states. ................................................................................................................. 151 

Figure 6. 15 a) Low-magnification and b) high-magnification SEM images of TiO2 

electrode after 100 cycles. c) Schematic illustration of the structural changes of the TiO2 

electrodes during the cycling. ....................................................................................... 152 

Figure 6. 16 a) Low magnification and b) high magnification SEM images of 

TiO2/Ti3C2Tx-5 (the mass of Ti3C2Tx accounts for 5 wt% of the composite). c) Low 



 
 

XX 
 

magnification and d) high magnification SEM images TiO2/Ti3C2Tx-25 (the mass of 

Ti3C2Tx accounts for 25 wt% of the composite). .......................................................... 153 

Figure 6. 17 Comparison of the rate performance of the TiO2/Ti3C2Tx-5, TiO2/Ti3C2Tx-

15 and TiO2/Ti3C2Tx-25 electrodes. .............................................................................. 155 

Figure 6. 18 Cyclic voltammetry curves from 1st to 5th cycles of the a) TiO2@Ti3C2Tx, 

b) TiO2 and c) anodes Ti3C2Tx at a scan rate of 0.1 mV s-1. ......................................... 156 

Figure 6. 19 Kinetics analysis of the electrochemical behavior of TiO2@Ti3C2Tx 

electrode. a) Cyclic voltammograms at various scan rates. b) Relationship between peak 

currents and scan rates. c) CV profile collected at 3 mV s-1 with shaded area showing the 

capacitive contribution. d) Survey of the capacitive and diffusion-controlled contribution 

ratio at different scan rates. ........................................................................................... 157 

Figure 6. 20 a) Cyclic voltammograms of TiO2 electrodes at different scan rates from 0.3 

to 10 mV s-1. b) The relationship between peak current and scan rate derived from the CV 

curves. ........................................................................................................................... 158 

Figure 6. 21 a) Schematic illustration of the full cell with NaCrO2 as the cathode and 

TiO2@Ti3C2Tx as the anode. b) Galvanostatic charge/discharge profiles of the NaCrO2/ 

TiO2@Ti3C2Tx full cell at a current density of 30 mA g-1. c) Rate performance of the 

NaCrO2/TiO2@Ti3C2Tx full cell. d) Cycling performances of the NaCrO2/TiO2@Ti3C2Tx 

full cell at a current density of 60 mA g-1 and 960 mA g-1. .......................................... 160 

Figure 6. 22 a) XRD pattern of the as-prepared NaCrO2 product. b) SEM image, c) TEM 

image and d) HRTEM image of the NaCrO2 material. ................................................. 162 

Figure 6. 23 a) The first charge and discharge profiles of the half cells with NaCrO2 

cathode composites at a current density of 0.2 C (1C = 120 mA g-1). b) Rate performance 

of the NaCrO2 cathodes in the half cells. ...................................................................... 163 

  



 
 

XXI 
 

LISTS OF TABLES 

Table 1. 1 Properties of some widely employed solvents for aprotic Li-O2 battery. ..... 12 

Table 1. 2 Characteristics of sodium and lithium.89, 90 ................................................... 29 

Table 1. 3 Summary of properties of typical metal or metalloid materials for Na-ion 

batteries. .......................................................................................................................... 40 

Table 2. 1 Chemicals used in this thesis. ........................................................................ 44 

  



 
 

1 
 

                                                 ABSTRACT 

This PhD project was focused on the development of functional nanomaterials for the 

next-generation batteries, particularly for lithium-oxygen batteries and sodium-ion 

batteries. Electrode materials, comprising the composition, morphology and structure, are 

crucial to the electrochemical performance of batteries. A rational design of electrode 

materials based on the understanding of their electrochemistry is highly desirable for high 

performance cells. In this doctoral work, several different electrode materials were 

designed and synthesized and their electrochemical properties for the certain kind of 

batteries were investigated. 

  A ruthenium-decorated hierarchically ordered macro-mesoporous carbon (MmC@Ru) 

via a mixed hard and soft template method. The as-prepared MmC@Ru exhibits an 

ordered macroporous carbon skeleton with well-distributed mesopores, which are 

uniformly decorated by Ru nanoparticles. Cathodes made of MmC@Ru can provide 

enough room to accommodate the discharge products, facilitate the oxygen and 

electrolyte diffusion and then reduce the charge and discharge overpotential. The 

advantages of the hierarchical porous structure were demonstrated by the enhanced 

performance compared with the Ru decorated macroporous carbon (MC@Ru) electrode. 

Considering the high cost of noble metal catalyst (Ru), an atomic-thin porous NiCo2O4 

nanosheets material with high catalytic activities toward oxygen reduction reaction (ORR) 

and oxygen evolution reaction (OER) was prepared as cathode catalyst for Li-O2 batteries. 

With the help of the selected ether-based electrolytes and unique porous 2D architecture 

and high catalytic activities of the cathode catalysts, the NiCo2O4 cathodes deliver a high 

discharge capacity of 16,400 mAh g-1 at 200 mA g-1 and an excellent cycling performance 
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up to 150 cycles with a restricted capacity of 1000 mAh g-1. The performance 

overwhelmed the one in the DMSO-based electrolyte.  

Although lithium-oxygen battery has the highest theoretical capacity among the 

rechargeable batteries, it still stays in its infancy and far away from the practical 

application. In addition, the increasing concerns of the rising cost of lithium shift 

researcher’s attention to sodium batteries, which are more promising for the 

commercialization.  Here, we developed a facile solution-phase method to fabricate the 

Sb2O3/MXene(Ti3C2Tx) hybrid materials for sodium storage with enhanced 

electrochemical performances. The as-prepared Sb2O3/Ti3C2Tx composite has a 

hierarchical structure with Sb2O3 nanoparticles (sub-50 nm) uniformly incorporated in 

the MXene Ti3C2Tx 3D networks. The Sb2O3 nanoparticles serve as a sufficient sodium 

ion reservoir; meanwhile, the MXene Ti3C2Tx network provides highly efficient pathways 

for transport of electrons and Na-ions. The volume expansion of Sb2O3 during 

sodiation/desodiation can be buffered and confined between the 2D Ti3C2Tx sheets. As a 

result, the Sb2O3/ Ti3C2Tx hybrid anodes present good structural stability and superior 

electrochemical performance based on the conversion and alloying reaction. 

 Another insertion-type material, MXene Ti3C2Tx encapsulated titanium oxide spheres 

(TiO2@Ti3C2Tx), were fabricated for the first time by a self-assemble strategy for sodium-

ion batteries. The MXene layers significantly improve the electronic conductivity of the 

whole electrode and protect the structural integrity of the TiO2 spheres from 

electrochemical pulverization, which hence contributes to the formation of a stable solid-

electrolyte interface. Meanwhile, the pseudocapacitance of the as-fabricated 

TiO2@Ti3C2Tx composites enables high-rate capability and long cycle life in sodium-ion 

batteries. As a result, the hybrid electrode delivers a high reversible capacity of 116 mAh 
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g-1 at 960 mA g-1 up to 5000 cycles. By coupling with a NaCrO2 cathode, a prototype Na-

ion full cell achieved a capacity of 103.4 mAh g-1 at 960 mA g-1 and an excellent cycling 

performance with 73.5% capacity retention after 1,000 cycles. 

   

  


	Title Page
	Certificate of Original Authorship
	Dedication
	Acknowledgements
	List of Publications
	Table of Contents
	Table of Figures
	List of Tables
	Abstract

