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Abstract

Rechargeable batteries offer a feasible solution to storing the intermittent energy
supplies associated with renewable energy production. Despite the dominance of lithium-
ion batteries (LIBs) in the current battery market, their application is hindered by the
scarcity of lithium resources, unaffordable costs, and safety concerns. Consequently,
rechargeable aqueous zinc-ion batteries (RAZBs) with mildly acidic electrolytes have
garnered attention due to their cost-effectiveness, high safety and environmental
friendliness. However, identifying suitable zinc ion intercalation-type cathode materials
that meet commercial standards remains a significant challenge, impeding the widespread
adoption of RAZBs. Vanadium- and manganese-based compounds, recognized for their
unique structures and substantial theoretical capacities, are among the foremost cathode
materials for RAZBs. Nonetheless, these materials often suffer from structural degradation
during cycling, limited electrical conductivity, and severe side reactions, substantially
restricting their practical applications.

In this thesis, we introduce strategies to improve the electrochemical performance of
vanadium-based and manganese-based cathodes in RAZBs through ionic pre-intercalation
techniques and the integration of cathode-electrolyte interface layers, respectively. In
particular, the RAZB with an improved vanadium-based cathode maintains 90% capacity
after 4000 cycles and achieves a discharge specific capacity of 209 mAh g' at 5 C.
Furthermore, our in-depth analysis of the reaction mechanisms in vanadium-based
cathodes with pre-intercalated ions uncovered a reversible dual-cation (Zn>" and Na")
intercalation chemistry. This not only stabilizes the vanadium-based material structure, but
also facilitates the free access of ions from the electrolyte to the cathode, thus mitigating
structural collapse or failure due to ion insertion during cycling.

In the study of MnO: cathodes, we have prioritized the exploration of the intrinsic
failure mechanism and disclosed the phenomenon of "ionic crosstalk" between electrodes

for the first time. The release of a significant amount of Mn?" ions from the MnO2 cathode
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detrimentally impacts the ion concentration on the Zn anode surface, which is detrimental
to the uniform deposition of zinc metal and exacerbates the growth of dendrites as well as
anode corrosion; simultaneously, the stripping of Zn?" ions from the zinc anode results in
the formation of by-products on the cathode and triggers irreversible phase transitions in
the cathode material. These ionic crosstalk effects exacerbate electrode deterioration,
culminating in the failure of the Zn-MnO: battery system. To address this, we apply a
hierarchical porous membrane on the MnOz cathode surface to mitigate ionic crosstalk and
promote reversible dissolution/deposition reactions. As a result, the cell demonstrates an
exceptional capacity retention of 97% after 1000 cycles at 2 C and an operational lifespan
exceeding 500 hours, markedly outperforming previously reported aqueous Zn-MnO:
batteries by over 1.5 times.

Furthermore, to explore the commercial potential of MnO: cathode materials, we
combine the liquid-phase in situ encapsulation method with a straightforward heat
treatment to cover a Bi2O3 layer on the MnO2 material surface. This approach facilitates a
significant increase in the mass loading of the cathode material to 16 mg cm™. Our findings
reveal that these cathodes exhibit exceptional cycling stability and Coulombic efficiency in
larger battery configurations, with an exceptional capacity retention of 72.7% over 330
cycles (equivalent to a calendar life of 60 days), showcasing its superior performance and
reliability for high-energy-density battery applications. These results not only underscore
the significant potential of Bi2O3 coating technology to advance the development of
aqueous Zn-MnOz batteries but also lay a solid foundation for the commercialization of

aqueous batteries.

Keywords: vanadium oxide, manganese oxide, reversible dual-ion de-/intercalation, ionic

crosstalk, high mass-loading, rechargeable aqueous zinc-ion batteries.

vil



Acknowledgements

First and foremost, I would like to express my deepest and most heartfelt gratitude to my
supervisor, Dr. Pu Chen. Since our first meeting in 2017, you have been a constant
source of guidance, support, and encouragement. Your unwavering belief in my abilities
and potential has been a significant driving force in my academic and personal growth.
From the early days of uncertainty to the confident steps I take today, you have
witnessed and nurtured my development. Your dedication to my academic skills and
genuine concern for my overall well-being have left an indelible mark on my life. As I
approach the completion of this significant stage, I look back with immense appreciation

for your mentorship and support.

I would also like to express my sincere thanks to all my committee members- Dr. Eric
Croiset, Dr. Boxin Zhao, Dr. Xiaoyu Wu and Dr. Xiaoxiao Huang-for taking the time to
read my thesis and provide their valuable feedback. Your critical insights are crucial in
refining my research and broadening my perspectives. The encouragement and guidance
I received from each of you have been instrumental in navigating the complexities of my

research and have fostered a richer, more nuanced understanding of the subject matter.

I also want to thank Dr. Tong Leung and Charles Dal Castel for the use of their lab

facilities. Thank you to Judy Caron for her help on many occasions throughout my PhD.

The accomplishments encapsulated in this thesis are a testament to the invaluable
collaborations I've been fortunate to have over the recent years. I want to extend my
sincere thanks to my colleagues Zhongyi Liu, Shaopeng Li, Yan Wu and Sara Shi, your
insightful contributions and engaging discussions on the cathode works have been
pivotal to this project. I am deeply grateful to each of you for your expertise and the
vibrant exchanges we've shared. A heartfelt thanks to my co-op students Kaiyang Ren,
Ray Zhu, Eric Zhou and Meixuan Li, whose commitment and enthusiasm in the

experimental projects made mentoring an immensely rewarding experience. My

viil



gratitude also extends Dr. Jian Zhi, your guidance and insightful feedback during the
manuscript writing have been pivotal in shaping this thesis. Your expertise and
constructive discussions have not only enriched the content but also profoundly

influenced my approach to research.

To my dear friends, whose unwavering support and companionship have been the
backbone of my journey. A special note of thanks goes to my friends Pax, Alice, and
Miao. Your care and concern for my well-being in everyday life have been a source of
comfort and joy. Whether it was a late-night chat to de-stress, a laugh to break the
monotony of study, or just being there when I needed a shoulder, your everyday support

and care, even in the smallest things, have meant the world to me.

To my family, especially my parents, who are an entire ocean away but never out of my
heart — thank you doesn't even begin to cover it. Your endless encouragement, those
late-night calls filled with laughter and sometimes tears, and your "you can do it"
messages have kept me going. It's like you've been right beside me, every step of the
way, even though we're miles apart. Your belief in me has been a constant source of

motivation and has helped me persevere through every barrier.

Lastly, I would like to acknowledge any funding bodies or organizations that have
supported my research. Their financial assistance has been essential in facilitating my

research endeavors.

This thesis is not just a reflection of my work, but a testament to the collaborative effort
and support of all the individuals mentioned above and many others who have

contributed in various capacities. I am deeply thankful to each one of you.

X



Dedication

Dedicated to my family —

to my parents, for their patience, support, and unconditional love.



Table of Contents

Examining Committee Membership ......ccceeveeevvercisnicisnicssnnicssnncsssnrcssnnsssssscssssscses ii
AUthor’s Declaration ........eeeeeeiieeenseecnseecsseecssnecssseecsssnessssesssssscssssesssssesssssssssses iii
Statement of CONtriDULIONS .....ccueviveiieiisiensiniseensecssnecsenssnensecsssecssesssseessessssesanses iv
ADSTIACT ccueiiniiitiiiictiitcnieneisteisnissesssesssesssessssessssssssessssssssssssassssesssassssssssasasses vi
ACKNOWIEAZGEIMENLS ...cuuueeriiriirnnricnissnniecssssnricssssssnesssssssssssssssssssssssssessssssssssssssssssssne viii
DediCALION «.uceeeneeieinriisnricinresineesstiessnncssssnessssscssssesssssesssssesssssessssnessssssssssnsssssssssssses X
LSt Of FIGUI@S..uuiiiiuiiirurinsercnsnncssnncsssnissssnssssnssssssssssssssssssssssssssssssssssssssssnsssssasssssas Xvi
LISt Of TADIES cuueeeineriiniiiiiiiiiitiiitensintninntecnsnteessneecsssnecsssnecsssnscssssscsssnssssssssssssans XXix
LiSt 0f ADDIevIiations ........ccceeeeciveeiiiseninssnncssnncssnncsssnecsssnecsssncsssssesssseesssssesssssesases XXX
Chapter 1. INEroducCtion......ceecciceeiesserccssnncsssnncsssncsssncssssscssssssssssssssssessssssssssssssssssses 1
1.1, BaACKGIOUNA......ooiiiiieiiie ettt e e e e snae e enaneeens 1
1.2. Rechargeable Batteries.........coouiiiuiiiiiiiiiieiieiie ettt 2
1.3. Rechargeable Aqueous Zinc-ion Batteries..........coovieviierireriieniieniienieeiieeie e 5
Chapter 2. Literature ReVIEW .......ccoveieervercssnicssnrcssnisssanssssssssssssssssssssssssssssssssssssses 9
2.1. Cathode Materials for the RAZB System ..........cccceeviriiniriiinicninciicniecieeeene 9
2.1.1. Vanadium-based materials...........cccceeririiirieniniinieciieseeesee e 10
2.1.2. Manganese-based Materials ...........cccueeriieriieiiienieeieeee e 16
2.2. Electrolyte Optimization for More Reliable RAZBS.........ccccoveeciiievciieicieeeeen. 21
2.2.1. Electrolytes and their basic characteristics ...........ccevveruereerierienieerienienieeenn 22
2.2.1.1. ToniC CONAUCHIVILY ..uveeeiieiieriieeiieeiie et eeee ettt et e ae e e esseesseeennas 22
2.2.1.2. lon transference NUMDET .........ccceoiiiiiiiiiiiiee e 23
2.2.1.3. Electrochemical stability Window............cceceeriiiiiiniiniieecceeeeeeeeen 25
2.2.2. Electrolyte optimization Strategi€s........c.ceeveerreerreerieenirenieenieeereesieesveeseenenes 27
2.2.2.1. Species Of ZINC SAILS ......eevuiieeiiieciie et 27
2.2.2.2. Concentration of ZINC SAlS.......ccueeriiiiiiiiiiiiieie e 29
2.2.2.3. Functional additives in electrolytes .........ccccceerierriienieeiieiiecieereeeee e 31
2.3, ZINC ANOGE. ...c..eiiiiiiiiieeeee ettt ettt et 33
2.3.1. Issues fOr Zn anodes..........cocueeruiieiiieniieeiieie ettt 33

X1



2.3.1.1. Zinc dendrite fOIMALION «......eeeeeeeeeeeeee e e e e e e e e e e e eeeeaeeeeas 33

2.3.1.2. Hydrogen evolution r€action............cecuieruieeiieniienieeniie ettt 34
2.3.1.3. Zinc corrosion and by-products generation ...........c.cceeeveerieeciieneeeieenneenne. 35
2.3.2. Interface modification of Zn anodes...........ccccceevierieiiiiniiieniieiiceeeeeeee e 36
2.3.2.1. Redistribution of concentration field ............ccoeevieeeiiiiiiiiinieee e, 37
2.3.2.2. Redistribution of electric field ..........cocovieririiiniiniiienee 38
2.3.3. Controlling Zn teXture OrieNtation ...........cccvveeerreeerieeerireeeiieeesieeeereeesereeennnens 39
2.3.4. Structural Zn an0deS .........cccveeeiiieiiiieciee et e 42
2.3.5. Electrolyte optimization and deSi@n.............cecveerirriienieeiiieiieeieeree e 43
2.4. Energy Storage Mechanisms 0f RAZBS .........ccccceviieiiiiniieciiciececeeee e 46
2.4.1. Zn*" insertion/extraction MeChaniSM............c.c.cvvurveveveierreeeeeereeerereeeeseeennenn. 47
2.4.2. H'/Zn*" co-insertion/extraction mechaniSm ................ccocvueveverevreruererenrnnnnn, 48
2.4.3. H2O/Zn*" co-insertion/extraction Mechanism...............cccveuevervreruererenenennnnn, 49
2.4.4. Conversion reaction mechanism (manganese-based cathode)........................ 51

2.4.5. Deposition and dissolution reaction mechanism (manganese-based cathode)52

2.4.6. Pseudocapacitive Faradaic proCess.........covueeviierieeieenieeiienieeieesee e evee e 54
B TR Vo) (5101 A @ 10} 1118 AT U 57
2.6. ThesiS OULINE ....cc.vviieiiieciiiece ettt e e e e abe e eeneas 58
Chapter 3. Experimental Methods ...........coueieiveicisnicssnicssnnicssnncsssnesssncssssscsnsees 59
3.1. Cathode FabriCation ........ccc.eeiiiiiiiiieiiieie ettt 59
3.2. Battery ASSEMDIY ....c..oiiuiiiiiiiieeiiee et 59
3.2.1. Coin Cell @SSEMDIY ......ooeviiiiieiieiieciiee e 59
3.2.2. Swagelok-type battery assembly...........cccecveriieriieniieiiecieeecie e 60
3.2.3. Iron plate battery assembly ..........cccecieiiiiiiiiiieiee e 60
3.3. Material Characterization TeChNiqUES ...........ccccveeviiiriiiiiiiiieiece e, 61
3.3.1. X-ray diffraction teChNIQUE..........ccvieiiiiiiriieeiie e 61
3.3.2. Scanning electron microscopy and energy-dispersive X-ray...........coccveeruvennns 61
3.3.3. X-ray photoelectron SPECtrOSCOPY ..c.veervireruieriieriieniieeiieeiteetee e eiee e eree e 61
3.3.4. Brunauer-Emmett-Teller.........ccoccieiiiiiniiiiiiieieeeeeeeeeeee e 61
3.3.5. Fourier transform infrared SpeCtroSCOPY......cevvveeerieeeriieeiieeeiieeeieeeeiee e 62

xii



3.3.6. Inductively coupled plasma optical emission spectrometry ..............cceeueenn. 62

3.4. Electrochemical Characterization Techniques..........cccccoceevervieniinenicnicncnnene. 62
3.4.1. Cyclic VOItAMIMELIY ......cocvieriieeiieiie ettt ettt 62
3.4.2. Electrochemical impedance SPEeCtrOSCOPY ...cccvreerveeerveeeriieeeireerreeesreeenveeens 63
3.4.3. Linear polarizZation .........c.cecueeiieiiieeiierie ettt ettt e 64
3.4.4. Linear SWeep VOItamMMEIIY ......c.coviieiiiriieiienie ettt et 64
3.4.5. Battery teSTING ....eeiiuiieiiiieeiiie ettt et e et e e sete e et e et e st e e e e e sneeennbeeens 65
3.4.5.1. Full Cell teStING.....eetiieiieiieeiieie et e 65
3.4.5.2. Zn symmetric Cell teStING.......ccvuieiiiiiiieiieiieeieeeie et 65
3.4.6. SCI=AISChAIZE ....ooovvieiiicieeie ettt e e e 66
3.5. Battery Performance Evaluation Metrics.........cccveeriieeiiieeiiieeeiie e 67

Chapter 4. High Performance RAZB Enabled by Reversible Zn2*/Na* Co-

Intercalation ChemiStIY ......coueiiiennennieensensseensnenssnenssenssnesssessnssssesssnssssssssassssssssssssseses 70
4.1 INErOAUCTION. ...coiiiiiiieiieee et ettt et et 70
4.2. Experimental MethodS..........coccuiiiiiiiiiiiiciicceeeeeee e 72
4.2.1. Cathode material SYNthesis ........cccerieririiriinieiieneeeeeeeeee e 72
4.2.2. Other experimental Methods...........cocuieiiiiriiiiiiieiiieee e 73
4.3. Results and DISCUSSION ....ccuuieiiiriiiiiieiiieiie ettt ettt e 74
4.3.1. Cathode material fabrication............cocceeveiriieiieiiicee e 74
4.3.2. Electrochemical performance of ZNVO cathode .........c.ccccevviieiiiniiiniiennnnne 76
4.3.3. Electrolyte modifiCation...........ccueevieriiieriieeiieiieeie et 78
4.3.4. Energy storage meChaniSm ...........cccccveieviieeiiieniieecie e e 87
4.4, CONCIUSION ...ttt st 103
Chapter 5. Unveiling the Ionic Crosstalk in Aqueous Zn-MnQO: Batteries .....106
5.1 INETOAUCTION ...ttt e 106
5.2. Experimental Methods .........cc.coiuiiiiiiiiiiiiiieeee e 109
5.2.1. Material SYNtRESIS .....c.eevvieiiiiiieiiecie ettt 109
5.2.2. Other experimental Methods .........cccceecviieiiiiieniieeeeeeeeeeee e, 109
5.3. Results and DiSCUSSION .......ccuiiriiiiiiiiiieiiesie et e 110
5.3.1. The ionic crosstalk effect of Mn?" on Zn anodes.............cccccevevreruerererrernnne. 110

xiil



5.3.2. The ionic crosstalk of Zn?" on MnO2 cathodes...........ccveveveueeeeeeeeeeeeeeeenn. 116
5.4, CONCIUSION ..coooiiiiiiiiiiieee ettt e e e e s e s st e e e e e e e e s ssnsnaeees 123
Chapter 6. An Effective Method for Mitigating Zn?*/Mn?* Ionic Crosstalk...125

0.1, INIrOAUCTION......eiiiiiiiii et e 125
6.2. Experimental Methods ..........ccovuiiiiiiiiiiiiiiee e 126
0.2.1. PM fabriCation ....cc.oeouiiiiiiiiiiiniieieeieseeete et 126
6.2.2. Other experimental Methods ..........ccceeviiiiiiiiriiiiieeceeeee e 127
6.3. Results and DISCUSSION ......cccuvieeiireiiiieciieeeiee et et e e svee e veeesereeesaneas 127
6.3.1. PM fabrication and characterization .............ceceeeenerrienieneenenienenieseeenn 127
6.3.2. The inhibitory effect of the PM on Mn?" ionic crosstalK...............cccccove...... 131
6.3.3. The inhibitory effect of the PM on Zn?" ionic crosstalk.............ccocoevevnen.... 134
6.3.4. Electrochemical performance evaluation.............cccceeeeveerieniienienieenieeee 139
6.4, CONCIUSION ..ottt sttt ettt e 146

Bismuth Oxide Surface Modification........ceeeeiveeeciseecsseecssneecssnencssnecssnecssseecssseecsanes 148
7.1 INETOAUCTION ...ttt ettt ettt ettt ettt e e saeeenee 148
7.2. Experimental Methods .........cc.coviiiiiiiiieiiiiieeiece e 150
7.2.1. Cathode material SyNthesis ........ccccviiiiiiieiiiie e 150
7.2.2. Cathode fabrication and battery assembly .........cccccoceeveriininiiniininiicneeene 151
7.3. Results and DISCUSSION .....c.eeviruieiirieniiiieiieieeie sttt 152
7.3.1. Cathode material characterization..............coeueeruerieneenienienieeeee e 152
7.3.2. Coin-type cell electrochemical performance ...........ccccoeevviencieencieencieeeneen. 154
7.3.3. Large cell electrochemical performance............cceceevveeniveniieniienieeieeenn 160
T4, CONCIUSION ..ttt ettt ettt e e e 165
Chapter 8. Conclusion and Future WorK.........iiciiceiccscsnnricssssnnrecsssnnsecsssnnnes 167
8. 1. CONCIUSION ..ottt ettt ettt et st bee s 167
8.2, FULUIE WOTK ....eiiiiiiiiiieieeee ettt 169
8.2.1. Vanadium-based cathode materials ...........ccccoeriiriiiiiiiiiiniieceee, 170
8.2.2. Manganese-based cathode materials............cceeeeriieniiiiienieiiceieeeeeee, 174
REfEIENCES . .ucineiineiitinniintenteentenstentenstesneiseesssesssesssessssesssessssessssssssssssassssessaess 179



APPEINUICES cuuerriirirnrricssssnriessssasresssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 225

Appendix A: Supplementary Information for Chapter 4 ..........cccccoceeveeeniencnnene. 225
Appendix B: Supplementary Information for Chapter 5 ..........ccccooveviiiiniincnnene. 232
Appendix C: Supplementary Information for Chapter 6 .............cccceeeevveenieeennnenns 234
Appendix D: Supplementary Information for Chapter 7..........cccceeeevenicniencnnene. 240

XV



List of Figures

Figure 1.1. a) Year-on-year percent change in electricity demand in selected regions,
2019-2026'. b) Total electricity demand in China, European Union, and the United
States, 1990-2026'. ¢) Recent cost developments for selected clean energy
technologies, 2014-2022%. d) Estimated market size for selected clean energy
technologies by technology and region, 2020-2050°. STEPS: Stated Policies Scenario;
NEZ: Net Zero Emissions by 2050 SCENario. .........coceevuereereenienieneniienieneeieseeseeenn 2

Figure 1.2. a) Schematic illustration of representative rechargeable batteries and their
applications in traditional and emerging portable electronic devices’. b) Ragone plot
of various energy storage systems. The times marked on the blue axes represent

FEACHION KINETICS® . .o et e e e e e e e e e s e e e s e e e e e e e e easeseesenn 4

Figure 1.3. a) Ragone plot of energy storage systems in mild aqueous electrolyte
system with different energy carriers®*. b) Radar diagram of Zn property regimes:
compared with other metals, Zn shows capacity advantages, high stability, and good
reversibility in aqueous electrolyte®. c¢) Timeline of the Zn-based batteries

development history?2033 74 e 7

Figure 2.1. a) Schematic illustration of RAZBs®. b) Operating voltage vs. specific

capacity for various cathode materials presently used for RAZBs™. .......................... 10

Figure 2.2. The crystal structures of typical vanadium oxides: V203, VO2, VO3,
H2V30s (V307°H20), and V205", In the blue box is a schematic illustration of V20s

crystal structure with VOs square pyramids®!.............cccooeviviioioiiiueeeeeceeee s 11

Figure 2.3. V205 cathode materials with different types of nanostructures: (a)
nanofibers’>, (b) nanorods’®, (c) hollow nanospheres’®, (d) porous V20s yolk-shell

IICTOSPRETES ™ ...ttt 13

Figure 2.4. a) Cycling stability of the NVO at 0.1 and 0.5 A g ' ¥, b) SEM images of
the effects of different K" intercalation amounts®. Schematic illustration of c¢) Zn**
storage mechanism of Zno.1V20senH20 cathode”, d) reversible H2O molecules
intercalation into Zno25V20senH20 cathode in aqueous electrolyte, and the H2O
deintercalation accompanying Zn>" intercalation during discharge process?, e)

XVvi



hydrated Zn** (Zn(H20)s*") intercalation process into NHVO cathode!®, ) synthesis
process of the PANI/V205 composite!®®. ...........oovoviiiieoeeeeeeeeeeeeee e 15

Figure 2.5. a) Cycle performance of V20s@CNTs and pure V20s electrodes at 5 A
g!, inset is the morphology of V205@CNTs sample''®. b) Cycle performance of
C@V20s at 0.5 A g'!, inset is the morphology of C@V20s sample!”....................... 16

Figure 2.6. Schematic diagram of the order of thermal stability of MnO2 polymorphs.
Ranking as P> 0> 7> 8 = A3l e, 17

Figure 2.7. a) XRD patterns of B-MnO: electrode at selected states during first and
second cycles'*. b) Schematic illustration of the Zn-MnO: battery with CF3SO3 -

132

based aqueous electrolyte’™”. c¢) Cycle capacity evolution of the f-MnO: nanorod

cathode using MnSO4/ZnS04 electrolyte!®* ... ........cocoiiiiieeeeeeeeeeee e, 19

Figure 2.8. a) Schematic illustration of Zn?" adsorption/desorption for perfect MnO:
and MnO: with oxygen vacancies'**. b) Cyclic performance at current densities of 2 A
g !. Inset: schematic of defect-engineered Mn3O4/CNTs composites'“S. ¢) Schematic
illustration of interactive forces between CH and Mn**/Zn*" ions, respectively. Cyclic

performance at a current density of 0.02 A g ' 1% i, 21

Figure 2.9. a) Raman spectra of ZnClz solutions of different concentrations. b) The
transference number of Zn** at 21°C for dilute (5 m) and concentrated (30 m) ZnCl»
electrolytes'®. Enlarged regions near c) anodic and d) cathodic extremes of the
electrochemical windows on nonactive titanium mesh electrodes. e) Overall
electrochemical windows of bi-cation and mono-cation electrolytes were evaluated

with CV at a scanning rate of 10 mV s 177 e, 26

Figure 2.10. a) Problems of metal Zn contact with aqueous electrolytes with varying
pH values'®. b) Micrographs of polished Zn electrode, and Zn electrode placed in
acetate  electrolyte  (ZnSO4/(NH4)2SO4/(CH3COO)2Pb),  sulfate  electrolyte
(ZnSO4/(NH4)2S04) and chloride electrolyte (ZnCl2/NH4Cl) for 30 days,

respectively'®?

. ¢) Cycling performance of Zn-V20s battery with x M ZnSO4
electrolyte'®. d) Comparison of cycling performances between batteries in 0.3 M

Zn(TFSI): electrolyte and in 1 M ZnSO4 electrolyte™®. .........c.cocovoviviiiiiieces 29

xvii



Figure 2.11. Characterization of aqueous Zn(CF3SOs3): electrolyte with different
concentrations (1-4 M): a) Coulombic efficiency of ZnMn204 electrode at current rate
of 0.05 A g'! within 0.8-1.9 V, b) viscosity and ionic conductivity. ¢) Schematic of
mitigating active substance dissolution®’. d) Schematic for Zn**-solvation structures in
the electrolytes with 1 m Zn(TFSI)2 and other concentrations of LiTFSI (5 m, 10 m
and 20 m)'%". ¢) The charge/discharge curves of Zn-V20s batteries at 0.1 A g ! 1?2, f)
Cycling performance of V205 in 1 m Zn(CF3SOs3) and 21 m LiTFSI+1 m
Zn(CF3S03)2 electrolytes at 0.5 A @ 112, oo, 31

Figure 2.12. a) Schematic illustration of the function of pre-added Mn?" in Zn-MnO>
battery. b) Cycling performance of the two samples over 100 cycles'’. ¢) Schematic
illustration of Na salt additive inhibited the dissolution of NVO cathode and Zn
dendrites formation. d) Cycling performance of NVO cathode in Zn*"/Na" electrolyte
AEA A G20 ettt 32

Figure 2.13. a) Schematic diagram of the zinc deposition process on the surface of
bare Zn anode’’®. b) Defects on Zn anodes such as roughened surface, surface
scratches or folds, and newly exposed unpolished edges, all of which can predispose
to the creation of dendritic grains during electrochemical cycling?®®. ¢) Deposition
products morphology of the Zn (100) and Zn (002) planes®”. d) The morphology of
the bare Zn foil and the Zn foil after soaking in 1 M ZnSO4 electrolyte for 7 days?!®.

Figure 2.14. a) Schematic illustration of the synthesis of HsGDY. b) Electric and
concentration field simulation with protuberances of bare Zn and coated Zn?**. ¢)
Schematic diagram of the mechanism of cyanoacrylate for suppressing zinc
dendrite?**. d) Schematic diagram of Zn@ZnF: electrode regulating Zn*" ion flux**’. e)
lustration of synchronously reducing and assembling MXene layer on the surface of
Zn foil and zinc plating behavior of MXene-coated Zn (top right) and pure Zn (bottom
left)>*. SEM images of cycled MXene-coated Zn and pure Zn. f) Schematic
illustration of zinc plating on bare Zn electrode (upper) and NGO@Zn electrode
(LOWET)P . ..o eeenanaens 40

Figure 2.15. a) Crystal structure of the metallic Zn*!. Surface atomic arrangement
and electron equipotential plane of Zn (002) and Zn (100)>%. b) Schematic illustration

xXviil



of zinc plating on the commercial Zn anode and the Zn anode with preferred (002)
plane®!. ¢) Schematic of preferential growth of (002) plane induced by BMIm™ ion
during cycling. Morphologies of cycled Zn anodes in Blank and 0.02 M BMIm* 2%, d)
Morphologies of Zn (002) plane after cycling in 2 M Zn(OTf)2 electrolyte and the Zn
(101) plane in 2 M ZnSO4 electrolyte? S, .........ocoivivieieeeeeeeeeeee e 41

Figure 2.16. a) Schematic illustrations of CM@CuO@Zn. SEM images of Zn anode
using reduced CM@CuO as the host**’. b) Schematic illustration of zinc deposition
on the 3D nickel (Ni) substrate?®. ¢) Schematic illustration of the preparation of npZn
electrode. d) Nanoporous Zn electrode with interface-localized concentrated

CLECITOLYLE?02 ... oot 43

Figure 2.17. a) Schematic of electrostatic shield mechanism applied in Zn?*/Na*
electrolyte. b) Morphology of Zn anode surfaces cycled in ZnSO4 and ZnSO4/Na2SO4
electrolytes, respectively?®. ¢) Schematics of the step-by-step zinc reduction and
deposition process in control and PEG200 electrolytes under negative potential bias

ON thE Z0 ANOACT ..o et e e e e e e e e e e e e e e s e e s e e s e e e eaeeeeserenenes 45

Figure 2.18. General classification and schematic diagram of energy storage

MEChANISINS OF RAZBS L. ..o e e e e e e e e e e e ees e e e e e e e s eeseeseesesaean 46

Figure 2.19. a) Schematic illustration of expected mechanism of Zn*" intercalation in
VO2?*". Investigation of reaction mechanism of the MnO:@CFP cathode during
discharge: b) Discharge GITT profiles of the Zn-MnO2@CFP cell, and c) ex situ XRD
patterns of the MnO2@CFP cathode at depth of discharge at 1.3 V and 1.0 V,
respectively?®!. d) Schematic illustration of crystal structures of pristine V20s, V20s

after charging to 1.3 V and discharging t0 0.2 V. ..o, 50

Figure 2.20. a) HRTEM images of MnOz discharged to 1 V during the first cycle, and
energy dispersive X-ray spectroscopy in scanning transmission electron microscopy
(STEM-EDS) mappings of the elemental distributions of Mn, O, and Zn in the MnOz
electrode. The lattice fringes of 0.33 and 0.26 nm from the discharged products are
consistent with the d spaces from the (210) and (020) planes in monoclinic MnOOH*,

b) The schematic for different reaction mechanisms in D1, D2 and D3 stages'’*. c)

X1X



The schematic diagram of the proposed charge storage mechanism of B-MnO2

CAENOAE 0 ettt et et et e e e e e e et e ren s 53

Figure 2.21. a) Power law dependence of the peak current on sweep rate for
capacitive materials (b=1) and typical battery-type materials (b=0.5). The “transition”
area between capacitive and battery-type materials area is located in the range of
b=0.5-13%. b) The capacitive contributions at different scan rates in Zn-NVO battery?S.
c) Schematic CVs and corresponding electrochemical charge/discharge curves for

various energy storage materials®.. ..o, 56

Figure 3.1. Schematic illustration of cathode fabrication process. ..........cccceeeveeennnnn. 59

Figure 3.2. External view and internal composition of the a) CR2025 coin-type cell, b)
T-type cell (Swagelok), and ¢) large battery...........ccceevieviiierieniiieiieeiieeeee e 61

Figure 3.3. An example of Nyquist plot and its equivalent circuit®!!. ........................ 63

Figure 3.4. Schematic of three-electrode beaker type cell. WE: working electrode, CE:

counter electrode, RE: reference €lectrode. .......uvvvvvviiiiiiiiiiiiiiiiiiiieiiieeeeeee e 64
Figure 4.1. Schematic of reversible Zn?"/Na" co-intercalation in vanadium cathode.72

Figure 4.2. Schematic illustrating the experimental procedure of synthesizing ZNVO

INATETTAL. et e e e e e e e e et aae e e e e e et aaeeeeeeeeaa—————————aaaeraans 73

Figure 4.3. a) Morphology of commercial V20s powder and synthesized ZNVO
nanowires. Element mapping of ZNVO material. Scale bar: 2 pm. b) XPS survey
spectra of ZNVO sample. XRD patterns of ¢) commercial V205 and d) ZNVO-2
sample and schematic diagrams of their corresponding crystal structures.
Shcherbinaite (V20s, PDF#97-008-2151), Nas 25(OH)o.25(H20)12(VO4) (PDF#01-070-
2496), Zno2s5V20s(H20) (PDF#01-086-1238), Zn3(VO4)2(H20)293 (PDF#01-074-
2059 ettt ettt b et 75

Figure 4.4. a) Cycling performance of HVO and ZNVO electrodes in 2 M ZnSO4
electrolyte at 1 C. b) Cycling performance of ZNVO electrodes with various cations
insertion amounts in 2 M ZnSOs4 electrolyte. ¢) Comparison of specific capacity and
voltage platform of  ZNVO-2 with other reported cathode

materialg®3:43:44.57:59.63.65.83,269.279.325330 " 'y profiles of ZNVO cathode in 2 M ZnSO4

XX



electrolyte at a scan rate of d) 0.1 mV s and e) 1 mV s at selected cycle numbers. f)
Nyquist plots of ZNVO cathode in 2 M ZnSOs electrolyte over the frequency range of

100 mHz-1 MHz at selected cycles. Inset is the equivalent circuit diagram. .............. 78

Figure 4.5. a) Cycling performance of a) ZNVO electrodes with various cations
insertion amounts in 2 M ZnSOs electrolyte. b) ESW of different electrolytes in three

electrode configuration. Scan rate 10 mV s!

. Magnified view of the regions outlined
near anodic (hydrogen evolution reaction, HER) and cathodic (oxygen evolution
reaction, OER) extremes. ¢) Morphology of ZNVO cathode in different electrolytes at
50th cycles. Scale bar: 1 um. d) Long-term galvanostatic cycling of Zn-Zn symmetric
cells at a current density of 0.1 mA cm 2 with an areal capacity of 1.0 mAh cm™.

Morphogy of cycled Zn anode in €) 2 M ZnSOs4 electrolyte and f) 1 M ZnSO4/1 M
Na2SOs4electrolyte at the selected cycles. Scale bar: 2 pm..........ccooceeiiiiiiiiniinenn. 81

Figure 4.6. Cycling performance of a) HVO and b) ZNVO cathodes in 2 M ZnSO4
and 1 M ZnSO4/1 M Na2SOselectrolytes at 5 C. c) Initial cycles of ZNVO cathode in
1 M ZnSO4/1 M NazSOs electrolyte at 5 C. d) Long-term cycling performance of
HVO and ZNVO cathodes in 1 M ZnSO4/1 M NaxSOs electrolytes at 5 C. The
Coulombic efficiency for a narrow y-axis scale is shown in Figure A6c. ¢) GCD
profiles of ZNVO cathode in 1 M ZnSO4/1 M Na2SOselectrolyte at 5 C. The average
charge voltage is around 1.0 V, and average discharge voltage is around 0.8 V. f)
Long-term cycling performance of HVO and ZNVO cathodes in 1 M ZnSO4/1 M
Na2SO4electrolytes at 10 C. ....ooouiiiiiiiieeieeee et et e 83

Figure 4.7. Rate performance of a) HVO and b) ZNVO cathodes in different
electrolytes. Morphology of ¢) HVO cathodes and €¢) ZNVO cathodes after cycling in
different electrolytes at various small current densities. Scale bar: 1 um. Images of the
obtained separators from the d) Zn-HVO cells and f) Zn-ZNVO cells after 10th cycle
in different electrolytes at 1 C.....cuviieiiiiiiiieieeee e e 85

Figure 4.8. a) Cycling performance of ZNVO in 1 M ZnSO4/1 M Nax2SOs electrolyte
at 5 C. b) Cycling performance and c) Coulombic efficiency plots with standard
deviations calculated from three cells for HVO, ZNVO and NVO cathodes at 5 C. d)
Cycling performance of ZNVO cathode in 1 M ZnSO4/1 M Na2SOs electrolyte in 9
MAQ DAttETies At 2.5 C. oot ettt et sttt e e 87

XX1



Figure 4.9. CV profiles of a-c) HVO cathode, d-f) NVO cathode and g-i) ZNVO
cathode in different electrolytes. The scan rate is 0.1 mV s'. HVO/NVO/ZNVO
electrode was used as the working electrode, AgCl/Ag as the reference electrode and

graphite rod as the counter electrode in T-type batteries. ........cccceveeverienienerieneenens 90

Figure 4.10. a) GCD curve of cycled HVO cathode in 1 M ZnSO4/1 M Nax2SO4
electrolyte at 2nd cycle. Current rate is 1 C. b) Ex situ XRD pattern of cycled HVO
electrode in 1 M ZnSOs4/1 M NaxSOs electrolyte at determined voltages.
Zno.25V20s5°H20, PDF# 01-086-1238, ZnV30s, PDF# 04-011-2142, NaV20s, PDF#
04-010-2339. ¢) and d) are Ex situ XRD patterns of the yellow areas after
magnification. ¢) Contour map of the corresponding areas in the upper ex situ XRD
pattern. f) Contour map of HVO reflection peaks migration with varying voltages.
The inset scale represents the peak intensity, with 600 for high-intensity and 240 for

JOW-INEEIISTILY. ..eeeieeniieiiie ettt ettt ettt et ettt e et et e st e et esabeenbeesneeenseesaeeenne 92

Figure 4.11. The molar ratio of a) Na and b) Znnormalized to V in 1 M ZnSO4/1 M
NaxSOs4 electrolyte at various charge/discharge states. ¢) The molar ratio of Zn in
different electrolytes at various charge/discharge states. XPS spectra of d) Zn 2p and ¢)
Na 1s with their content percentages on the cycled HVO cathode under varying
voltages. XPS spectra of V 2ps.2 at fully discharged (0.2 V) and fully charged (1.6 V)
states in f) 1 M ZnSO4/1 M NaxSO4 and g) 2 M ZnSOs4 electrolytes. Inset pie charts

are the respective percentages of V¥ and V7. ........coooiiiiiiiceeeeeeeeeeeee s 93

Figure 4.12. Schematic illustration of Zn®>" and Na* de-/intercalation mechanism in

HV O CAtNOUE. oottt e e e e e e e e ee e e e e e e e e e e e eeeeeeeeeeeeeees 96

Figure 4.13. Ex situ XRD patterns of a) and b) HVO cathodes, ¢) and d) ZNVO
cathodes in different electrolyte at selected cycle numbers. ) Nyquist plots of ZNVO
cathode in 1 M ZnSO4/1 M Na2SOs electrolyte over the frequency range of 100 mHz-
1 MHz. Inset is the equivalent circuit diagrams. CV profiles of f) ZNVO cathode and
g) HVO cathode in 1 M ZnSO4/1 M NaxSOs electrolyte at selected cycle numbers...98

Figure 4.14. CV profiles of ZNVO cathode in 1 M ZnSO4/1 M NaxSOs electrolyte at
its a) 50th cycle, b) 200th cycle and c) 500th cycle. Yellow: total capacity; mint:

capacity contribution of Zn?" de-/intercalation; rouge: capacity contribution of Na*

xxii



de-/intercalation. d) Capacity contribution of Na" ion (rouge) and Zn** ion (mint)
from ZNVO cathode in 1 M ZnSO4/1 M NaxSOs electrolyte at different cycles
(averaged over three samples), with respective standard deviations of +7.06% (Na" at
50" cycle), £0.08% (Zn*" at 50 cycle), £5.65% (Na* at 200™ cycle), £7.70% (Zn*" at
200" cycle), £2.09% (Na* at 500" cycle) and +3.40% (Zn>" at 500" cycle). ............. 99

Figure 4.15. CV curves of a) HVO cathode in 2 M ZnSOs electrolyte, b) 1 M
ZnS04/1 M NazSOs4 electrolyte, and ¢) ZNVO cathode in 1 M ZnSO4/1 M Na2SO4
electrolyte. The range of scan rate is 0.1-1 mV s™. d) The corresponding plots of log(i)
vs. log(v) for HVO and ZNVO cathodes in different electrolytes............cccceeveenneee. 102

Figure 4.16. The capacitive contribution percentage at different scan rates of a) HVO
cathode in 2 M ZnSOs electrolyte, b) 1 M ZnSO4/1 M Na2SOs electrolyte, and c)
ZNVO cathode in 1 M ZnSO4/1 M Na2SO4 electrolyte. ........ccevervenieneeiinieniennene 103

Figure 5.1. a) Schematic diagram of the in situ optical visualization observation
device. b) Actual image of the in sifu optical visualization observation setup. c)
Schematic of a symmetric transparent electrochemical cell. In situ optical
visualization observations of zinc deposition in d) 2.2 M ZnSOs4 electrolyte and e) 2

M ZnS04/0.2 M MnSOs4 electrolyte at various deposition times. Scale bar: 200 pm.

Figure 5.2. a) LP curves of Zn-Zn symmetrical cells using ZnSO4 electrolytes with
different Mn** additions, with a scan rate of 0.1 mV s'. b) The corresponding Zn
corrosion potential in ZnSOs4 electrolyte with different Mn** additions. c)
Galvanostatic cycling performance of Zn-Zn symmetric cells in different electrolytes
at a current density of 0.5 mA cm™2 and an areal capacity of 0.5 mAh cm 2. Insets:

detailed voltage profiles at specific cycling times. .........ccceeveueerieiiiienieniieieeieeene 112

Figure 5.3. a) Ex situ XRD patterns of Zn electrodes after plating/stripping in ZnSO4
electrolyte with different Mn?" additions for 100 hours at 0.5 mA cm™ and 0.5 mAh
cm 2. b) The RTC of Zn electrodes cycled in different electrolytes. ¢) Morphology of
pristine Zn electrode surface, and Zn electrode surface in ZnSOs/0 M Mn?*",
ZnS04/0.1 M Mn?*, ZnS04/0.2 M Mn?*, ZnS04/0.5 M Mn?*" electrolytes after cycling
for 100 hours at 0.5 mA cm™ and 0.5 mAh cm™2. Scale bar: 2 um. Inset in c) is the

xxiil



enlarged view, scale bar: 1 um. d) Long-term galvanostatic cycling performance of
Zn-Zn symmetric cells in different electrolytes at a current density of 1 mA cm™? and

an areal capacity 0f 0.5 MAN CIN 2.......o.oooviiiceeeeeeeceeee e 114

Figure 5.4. a) The obtained LP curves as the Mn?" variation rate in the ZnSOa4
electrolyte increases. The scan rate is 0.5 mV s'. b) The corresponding change in Zn
corrosion potential with the Mn?" variation rate. The error band is obtained from three

ETLALS. .ottt ettt ettt et et et et et et et ettt ettt et et et ettt ettt ettt aaa————————— 116

Figure 5.5. a) Morphology evolution of the MnO: cathode in the discharged state at
selected cycle numbers in 2 M ZnSOs electrolyte. b) Elemental mapping images of

MnO:2 cathode in 2 M ZnSOs4 electrolyte at 10th discharge and 300th discharge. Scale

Figure 5.6. a) Ex situ XRD patterns of MnO2 cathodes in H2SO4 electrolyte at Sth
discharge. Ex situ XRD patterns of MnO2 cathodes in the discharged state in b) 2 M
ZnSO4 electrolyte and c) 2 M ZnS04/0.2 M MnSOs electrolyte at selected cycle
numbers. ZSH (ZnsSO4(OH)s*4H20, PDF# 00-044-0673), MnOOH Groutite (PDF#
99-000-1423), ZMO Woodruffite ((Zn,Mn)2MnsO1224H20, PDF# 99-000-4329), B-
MnO: (PDF# 04-005-4881). d) XPS spectra of Mn 2p from the discharged MnO:
CATNOAES. ...t 119

Figure 5.7. a) GCD curve and in situ XRD counter map of MnO:z cathode in 2 M
ZnSOs4 electrolyte at determined voltages. The applied current density is 2 C. GIXRD
patterns of the MnOz cathode corresponding to b) the first discharge and c) the second
discharge of the GCD CUIVES 11 @). ....eeciieiieriiieiieniieeieereeereetee e eseeeeveeseeesaeeneeeas 120

Figure 5.8. Schematic illustration of the Zn?" ionic crosstalk effect (upper) and Mn?*

ionic crosstalk effect (lower) in the aqueous Zn-MnOz battery..........ccoceevienienneen. 122
Figure 6.1. Schematic of the PM function in the aqueous Zn-MnO: battery. .......... 126

Figure 6.2. a) Schematic diagram of the PM fabrication process. b) PM surface
morphology based on various mass ratios (H2O:PVDF-HFP=0.2:1, 0.5:1, 0.7:1, 1:1,
1:1.5 and 2:1). Scale bar: 2 JM. c..coceeviiiiiiiiicectceeeee e 129

XX1V



Figure 6.3. a) Cross-sectional SEM images of the PM (H20:PVDF-HFP=0.5:1).
Scale bar: 2 um. b) Side view schematic of a PM with a hierarchical porous structure.
Green arrows represent long migration paths of ions in the PM. ¢) FT-IR spectra of
the PM. d) Nitrogen adsorption/desorption curve of PM. The inset shows the BJH
pore size distribution Of PM........coooiiiiiiiiiiicce et 131

Figure 6.4. In situ optical visualization observations of Zn anodes paired with a) bare
MnO: and b) PM-MnO: cathodes in 2 M ZnSOs electrolyte within transparent
electrochemical cells at various deposition times. Scale bar: 200 pm. Morphology of
cycled Zn anode surface paired with ¢) bare MnO2 and d) PM-MnO: cathodes in 2 M
ZnSO04 electrolyte. Scale bar: 20 M. ..oc.eeviiiiriiniiieicecceee e 132

Figure 6.5. a) Ex situ XRD patterns of Zn anodes paired with bare and PM-MnOz
cathodes after 300 cycles in 2 M ZnSOs4 electrolyte. Inset: the RTC of Zn anodes
paired with bare and PM-MnO2 cathodes (300 cycles). The Mn concentration in 2 M
ZnS0s electrolyte at a b) fully discharged state and c) fully charged state for different
cycle numbers. d) Schematic diagram of Mn?" ions passing through the PM........... 134

Figure 6.6. a) Ex situ XRD patterns of MnO2 cathodes in H2SO4 electrolyte at 5th
discharge. b) Ex situ XRD patterns of MnO: cathodes in the discharged state in 2 M
ZnSOs4 electrolyte at selected cycle numbers. ZSH (ZnsSO4(OH)s*4H20, PDF# 00-
044-0673), MnOOH Groutite (PDF# 99-000-1423), ZMO Woodruffite
((Zn,Mn)2Mns012¢4H20, PDF# 99-000-4329), B-MnO: (PDF# 04-005-4881). ¢) XPS
spectra of Mn 2p from the discharged PM-MnO:z cathodes. d) Percentage contents of
Mn*" and Mn** on bare and PM-MnO:z cathodes based on XPS results. ................... 136

Figure 6.7. a) GCD curve and in situ XRD counter map of PM-MnO: cathode in 2 M
ZnSOs4 electrolyte at determined voltages after 24 hours activation. The applied
current density is 2 C. GIXRD patterns of the PM-MnO: cathode corresponding to b)
the first discharge and c) the second discharge of the GCD curves............cccoeeuneenee.. 137

Figure 6.8. a) Morphology evolution of the PM-MnO:2 cathode in the discharged state
at selected cycle numbers in 2 M ZnSOs electrolyte. Scale bars: 2 pm and 1 um.
Elemental mapping images of PM-MnO:z cathode in 2 M ZnSOs4 electrolyte after b)
10th discharge and c¢) 300th discharge. Scale bar: 2 pm. ........cccccvveveieeriieencieeeiene. 138

XXV



Figure 6.9. Current-time curves at the bias potential of 10 mV and Nyquist plots
before and after polarization of a) bare Zn-Zn, b) PM Zn-Zn ¢) PP Zn-Zn symmetric
cells in 2 M ZnSOs4 electrolyte. Inset: the morphology of PP film (Celgard 2340).
Scale bar: 1 um. Current-time curve at the bias potential of 10 mV and Nyquist plots
before and after polarization of b) bare Zn-Zn and c¢) PM Zn-Zn symmetric cells in 2

M MNSO4 ElECIOLYLE. ..ottt 139

Figure 6.10. a) Cycling performance of bare MnO2 and PM-MnO: electrodes in 2 M
ZnS04/0.2 M MnSOs4 electrolytes at 1 C and b) Coulombic efficiency with a narrow
y-axis scale. ¢) Long-term cycling stability of bare MnO2 and PM-MnO: cathodes in 2
M ZnS04/0.2 M MnSOs electrolyte at 2 C and d) Coulombic efficiency with a narrow
y-axis scale. GCD profiles of e) bare cathode and f) PM-cathode in 2 M ZnS04/0.2 M
MnSOs electrolyte at 2 C. The average charge voltage of PM-equipped battery is
around 1.61 V, and average discharge voltage is around 1.30 V. g) The comparison of
cycle number, operation time and cell capacity with previously reported aqueous Zn-

MnO: batteries. More details are listed in Table Cl........oooovvviveieiiiiieieieieeeeeeeeeeeeeeenn. 141

Figure 6.11. a) Cycling performance of PM-coated battery in 2 M ZnS04/0.2 M
MnSOs electrolyte at 2 C. b) The cycling performance and ¢) Coulombic efficiency

plots with standard deviations calculated from three cells. ...........ccocuveriiiriieniennnnne. 142

Figure 6.12. a) CV profiles of bare MnO2 and PM-MnO: cathodes in 2 M ZnS04/0.2
M MnSOs electrolyte at 3rd cycle. CV profiles of b) bare MnO2 and ¢) PM-MnOz
cathode in 2 M ZnS04/0.2 M MnSOs electrolyte at selected cycle numbers. Nyquist
plots of d) bare MnO: cathode and ¢) PM-MnO: cathode in 2 M ZnS04/0.2 M MnSO4
electrolyte over the frequency range of 10 mHz-1 MHz. Insets are the enlarged

profiles and equivalent circuit diagrams. f) Rate performance of bare MnO2 and PM-

MnO:z cathodes in 2 M ZnSO4/0.2 M MnSOs4 electrolyte........coooeevieniienienieeieenee. 144

Figure 6.13. Schematic illustration of the PM function in the aqueous Zn-MnOz
DALLETY. ittt et ettt ettt et et e e b e e nteebeeeneeenne 145

Figure 7.1. a) Morphology and EDS elemental mapping of Bi-coated MnO:

nanowires. Scale bar: 5 um. b) XRD patterns of Bi-coated MnO2 nanowires. Bismuth

XXVi



trioxide (Bi203, PDF#97-003-8436), B-MnO2 (PDF# 04-005-4881). XPS spectra of
the BMO sample: ¢) a survey spectrum, d) Bi4fand €) O Is......cccceeevvevciveeeveeenneen. 154

Figure 7.2. Cycling performance of f-MnO2 and BMO cathodes in 2 M ZnS04/0.2 M
MnSOs4 electrolyte at a) 0.2 C and b) 1 C. The active material mass loading is around
9 mg cm?. The charging/discharging plateaus of c¢) B-MnO: cathode and d) BMO
cathode in 2 M ZnS04/0.2 M MnSOs4 electrolyte at 0.2 C. ....ooveeiieniiiiniinieicneenne. 156

Figure 7.3. CV profiles of a) f-MnO2 and b) BMO cathodes at determined cycle
numbers, with a scan rate of 0.5 mV s'. Nyquist plots of ¢) B-MnO: and d) BMO
cathodes in 2 M ZnS04/0.2 M MnSOs4 electrolyte over the frequency range of 100

mHz-1 MHz at selected cycles. Inset is the corresponding equivalent circuit diagram.

Figure 7.4. Cycling performance of BMO cathode in 2 M ZnS04/0.2 M MnSO4
electrolyte at a) 1 C and b) 2 C. The standard deviations in these plots are calculated
based on three cells. ¢) The comparison of cell cycle number, active material mass

loading with recently reported coin-type Zn-MnO:2 batteries. More details are listed in

Table D3. ... e s 160

Figure 7.5. a) Internal view of the large battery. b) Cycling performance of B-MnO:
and BMO cathodes in 2 M ZnS04/0.2 M MnSOs4 electrolyte at 0.2 C. The active

material mass loading >9 mg cm?

. ¢) The corresponding charging/discharging
plateaus. d) Cycling performance of the BMO cathode in 2 M ZnS0O4/0.2 M MnSO4
electrolyte at 0.2 C. The active material mass loading >16 mg cm?. e) The
comparison of cell calendar life, active material mass loading and cell capacity with

recently reported zinc-ion batteries. More details are listed in Table D4. ................ 162

Figure 7.6. The standard deviations of a) cycling performance and b) Coulombic
efficiency of BMO cathodes in 2 M ZnS04/0.2 M MnSOs4 electrolyte at 0.2 C. The
active material mass loading >16 mg cm™. These plots are calculated based on three

LIS, ettt ———————————aea e ————————— 163

Figure 7.7. a) The standard deviations of cycling performance of BMO (¢) cathodes
in coin-type batteries at 0.5 C. The active material mass loading >9 mg cm™. The

standard deviation in this plot is calculated based on three cells. Cycling performance

XXVil



of e&-MnO2 and BMO (¢) cathodes in large batteries with 2 M ZnS04/0.2 M MnSO4
electrolyte at the current densities of b) 0.5 C, ¢) 2 C and d) 5 C. The active material

mass 10ading >20 M CM™. ..........coveieieieeeeeeeee e, 164

XXVili



List of Tables

Table 1.1. The performance comparison of different battery systems® 2. .................. 4
Table 1.2. Properties comparison of LIBs and RAZBs.........c.ccccovveveiiinciieniieeeiee e, 8
Table 3.1. Element detection limit for ICP-OES. .........cccccoiiiiiii 62

Table 4.1. pH level and ion conductivity of three electrolytes (at room temperature).

XX1X



List of Abbreviations

AC

ARBs

BET

CNTs

Cv

EDS

EIS

ESW

EV

FT-IR

GCD

GITT

GIXRD

HER

HRTEM

HVO

ICP-OES

LIBs

LP

LSV

NHVO

Ni-Cd

Alternating current

Aqueous rechargeable batteries
Brunauer-Emmett-Teller analysis

Carbon nanotubes

Cyclic voltammetry

Energy-dispersive X-ray

Electrochemical impedance spectroscopy
Electrochemical stability window

Electric vehicle

Fourier transform infrared spectroscopy
Galvanostatic charge-discharge

Galvanostatic intermittent titration technique

2D synchrotron grazing-incidence X-ray diffraction
Hydrogen evolution reaction

High-resolution transmission electron microscopy
Hydrated vanadate

Inductively coupled plasma optical emission spectrometry
Lithium-ion batteries

Linear polarization

Linear sweep voltammetry

Ammonium vanadate

Nickel-cadmium batteries

XXX



Ni-MH

NVO

OER

PANI

RAZBs

Ret

Ri

Rs

SDS

SEI

SEM

SHE

STEM-EDS

XPS

XRD

ZIBs

ZSH

ZVO

Nickel-metal hydride batteries
Sodium vanadate

Oxygen evolution reaction
Polyaniline

Rechargeable aqueous zinc-ion batteries
Charge transfer resistance
Interfacial resistance
Equivalent serial resistance
Sodium dodecyl sulfate

Solid electrolyte interface
Scanning electron microscopy

Standard hydrogen electrode

Energy dispersive X-ray spectroscopy in
transmission electron microscopy

X-ray photoelectron spectroscopy
X-ray diffraction

Zinc-ion batteries

Zinc sulfate hydroxide

Zinc vanadate

XXX1

scanning



Chapter 1.  Introduction

1.1. Background

Since the dawn of the industrial revolution, the extensive development and utilization of
fossil fuels have been pivotal in advancing human civilization. However, this progress has
come at a cost: depletion of resources, environmental pollution, and climate change, posing
serious challenges to sustainable development. In response, there is a global shift towards an
ecological civilization, marking a significant transformation in energy use and innovation.
This transformation is essential for nations worldwide to overcome these challenges and
achieve sustainable growth. A key aspect of this transformation is the evolving role of
hydrocarbon fuels, such as oil and natural gas. While they remain an integral part of the
energy system, particularly in large energy demand centers, a gradual decline in their demand
is evident!. In contrast, electricity is emerging as a central player in the energy landscape and
is becoming increasingly vital for everyday needs-mobility, cooking, lighting, heating, and
cooling-due to its efficiency and reliability. The 2024 Electricity Report highlights a surge in
global electricity demand, projecting an increase from 2.2% in 2023 to an average of 3.4% in
2026' (Figure 1.1a). It is estimated that by 2026, China's electricity demand will grow
significantly to exceed 50% of the European Union's current total annual electricity

consumption (Figure 1.1b).

This increased demand for electricity is propelling clean energy technologies to the
forefront, with a sustained thrust from their indisputable economic merits. The price index for
clean energy equipment, including battery storage and electric vehicle (EV) batteries, has
shown a significant downward trajectory, with costs significantly reducing from 2014 to
20222 (Figure 1.1c). This trend reaffirms the critical position of battery technology in the
transition to a clean energy economy. The World Energy Outlook 2023 underscores the
meteoric rise of the battery sector, forecasting its market dominance by 2050%° (Figure 1.1d).

This forecast has sparked a surge in battery-centric research and development, establishing the



battery technology not merely as a fleeting trend but as a cornerstone of our clean energy
future. The sector's competitive pricing and cutting-edge developments are setting the stage

for a world where sustainable energy is not just aspirational but a tangible reality.
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Figure 1.1. a) Year-on-year percent change in electricity demand in selected regions, 2019-
2026'. b) Total electricity demand in China, European Union, and the United States, 1990-
2026'. ¢) Recent cost developments for selected clean energy technologies, 2014-20222. d)
Estimated market size for selected clean energy technologies by technology and region, 2020-
2050°. STEPS: Stated Policies Scenario; NEZ: Net Zero Emissions by 2050 Scenario.

1.2. Rechargeable Batteries

A rechargeable battery, also called secondary battery, is a device that reversibly converts
electrical energy into chemical energy and stores the resulting energy in a cell®. A typical
rechargeable battery consists of a positive electrode (cathode), a negative electrode (anode),
and an electrolyte. Nestled between the cathode and anode is a porous membrane separator,
which is crucial in preventing direct electrical contact between two electrodes while
permitting the flow of electrolytes®. Thus, when a rechargeable battery is connected to an
output electrical device, it sets off a series of redox reactions at each electrode, releasing the

2



stored energy. Rechargeable battery system has become an essential development direction
for today's energy storage technologies. An array of these battery systems—ranging from
Nickel-cadmium (Ni-Cd) and Nickel-metal hydride (Ni-MH) to Lead-acid and the more
advanced Lithium-ion batteries (LIBs)—has been extensively adopted across various sectors,
including EVs, portable electronics, and broader energy storage infrastructures (Figure
1.2a)°”". Despite their widespread use, current electrochemical energy storage solutions face
challenges in meeting market demands, particularly when it comes to longevity, energy
density, environmental impact, and safety. As shown in Figure 1.2b and Table 1.1, Ni-Cd,
Ni-MH, and Lead-acid batteries grapple with inherent limitations such as low power density,
limited operational lifespans, and serious environmental hazards, that have hindered their
development®’. Conversely, LIBs, which boast high energy density and extended cycle life,
are regarded as the frontrunners of electrochemical energy storage, especially used in EVs.
Conventional vehicles are powered by internal combustion engines (ICEs), which rely on the
combustion of fossil fuels such as gasoline or diesel. This combustion process results in the
emission of greenhouse gases and pollutants, including carbon dioxide (CO2), nitrogen oxides
(NOx), and particulate matter (PM). These emissions significantly exacerbate air pollution and
contribute to climate change, presenting substantial environmental and public health
challenges. In contrast, EVs are driven by electric motors and utilize energy stored in batteries.
EVs offer a significant advantage in terms of emissions, as they produce zero tailpipe
emissions. This capability substantially reduces local air pollution and contributes to a
decrease in overall greenhouse gases emissions. The environmental benefits of EVs

underscore the importance of advancing battery technology to maximize these advantages.
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Table 1.1. The performance comparison of different battery systems’ 2

Battery systems Enfévgl{ ﬂ;ﬂ;ity Lifespan (cycles) Voltage (V)
Ni-Cd 45-80 300-2000 1.2
Ni-MH 60-120 180-2000 1.25

Lead-acid 33-42 200-300 2.1
Li-ion 200-300 400-1200 3.2-5.0

However, despite these benefits, there are some significant risks associated with LIBs

commonly used in EVs. One of the primary concerns is the potential for fire hazards. This

risk primarily arises from the phenomenon of thermal runaway, where a self-sustaining

reaction causes a rapid and uncontrollable increase in temperature and pressure'>~'>. Such

reactions can be triggered by physical damage, overheating, or internal short circuits. The

presence of flammable electrolytes and the exothermic nature of the chemical reactions

further exacerbate the fire risks associated with LIBs. In addition to fire risks, LIBs contain

hazardous materials such as lithium and cobalt. These materials, while essential for battery

performance, pose health risks during both battery use and disposal'®. The environmental



impact of LIBs is also a critical concern. The extraction and processing of lithium and cobalt
are linked to substantial ecological damage. Furthermore, the disposal of LIBs poses
significant environmental challenges. Improper disposal can result in the leaching of toxic
substances into soil and water systems, compounding environmental degradation'”'$.
Moreover, the economic implications of LIBs are non-negligible. The high cost of raw
materials, combined with the complex and resource-intensive manufacturing processes,
contribute to the elevated cost of LIBs. These economic factors, coupled with the financial
burden associated with safe disposal, impact the overall cost-effectiveness and sustainability
of LIB technology'®*’. Therefore, exploring alternative battery systems that can mitigate
these drawbacks is essential for the future of energy storage. Newer technologies, such as
aqueous rechargeable batteries, offer promising solutions. These batteries not only have the
potential to reduce production costs and significantly enhance safety but also may provide
energy densities that rival or exceed those of current energy storage systems. By addressing

the key hazards of LIBs, these advanced battery systems pave the way for a safer and more

efficient generation of energy storage technology.

1.3. Rechargeable Aqueous Zinc-ion Batteries

Compared to LIBs that utilize organic electrolytes, aqueous rechargeable batteries (ARBs)
offer several notable advantages. Primarily, ARBs are inherently safer due to their use of
water-based electrolytes, which significantly reduces the risk of flammability and chemical
hazards associated with organic solvents. Additionally, ARBs are more environmentally
friendly, as water is a benign solvent and often results in less environmental impact during
production and disposal. Moreover, the ionic conductivity (10'-6 S cm™) of aqueous
electrolyte soars at a rate two orders of magnitude higher than the organic electrolytes (10—
102 S cm 1?3, In terms of cost, ARBs offer a substantial advantage; they utilize
inexpensive and abundant materials, reducing the overall production costs compared to
lithium-ion batteries, which require more expensive raw materials and complex

manufacturing processes. ARBs that utilize multivalent ions are theoretically capable of



delivering higher specific capacities and energy densities, which is attributed to the multi-
electron transfer characteristic of their redox processes’!. Therefore, rechargeable batteries
with aqueous electrolytes are increasingly applied in various fields, characterized by their
safety, environmental sustainability and cost-effectiveness?!?>>*. These include large-scale
energy storage systems, which benefit from the unrestricted space and construction scope and
economical materials of aqueous batteries for grid stabilization purposes. Their utility extends
to renewable energy integration, where they efficiently store surplus energy from intermittent
sources such as solar and wind power. Furthermore, ARBs will be promising in portable
electronics and electric vehicles due to their potentially for high energy density and rapid

charging capabilities.

Within the category of ARBs, rechargeable aqueous zinc-ion batteries (RAZBs) are
particularly notable for research and development. As illustrated in Figure 1.3a, Zn*" ions
offer power and energy densities comparable to those of Li" ions, making RAZBs a
compelling subject in battery technology. Additionally, due to a lower redox potential (-0.763
V vs. standard hydrogen electrode (SHE))*>%, zinc metal demonstrates high stability in
aqueous environment, surpassing both lithium and sodium. Although magnesium and
aluminum metals have attractive specific capacities, their reversibility in aqueous solutions is
limited, as illustrated in Figure 1.3b. The historical development of zinc-based primary
batteries, such as Zn-Air, Zn-NiOOH, and Zn-MnO:, underscores the maturity and
commercial viability of zinc technology (Figure 1.3c). Specifically, alkaline Zn-MnO:
batteries have dominated the primary battery (non-rechargeable battery) market due to their
reliability?”?®. However, early attempts to develop rechargeable alkaline Zn-MnO: batteries
faced challenges, including poor cycling performance and limited charge/discharge depth due
to issues like zinc dendrite formation and irreversible by-products®®3!. A breakthrough
occurred in 1988 when Shoji et al. reported a rechargeable aqueous Zn-MnO: battery using a

neutral or mildly acidic electrolyte, paving the way for future RAZB advancements®?.
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Figure 1.3. a) Ragone plot of energy storage systems in mild aqueous electrolyte system with
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Furthermore, economically, RAZBs are more advantageous due to their lower production
costs, with estimates ranging from 25-135 USD kWh'!, compared to LIBs, which cost
between $150-300 USD kWh'! (Table 1.2). Moreover, commonly used cathode materials for
LIBs include lithium cobalt oxide (LiCoO2) and nickel-cobalt-manganese (NCM) oxides,
with prices ranging from 50-100 USD kg'! and 40-80 USD kg’!, respectively. In contrast,
RAZBs typically use manganese dioxide (MnO2) and vanadium pentoxide (V20s), with costs
around 2-10 USD kg and 30-60 USD kg!, respectively. Although RAZBs generally have a
lower energy density (70-140 Wh kg™') compared to LIBs (200-300 Wh kg™!), their favorable
properties, including longer cycle life (2000-3000 cycles for RAZBs vs. 400-1200 cycles for
LIBs) and environmental benefits, position them as a promising and sustainable alternative to

traditional lithium-ion technology.



Table 1.2. Properties comparison of LIBs and RAZBs.

Property LIBs RAZBs Ref
Higher Lower 45,46
Cost -1 -1
(150-300 USD kWh ) (25-135 USD kWh )
]
LiFePO, (10-20 USD kg ) -1
Cathode NCM (40-80 USD k _1) MnO2 (2-10 USD kg ) 47-49
. - -1
Materials _ &) V.0_(30-60 USD kg )
LiCoO, (50-100 USD kg ) 203
Flammable organic solvents; Non-flammable; aqueous 20,50
Safety .
thermal runaway risk electrolytes
Environmental High hazards due to extraction Low hazar.ds due to al?undant 16,50
. ; materials and benign
Impact and disposal of harmful materials
electrolytes
. -1 1 4751,52
Energy Density 200-300 Wh kg 70-140 Wh kg
2000-3000 cycles 53.54
Cycle Life 400-1200 cycles (more stable in aqueous

environments)




Chapter 2.  Literature Review

The charge storage mechanism of RAZBs is predominantly dependent on the shuttling of
Zn*" ions back and forth between the cathode and anode. Within the electrolyte, Zn>* ions
migrate to the cathode, which serves as a host for their insertion and extraction.
Simultaneously, the zinc anode facilitates the reversible deposition and dissolution of zinc, a
process commonly referred to as plating/stripping, as depicted in Figure 2.1a. Contemporary
research and development efforts for RAZBs have been mainly focused on innovations of
cathode and anode materials, improvements in electrolyte compositions, and studies of battery
mechanisms. This chapter aims to comprehensively present the most significant and recent

advancements in these pivotal areas.

2.1. Cathode Materials for the RAZB System

The journey toward the practical application of RAZBs is fraught with significant
obstacles, the foremost one is to find a cathode material that can deliver a high capacity and
maintain structural stability during Zn?" ion storage. The quest is complicated by the
relatively small radius of Zn®* ion (0.74 A), which intensifies the electrostatic interactions
with the crystal lattice of the cathode material, and such interactions are markedly stronger
than those involving monovalent ions>>*¢. Despite these complexities, the pursuit of suitable
cathode materials has made significant progress through relentless research. Promising

57-59

candidates have emerged, predominantly among manganese-based oxides” ™, vanadium-

4464 and polyanion compounds®®7. These materials

based oxides®® %, Prussian blue analogs
have not only proven to be cost-effective but also suitable for RAZBs. Furthermore, both
manganese-based and vanadium-based materials have exhibited superior operating voltages
and specific capacities compared to other cathode materials (Figure 2.1b). Therefore, I chose

to study vanadium-based and manganese-based materials for my PhD research topic and I

will detail the recent research advances in these two cathode materials in this chapter.
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Figure 2.1. a) Schematic illustration of RAZBs®. b) Operating voltage vs. specific capacity
for various cathode materials presently used for RAZBs™.

2.1.1. Vanadium-based materials

Vanadium-based compounds have long been the subject of research as prospective
cathode materials for diverse battery systems. With its abundant resources, vanadium has four
oxidation states (VZ*, V¥*, V*" and V°"), which correspond to a series of oxides (VO, V203,
VO and V20s), as well as a variety of mixed valence oxides such as V6O13, V400, V307%%7°,
The vanadium pentoxide (V20s5) is of particular interest due to its unique layered structure and
superior electrochemical properties (Figure 2.2). The crystal structure of V205 reveals VOs
square pyramids composed of vanadium and oxygen atoms interconnected via V-O bonds that
are shared across edges and corners, thus forming V4Oio layers®. These layers are held
together by Van der Waals forces, which contribute to the unique layered structure of
V205’172, The generous interlayer spacing within this open framework is 4.4 A, significantly
larger than the 0.74 A radius of Zn?* ion, thus facilitating the Zn*" insertion and extraction’!"3,
However, the structural integrity of V20s faces challenges during the repeated insertion and
extraction of Zn?" ions. The Van der Waals forces, responsible for maintaining the layered
architecture, weaken over time, which adversely impacts the battery cycling stability.
Furthermore, the inherent low electronic conductivity of V20s, the structural instability under
cycling conditions, and the pronounced solubility in acidic aqueous electrolytes present

additional barriers for its application in RAZBs. Therefore, it is paramount to engage in the
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meticulous design and optimization of V205 material to improve its electrochemical
performance. In the forthcoming sections, I will delve into several typical modification
approaches, including morphological and structural engineering, interlayer spacing
enhancement, and composite material construction, each of which can contribute to the

advancement of V205 cathode material for RAZBs.

A Ay

b ‘ Square pyramid
Taah

VO,(B)

H,V305 (V307-H;0)

Figure 2.2. The crystal structures of typical vanadium oxides: V203, VO2, V6013, H2V30s
(V307°H20), and V205’°. In the blue box is a schematic illustration of V20s crystal structure
with VOs square pyramids?!.

2.1.1.1. Morphological and structural engineering

The exploration of diverse V20s nanostructures is warranted, given that the size and
morphology of electrode materials are critical determinants of battery performance.
Nanostructured materials, such as fibers, rods, sheets, flowers, and hollow spheres, possess
increased specific surface areas. This increase enhances the contact between the electrode
materials and electrolytes, subsequently shortening the diffusion path for ions/electrons and
providing a greater number of active sites for ion insertion. Moreover, these structures can
mitigate the volumetric changes associated with Zn*" insertion and extraction’*’8. Chen et al.
synthesized porous V20s nanofibers (Figure 2.3a), delivering a high reversible capacity of
319 mAh g! at a current density of 0.02 A g"!, with a capacity retention of 81% after 500

cycles in 1 M Zn(CF3SOs): electrolyte. The porous structure, with a substantial specific

11



surface area of 27.08 m? g', enabled effective electrolyte infiltration”. Another one-
dimensional (1D) material, a rod-like anhydrous V20s material with an expansive surface area
of 218 m? ¢! (Figure 2.3b), was fabricated by Wong and his colleagues by using tiny
nanosheets. This material demonstrated exceptional reversible capacity (449.8 mAh g™! at 0.1
A g!), sustained cyclability (86.8% capacity retention after 2000 cycles at 2 A g'!') and high
rate performance (314.3 mAh g! at 2 A g') with a 3 M Zn(CF3SO3): electrolyte. Its
electrochemical excellence was attributed to the high Zn?" ion diffusion coefficient, the
significant capacity contribution of pseudocapacitance, and the swift electrochemical kinetic
due to its structural composition’®. However, the utilization of costly electrolytes escalates the
overall production costs, impacting the cost-efficiency of the battery systems. For a 10 mL
solution, for example, a 1 M or 3 M Zn(CF3S03)2 electrolyte would cost 25-75 CAD, while a 2

M ZnSOs4 electrolyte would only cost 0.7 CAD or less (reference price from Sigma-Aldrich).

Three-dimensional (3D) V20s materials can be crafted with core-shell or hollow
structures through solvothermal methods under certain conditions. Notably, the hollow
spheres (Figure 2.3c) and porous yolk—shell microspheres (Figure 2.3d) developed by Yang's
and Li's groups, respectively, have showed substantial improvements in both reversible
capacity and rate performance. These spherical materials outperformed commercial V20s by
exhibiting reduced Zn** transfer resistance and maintaining structural integrity through the
cycling process. The hollow spherical architecture offers multifaceted advantages: it enriches
Zn*" intercalation sites, expedites electrolyte permeation, an thus, fosters reaction kinetics’®.
In addition, it alleviates structural stress during Zn>* insertion, preventing structural collapse.
Li's group discerned that the yolk-shell microsphere could induce a phase transition (from
V205 to V20senH20) that expands the layer spacing from 4.4 A to 13.45 A, which is
attributed to the co-insertion of H'/Zn?" ions during the material activation process (i.e.,
activating the material with a small current density)’”. Consequently, the enhanced battery
performance may also depend on material phase transitions during cycling. Nevertheless, a
caveat emerges: an excessive specific surface area could accelerate the dissolution of V20s

material, suggesting that an unyielding focus on maximizing surface area is imprudent. Future
12



research should pivot towards alternative methodologies to develop advanced vanadium-
based materials, avoiding the pitfalls associated with an overemphasis on surface area

enhancement.

Figure 2.3. V205 cathode materials with different types of nanostructures: (a) nanofibers’®, (b)
nanorods’®, (c) hollow nanospheres’®, (d) porous V205 yolk-shell microspheres”.

2.1.1.2. Interlayer spacing enhancement

In the V205 cathode material, the weakening of Van der Waals forces that maintain the
layered structure upon repeated ion intercalation necessitates an intervention through
intercalation chemistry. This approach involves the incorporation of various guest ions or
molecules into the V20s interlayer space as "pillars" to enhance its structural integrity through

coordination, electrostatic repulsion, or binding interactions®’ %2,

The pre-intercalation
strategy has emerged as a pivotal technique to augment the physicochemical properties of
layered materials. Current research classifies guest species for pre-intercalation into categories

such as metal ions, non-metal ions, organic molecules, and structured water, each contributing

uniquely to the enhancement of the host material properties.

A multitude of studies have investigated the pre-insertion of monovalent ions like Li*, K*,
Na®, Ag" into layered V205%'%2. Among these, Na* ion, with its lower relative molecular
mass, is preferred for bolstering specific capacity. Ling et al. engineered Nao.s6V20s (NVO)
with a nanobelt morphology, achieving a high initial discharge capacity of 317 mAh g at 0.1
A g! and subsequently increased the current density to 0.5 A g, attaining 84% capacity
retention after 200 cycles (Figure 2.4a). This material benefitted from the chemical pre-
insertion of Na' ions, which induced an expansion of the layer spacing and heightened

electrical conductivity®. Chen’s group assessed the impact of K* ion pre-insertion levels on
13



electrochemical behavior, discovering that optimal K" ion doping inhibited cathode
dissolution. However, an excessive K™ ion content (x>0.5 in KxV20s) could disrupt the
nanowire structure, detrimentally affecting the battery performance (Figure 2.4b)%. In
contrast to monovalent cations, cations with more charges, i.e. divalent alkaline earth cations
(Mg?*, Ca®" and Ba®"), trivalent AI** ions and tetravalent Sn*" ion, introduce stronger ionic
bonds with the O atoms of the host structure, enhancing structural robustness®>6393-%8,
Transition metal cations such as Zn?", Co®", Fe*’, Ni**, Mn?>' and Cu?" have also been
incorporated into layered V205 to improve the reversibility of Zn** de-/intercalation>?-1%4,
As shown in Figure 2.4c, Huang's group demonstrated a vanadium oxide bronze cathode
material enriched with intercalated water molecules (H20) and Zn** ions, which addressed the
inherent defects of the material, targeting slow diffusion kinetics, low electrical conductivity,
and structural instability to achieve superior cyclability and improved capacity retention®”.
The inclusion of H20 molecules within the host matrix also exhibited beneficial effects on
Zn*" ion diffusion, where intercalated H20 in Zno2s5V20s5snH20 (ZnVO) (Figure 2.4d)
reduced charge transfer activation energy at the electrode interface and mitigated strong
electrostatic interactions between the framework and Zn?* ions?’>. Besides metal ions, non-
metal cations (e.g. NH4") and organic molecules (e.g. conductive polyaniline, THF, PEDOT,
etc.) have also served as guest species for V20s intercalation'®™!'!°. Fu’s team reported on
(NH4)0.5sV205°0.98H20 (NHVO) nanobelts, achieving an expanded interlayer spacing
conducive to hydrated Zn>" intercalation (Figure 2.4¢)!%. Subsequently, Zhang et al. fine-
tuned the quantity of polyaniline (PANI) in PANI/V20s (Figure 2.4f) composites, attaining a
significant interlayer spacing of 13.82 A and an enhanced specific capacity of 353.6 mAh g’!
at 0.1 A g% Despite these advancements, the challenge of achieving a higher working

voltage persists, with many Zn//vanadium-based oxide cells operating below the desired 1.0 V

threshold.

14



'
f

o s7%, 100_
=300 0.1Ag! B >
E g
F00 0.5Ag" é
; 0
S o0 -—J 2
& O Charge [ E
£ @ Discharge =
o« 3
F [
H 1 00
AL Y Py Y O -
C AL d A 7S delnhertzalalinn
X . Zn?* i
y A4 *  intercalation , 1} .
Disch: AN X o>
ischarge = e > : /
. > v 5 & . ! H,0 4 g
Charge <, v ; lnhrr.zala\lun B st o
1 -
j\ o : 4L dei alati
a” b ZngasV,051H,0 Zn 35V, 05H,0 Zn, 33V;05:2H,0
i e N *pristine in electrolyte discharged
e g Charge f . ek o wm’%%
_Cathode e'@ e by e %ﬁ 2 T
He ] : Vo v b aenas M*Q*M,. }d 13.82A
NG - % - oo dh oot srodha oo g A z §ud
i‘ o J‘{g‘ Intercalating " * : oy
% M ¢ H"\a"l —— ‘ﬁ'\? k; F’h‘“ !3’
Yee ¥ o4, ANI M’G’M
gy "-.".u.'.';! i -
e - e Al My
V,05 -1.6H,0 PANI/V,05

Figure 2.4. a) Cycling stability of the NVO at 0.1 and 0.5 A g"! %, b) SEM images of the
effects of different K* intercalation amounts®®. Schematic illustration of ¢) Zn>" storage
mechanism of Zno.1V20ssnH20 cathode”, d) reversible H2O molecules intercalation into
Zn0.25V205°nH20 cathode in aqueous electrolyte, and the H2O deintercalation accompanying
Zn*" intercalation during discharge process®?, e) hydrated Zn>" (Zn(H20)s>") intercalation
process into NHVO cathode!®, f) synthesis process of the PANI/V205 composite' %,

2.1.1.3. Composite material construction

The de-/intercalation kinetics of divalent Zn** ions within the crystal lattice of cathode
materials such as V20s are inherently hindered by strong electrostatic interactions. This
sluggishness is compounded by its relatively low electronic conductivity, leading to
substantial resistive polarization and compromised rate performance in RAZBs’"“'!!. To
surmount these obstacles, the integration of carbon materials with V20s to construct
composite materials has been explored, leveraging the exceptional electrical conductivity,
chemical robustness, and structural versatility of carbon!''>"''>. Yang's team employed a
straightforward solvothermal approach to synthesize a V20s@carbon nanotubes
(V205@CNTs) composite (as depicted in Figure 2.5a), achieving an 72% capacity retention
over 6000 cycles at a high current density of 5 A g'. The embedded CNTs within this

composite facilitate the formation of electron conduction networks, markedly diminishing
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charge transfer resistance and polarization''®. Nonetheless, the fabrication of such composites,
often through the blending of carbon nanoparticles or via phase separation, is predominantly
surface-level work. This method may result in uneven modifications and presents challenges
in achieving uniform enhancements. Chen et al., capitalizing on the benefits of a carbon
network infrastructure, implemented a mild chitosan-assisted hydrothermal method to
fabricate a carbon@V20s5 (C@V20s5) network (illustrated in Figure 2.5b). The cathode
material of the resultant RAZB exhibited a specific capacity of 361 mAh g at a current
density of 0.5 A g !''7. Beyond optimizing the electrical conductivity, the carbon network
structure effectively shortened the diffusion pathway for Zn?" ions, thus expediting the storage
of Zn** ions within the electrode matrix. This innovation in material engineering showcases

the potential for advanced composite cathode materials to enhance the efficacy and longevity

of RAZBs.
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Figure 2.5. a) Cycle performance of V20s@CNTs and pure V20s electrodes at 5 A g !, inset
is the morphology of V20s@CNTs sample!!'®. b) Cycle performance of C@V20s at 0.5 A g,
inset is the morphology of C@V20s sample!!”.

2.1.2. Manganese-based materials
In the realm of RAZBs research, manganese-based materials are increasingly being
acknowledged as an exemplary cathode choice alongside vanadium-based materials.

Manganese oxides, endowed with a high theoretical capacity of 308 mAh g! stemming from

the single electron transition between Mn*" and Mn*", offer operational voltages in the range
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of 0.8-1.8 V. Their low-cost, non-toxicity, abundant availability and multivalent states (Mn*,
x =0, 24, 3+, 4+, and 7+) further bolster their appeal''® 2!, To date, extensive investigations
into RAZBs have focused on MnOz, Mn203, and Mn3O4 as promising cathode materials.
Moreover, various polymorphic forms of MnO2, such as a-MnQO2, B-MnO2, y- MnOz2, A-MnOz,
8-MnO2, and todorokite-type MnO2, have been explored for their Zn?" ion storage
capabilities®®!22128 Ag delineated in Figure 2.6, at the core of MnO: polymorphs lies the
[MnOs] octahedral unit, comprising a central Mn*" ion encircled by six O atoms. The a, B,
and y polymorphs exhibit 1D tunnel-like structures of varying sizes, 2x2 (4.6x 4.6 A?), 1x1
(2.3x2.3 A?), and randomly arranged 1x1 and 1x2 tunnels, respectively. The A-MnO variant
presents a 3D spinel structure, while 6-MnO: is distinguished by its two-dimensional (2D)
interlayered composition with larger interlayer spacing (about 7 A)*12%130 The
interconnected hexagonal oxide ions within these [MnOs] octahedra can accommodate Zn>*
ions within their tunnel-like or layered structures. Given the direct impact of crystal structure
on material properties, the MnO2 polymorphs exhibit distinct reaction mechanisms and
electrochemical behaviors within RAZBs. Empirical studies have verified that the f-MnO2
(1x1 tunnel, rutile structure) is the most thermal stable form of MnO2 polymorph, and its
crystalline form can be maintained up to 500°C"3!. For the purposes of this study, -MnO2 has

been selected for an in-depth analysis, which will be expounded upon in subsequent sections.

B—MnO, oa—-MnO, Y-MnO, -MnO, A-MnO,

o1 NOo1h02 01 02 !02
il

High Thermal stability

Figure 2.6. Schematic diagram of the order of thermal stability of MnO: polymorphs.
Ranking as p > a >y >§ = AL
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2.1.2.1. Crystal phase control

B-MnO2, with its distinctive 1x1 tunnel structure formed by vertex-sharing octahedral
[MnOc] chains, is acknowledged as the most thermodynamically stable polymorph of MnOsx.
Nevertheless, the restricted size of these tunnels imposes limitations on the material capacity
for Zn** ion storage, resulting in a discharge capacity that is inferior to some other polymorph
(e.g., 0-MnO2)*>}. Chen et al. have observed that during the initial discharge, B-MnO:
undergoes a structural transformation into a layered phase, which then accommodates
reversible Zn?" insertion/extraction'*?. This transformation is evidenced by ex situ X-ray
diffraction (XRD) patterns, which reveal the reduction of characteristic B-MnO2 peaks and the
emergence of a new Zn-buserite phase during the first discharge, as shown in Figure 2.7a.
The mechanism for the Zn-MnO: cell employing a CF3SOs -based aqueous electrolyte is
schematically depicted in Figure 2.7b. Here, the initial discharge induces the transition of
tunneled B-MnO: to a layered Zn-buserite structure, enabling the subsequent reversible
intercalation and de-intercalation of Zn** ions within the water-incorporating Zn-buserite
framework. Moreover, Islam S et al. have pioneered the use of f-MnO:2 nanorods as a cathode
material for zinc-ion batteries (ZIBs), synthesized via a microwave-assisted hydrothermal
method'?*. After 200 cycles, the cathode retains a discharge capacity of 135 mAh g,
indicating a capacity retention of three-quarters while maintaining a Coulombic efficiency of
100% (Figure 2.7c). This research underscores the dynamic structural behavior of B-MnO2 in
ZIBs and its potential for high-efficiency energy storage when subjected to a suitable

electrochemical environment.
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Figure 2.7. a) XRD patterns of B-MnO: electrode at selected states during first and second
cycles!'*. b) Schematic illustration of the Zn-MnO: battery with CF3SO3 -based aqueous
electrolyte’®. ¢) Cycle capacity evolution of the B-MnO: nanorod cathode using
MnSO4/ZnSO0s electrolyte'?.

2.1.2.2. Enhancing structural stability

The integrity of MnO: as a cathode material in RAZBs can be compromised over
prolonged cycling due to the repetitive intercalation and de-intercalation of Zn*" ions. This
dynamic can induce irreversible phase changes or volumetric expansion within the MnOa2,
leading to a substantial alteration in the electrode material structure and potentially triggering
a collapse. Such degradation severely hampers the cyclic stability and rate capability of
RAZBs. In response, researchers have innovated several methods to bolster material stability,
including but not limited to pillar engineering, heteroatom doping, defect engineering, surface

133-141

engineering, and the design of controlled nanostructures While the former two
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techniques have been introduced in the context of vanadium-based materials, the subsequent

discussion will focus on the latter array of sophisticated methods.

Defect engineering can imbue materials with exceptional properties, notably enhancing
the electrochemically active surface area and significantly boosting electrochemical
performance'*>!**. Xiong et al. fabricated MnO2 enriched with oxygen vacancies (Od-MnO2)
within its lattice, thereby facilitating a more reversible adsorption/desorption process for Zn>*

ions compared to pristine MnO2'*

, as demonstrated in Figure 2.8a. This approach yielded a
higher active surface area and, by introducing oxygen defects, reduced the electron
requirement for Zn-O bond formation. Consequently, more electrons become delocalized into
the electrode, amplifying its specific capacity. The introduction of defects, whether in Mn or
other elements, has been shown to significantly enhance the structural stability of cathode
materials'®. In Figure 2.8b, Guo et al. prepared Mn304 nanoparticles replete with Mn defects,
which regulated the surface electronic properties and provided additional active sites for

electrochemical reactions, thereby accelerating the kinetics and ensuring structural fidelity

during cycling!4S.

Surface engineering exploits the synergistic effects of covering MnO2 cathode surface
with protective layers—either organic or inorganic. The formation of heterogeneous interfaces
through this strategy can effectively alleviate the dissolution of active materials and

significantly improve the cathode performance!#’-!48

. Our group previously introduced a
biomimetic electrode microskin (EMS) composed of collagen hydrolysate, which effectively
converts irreversible side reactions into reversible ones'?’. As depicted in Figure 2.8c, this
innovative EMS adeptly adsorbs and confines Mn** ions in proximity to the cathode through
Van der Waals forces, hydrogen bonds, and ionic interactions, thus reversing reactions
previously deemed irreversible. Consequently, the aqueous Zn-MnO:z cell equipped with EMS
exhibited an extraordinary discharge capacity of 415 mAh g! at a current density of 0.02 A g
1

, surpassing the theoretical capacity limit of 308 mAh g! associated with the Zn**

intercalation mechanism.
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Figure 2.8. a) Schematic illustration of Zn** adsorption/desorption for perfect MnO2 and
MnO: with oxygen vacancies'*. b) Cyclic performance at current densities of 2 A g '. Inset:
schematic of defect-engineered Mn304/CNTs composites'*®. ¢) Schematic illustration of

interactive forces between CH and Mn**/Zn*" ions, respectively. Cyclic performance at a

current density of 0.02 A g ' ¥,

2.2. Electrolyte Optimization for More Reliable RAZBs

The research focus on RAZBs has recently broadened beyond cathode material
development to include rigorous investigations into electrolyte composition—spanning the
spectrum of electrolyte species, their concentrations, and the strategic use of additives. The
electrolyte, as an integral battery component, is primarily to supply space for ion diffusion
and charge ions for reversible chemical reactions, as well as to connect the entire circuit.
Dissolving the zinc salt in aqueous solutions are the conventional choice for RAZB
electrolyte solutions. As mentioned in the Introduction chapter, aqueous electrolytes are
preferred for their inherent safety, affordability, ease of preparation, and superior ion transport
capabilities. Nonetheless, these electrolytes are not without their challenges: firstly, the mildly
acidic electrolyte can induce the undesirable dissolution of cathode materials; secondly, the
inherent high reactivity of water, coupled with a constrained electrochemical voltage window

of approximately 1.23 V, precipitates gas evolution and other undesirable side reactions at the
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electrodes; thirdly, the predilection of Zn?" ions to be solvated by H20 molecules hinders the
kinetics of Zn*" insertion and extraction'!!15-152 The optimization of electrolytes, therefore,
does not merely mitigate these issues but is also of paramount importance in augmenting the

electrochemical performance and reliability of RAZBs.
2.2.1. Electrolytes and their basic characteristics

At present, the electrolyte systems for ZIBs are mainly divided into three major aspects
including solid state electrolyte, gel state electrolyte, and fluid state electrolyte. Among the
fluid state electrolyte, it is subdivided into aqueous system and organic system. Since all of
my research projects are based on aqueous electrolytes, all discussions of electrolytes in this
section are based on aqueous electrolytes unless otherwise noted. The electrolyte is an
important component of a battery, and its physical and chemical properties can significantly
affect the electrochemical performance and energy storage mechanism of the battery.
Therefore, the basic properties of Zn>" electrolytes, i.e., ionic conductivity, ion transference
number, and electrochemical stability window, which are often governed by electrolyte
composition and structural factors, will be comprehensively presented and evaluated here.

After this I will present recent optimization strategies proposed for electrolyte studies.
2.2.1.1. Ionic conductivity

Ionic conductivity, a fundamental characteristic of electrolytes, is crucial in determining
the rate performance of batteries®!>. It reflects the ability of ions to transport within the
electrolyte!!. Liquid electrolytes typically exhibit superior ionic conductivity relative to other
electrolyte forms, primarily due to their enhanced fluidity which facilitates rapid Zn?" ion
migration'>*!>!, Notably, aqueous electrolytes outperform organic counterparts in terms of
ionic conductivity, attributed to their lower viscosity and solvation energy, often being two
orders of magnitude higher’”. Moreover, the ionic conductivity of an electrolyte is
significantly influenced by the type of zinc salt used. Various zinc salts, including ZnF>,
ZnCl2, Zn(ClOs)2, ZnSO4, Zn(NO3)2, Zn(CH3COO)2, Zn(BF4)22xH20, Zn(CF3S03)2 and

Zn(N(CF3S02)2)2 (denoted as Zn(TFSI)2), have been explored for preparing Zn** electrolytes,
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each conferring distinct electrochemical properties. Among these, ZnSO4, Zn(CF3S03)2, and
Zn(TFSI)2 are predominantly utilized due to their stable anions and compatibility?*!30:154153,
Moreover, improving ionic conductivity can be effectively achieved through the incorporation

150,151 For

of ionic additives such as Mn?*, which increase the number of conducting ions
instance, a study by Chen et al. demonstrated that adding Mn(CF3SO3)2 to a 3 M Zn(CF3SOs3):
electrolyte and increasing the concentration of Mn?* from 0 to 0.1 M resulted in elevating the
conductivity from 4 S m™! to 6 S m™! 132, Generally, additives that enhance ion richness and
solubility, such as Na*, Mg?*, Cl", ClO4", can also significantly improve electrolyte ionic

conductivity?®13°,

In the realm of organic electrolytes, which typically suffer from low ionic conductivity,
the introduction of ionic additives emerges as a practicable strategy to enhance diffusion
151

ability >'. Similarly, in solid electrolytes, doping with additives can increase defect and

vacancy concentration of the solid electrolyte, thus boosting the ionic conductivity!®”1%8,
However, it is essential to recognize that not all ion combinations positively affect
conductivity. Certain ions, like the co-deposition of Ca?" and SO4>, can reduce conductivity.
Therefore, understanding the interaction criterion between different ions is critical in
developing new electrolytes. However, the issue of suboptimal ionic conductivity remains a
significant challenge in organic, gel, and solid state electrolytes!?!3%!160. To advance ZIB

electrolyte development, there is an imperative need for comprehensive research into their

unique features and mechanisms.
2.2.1.2. Ion transference number

The ion transference number is another crucial metric for evaluating electrolyte properties.
In general, the higher the ion transference number, the better for optimal electrolyte
performance. Since it minimizes concentration polarization and mitigates side reactions at the
zinc anode (e.g., zinc dendrite formation), it enhances the electrochemical performance of
batteries'!. During the charge and discharge processes, cations and anions migrate across the

electrolyte under the electric field between the cathode and anode. For instance, positively
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charged Zn** ions migrate towards the anode, while negatively charged anions (e.g., SO4%")
move towards the cathode. However, for ZIB, it is the migration of the working ions (e.g.,
Zn®") that is of interest. The ion transference number, denoted as t;,2+, quantifies the
proportion of Zn>" ion migration relative to the total ion migration in the electrolyte. This can
be expressed as'®%:

t 2+:’u—+
T s

(1
where 1, and u_ represent the current carried by cations (Zn?") and anions, respectively.
Therefore, a t,,2+ value closer to 1 indicates a higher proportion of Zn?* ion migration,

leading to increased charge transfer efficiency between the cathode and anode'®®

. Addressing
the challenge of increasing the ion transference number in liquid electrolytes is a key concern
for ZIBs. According to the above equation, limiting anion movement and reducing the
coordination number of Zn** can partially address this issue. For instance, Ji's group
experimentally demonstrated a structural transition in Zn?* coordination from octahedral
[Zn(OH2)2Cls]> (peak: 287 cm™) to tetrahedral [ZnCls]*~ (peak: 243 cm™) with increasing
ZnClz concentration, indicating a reduction in the solvation effect of Zn**ion!®* (Figure 2.9a).
Consequently, in Figure 2.9b, a higher ion transference number was observed in a 30 m
ZnClz electrolyte compared to a 5 m ZnClz electrolyte. Despite limited research in this area, it

is evident that developing liquid electrolytes with high ¢,,2+, possibly through soluble,

polymeric, anionic zinc salts, is a promising avenue deserving further exploration.

While my research does not directly propose a solution for improving ion transference
numbers, it includes analysis of this parameter. I conducted the experiments using the steady-
state current approach within Zn/electrolyte/Zn symmetric cells, the ion transference number

can be calculated as follows'%1:

I;(AV — L;R))

typor = S L 2
= ] AV —1,Ry) @)
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where AV is the polarization potential, /; and /s are the initial and steady current values, R; and

Rsare the charge transfer resistances before and after polarization, respectively.
2.2.1.3. Electrochemical stability window

RAZBs currently face challenges in meeting the high-energy-density requirements for
large-scale energy storage, primarily due to the constraints imposed by their electrochemical
stability window (ESW). The inherently low ESW of aqueous electrolytes restricts the
operational voltage, consequently limiting the achievable energy density'®’~®. The
theoretical ESW of water, limited to 1.23 V, introduces problems such as the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), which compromise battery
through water depletion and reduced efficiency®. In simple terms, the ESW refers to a
specific range on the cyclic voltammetry (CV) curve characterized by the absence of
electrochemical reactions, typically represented by a nearly flat line. Within this range, the
electrode is essentially in a charging state, neither reduction reactions (e.g., HER) nor
oxidation reactions (e.g., OER) take place. Consequently, in the field of electrochemical
research, the redox potential of the subject under study must be within the ESW of the
selected electrolyte and electrode to avoid any detrimental effects. Recent research endeavors
aim to extend the ESW (i.e., increasing OER potential and reducing HER potential) of
aqueous electrolytes, thereby enhancing the voltage window of RAZBs. Approaches to
optimize electrolyte performance encompass the isolation of water from the electrode, for
instance, by introducing hydrophobic interfacial agents that impede water contact with the
electrode!’*!'”!, In addition, modifying the solvation structure of H2O molecules, similar to the

effects observed in high-concentration electrolytes!'’>!73

, and incorporating competitive
reactions to mitigate H>O-related side effects, such as the Mn?* deposition reaction, have been

explored!™.

An exemplary modification involves the addition of the sodium dodecyl sulfate (SDS)
additive to a 1 M Na2SO4/1 M ZnSO4 aqueous electrolyte, achieving an ESW expansion to 2.5

V!75, The SDS additive creates a hydrophobic layer at the electrode/electrolyte interface,
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imposing a significant energy barrier to water dissociation and thus preventing Oz evolution.
This mechanism not only restricts H20O access to the electrode, enhancing electrochemical
stability, but also facilitates Zn*" desolvation, which helps prevent the side reactions, thereby
improving Coulombic efficiency!'’%!”:176. Furthermore, the introduction of ionic additives
such as AI*" has been shown to broaden the electrochemical window. As shown in Figure
2.9c-¢, an electrolyte enriched with AI** additive can lower the HER potential from 0.8 V to

0.61 V and elevate the OER potential from 2.31 V to 2.51 V, effectively widening the ESW

by nearly 0.4 V77,
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Figure 2.9. a) Raman spectra of ZnCl> solutions of different concentrations. b) The
transference number of Zn?* at 21°C for dilute (5 m) and concentrated (30 m) ZnClz
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electrochemical windows on nonactive titanium mesh electrodes. €) Overall electrochemical
windows of bi-cation and mono-cation electrolytes were evaluated with CV at a scanning rate
of 10 mV s 1177,

2.2.2. Electrolyte optimization strategies

In the above, we introduced three basic properties of electrolytes and talked lightly about
several ways to improve them. In this section, we will discuss aspects of electrolyte
optimization, starting with the species of zinc salts, and progressing to the development of

highly concentrated electrolytes and the use of electrolyte additives.
2.2.2.1. Species of zinc salts

Neutral to mildly acidic electrolytes, with pH values between 4.0 and 8.0, offer a
favorable environment for battery operation. Alkaline electrolytes (pH>8.0), despite their high
ionic conductivity and zinc salt solubility, suffer from zinc passivation, undesirable
morphological alterations, and carbonate precipitation due to CO: interaction from air!’81%,
These issues, illustrated in Figure 2.10a, have prompted a pivot towards employing near-
neutral electrolytes. Within the spectrum of near-neutral electrolytes, various salts have been
explored, including chlorine-based salts (e.g., NH4Cl, NaCl, ZnClz, etc.), other inorganic
soluble salts (e.g., NO3~, SO4*, ClOq, etc.), and organic-based salts. Notably, NO3™ anions are
strong oxidants which pose a risk of oxidizing zinc metal, thereby exacerbating corrosion and
causing a significant pH increase locally or even throughout the electrolyte system!'®!. C1O4
anions have been observed to reduce the corrosion rates at the zinc anode, however, their
interaction with Zn?>* ions may lead to the formation of a ZnO passivation layer on the anode
surface. This passivation layer acts as a barrier to zinc dissolution/deposition, resulting in
sluggish reaction kinetics'®!#2, ZnCl» has been considered as an electrolyte candidate for
RAZBs, primarily due to the low oxidizability of CI" ions. Nonetheless, the practical
deployment of ZnClz in RAZBs is constrained by its narrow anodic potential window, which

leads to continuous decomposition of the electrolyte under higher voltages®’.

27



Hu et al. conducted a comprehensive study on the effects of mildly acidic aqueous
electrolytes containing different species on the zinc anode. Among the acetate electrolyte
(ZnS0O4/(NH4)2S04/(CH3COO)2Pb), sulfate electrolyte (ZnSO4/(NH4)2SO4) and chloride
electrolyte (ZnCl2/NH4Cl), the use of chloride electrolyte offered lower charge transfer
resistance and minimize corrosion and dendrite formation'®? (Figure 2.10b). However, Cl>
evolution during charging (2Cl1~ - Cl, + 2e~, E, = 1.36V) curtails charging efficiency!®*184,
Consequently, ZnSOs4 has been adopted as the preferred electrolyte for contemporary aqueous
ZIBs. A comparative study on electrolyte types and concentrations by Liang's team found that
ZnSO4 provided the most favorable results for zinc deposition/dissolution reversibility and
kinetics, attributed to the destabilizing effects of CH3COO", NO3; and CI, anions in
comparison to SO4* ' Afterwards, further analysis of varying concentrations of ZnSOs4
electrolytes (ranging from 0.5 M to 3 M) demonstrated optimal performance with a 3 M
solution, as depicted in Figure 2.10c. The higher concentration diminished the activity of
H20 molecules and enhanced electrolyte viscosity, thus stabilizing ion solvation and
promoting cation/anion transport kinetics’>”!%5, Chen and Mai's research corroborated that
mild acid organic salt-based electrolytes, such as Zn(CF3SOs3)2 and Zn(TFSI)2, shown in
Figure 2.10d, outperformed ZnSOs solutions. Their bulky anions effectively reduce H20
molecules coordination around the Zn*' ion, thereby minimizing solvation and enhancing
performance’”1%¢. Nevertheless, the adoption of these organic electrolytes comes with a

substantial cost premium, which could escalate the overall production expenses, thus running

counter to the cost-effectiveness and practical concepts of RAZB technology.
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Figure 2.10. a) Problems of metal Zn contact with aqueous electrolytes with varying pH
values'®. b) Micrographs of polished Zn electrode, and Zn electrode placed in acetate
electrolyte (ZnSO4/(NH4)2SO4/(CH3COO)2Pb), sulfate electrolyte (ZnSO4/(NH4)2SO4) and
chloride electrolyte (ZnClo/NH4Cl) for 30 days, respectively!®. ¢) Cycling performance of
Zn-V20s battery with x M ZnSOs electrolyte!®. d) Comparison of cycling performances
between batteries in 0.3 M Zn(TFSI): electrolyte and in 1 M ZnSOs electrolyte!s6.

2.2.2.2. Concentration of zinc salts

According to previous reports, the interaction between Zn** ions and H20 molecules,
forming a solvation sheath structure typified as [Zn(H20)e]*>" 3187188 This structure
necessitates a high energy barrier for Zn?" desolvation and deposition, contributing to
potential irreversibility issues on anodes??. It has been observed that elevating the electrolyte
salt concentration can alter the ionic solvation structure and significantly affect the ion
transport behavior, thereby imparting beneficial effects on electrodes and overall
electrochemical performance of the batteries'>!°°. Notably, research conducted by Chen et al.
demonstrated that increasing the concentration of Zn(CF3SOs)2 from 1 M to 4 M in a Zn-
ZnMn20s battery system could increase the Coulombic efficiency to 100%°7 (Figure 2.11a).
This effect is attributed to the high-concentration electrolyte's ability to diminish H20O activity

and mitigate H2O-induced side reactions, as well as reduce the dissolution of active species,

29



such as Mn from the ZnMn204 spinel structure (Figure 2.11b). However, a concentration
increase also leads to reduced ionic conductivity and elevated solution viscosity (Figure

2.11c¢), necessitating a balance to achieve optimal electrolyte performance.

Moreover, the "water-in-salt" or highly concentrated electrolyte methodology have been
developed as a countermeasure to the limitations of traditional aqueous electrolytes affecting
electrode efficiency. This approach involves replacing the hydration shell of -OH or H20
molecules that typically surrounds the Zn?" ion with alternative anions, thereby reducing
common issues such as dendrite growth and zinc corrosion!®187:191:192 'Experimental evidence
has supported the efficacy of this strategy; for instance, Wang's team demonstrated that a 20
m LiTFSI+1 m Zn(TFSI): concentrated electrolyte could facilitate dendrite-free zinc
plating/stripping processes while maintaining close to 100% Coulombic efficiency and

187 As discussed earlier in Section 2.2.2.1, with an increase in

mitigating water consumption
electrolyte concentration, a substantial number of TFSI™ anions replace H20O molecules to
preferentially bond with Zn?* ion, forming (Zn-TFSI)* complexes and curtailing the solvation
of Zn*" ions (i.e., the formation of [Zn(H20)s]*"). Figure 2.11d illustrates the transition from
a dilute electrolyte environment (5 m Li*+1 m Zn?"), where Zn?" ion is predominantly
coordinated by six H2O molecules with minimal TFSI" present, to a scenario where, at
moderate electrolyte concentrations (10 m Li*+1 m Zn?"), TFSI" begin to occupy the Zn?**-
solvation sheath. At a concentration of 20 m LiTFSI, the TFSI" completely supplant the H2O
molecules, effectively preventing Hz evolution and enhancing electrode cycling stability!®’.
Furthermore, the concentrated electrolyte modality enables an extended ESW and augments
energy density relative to standard aqueous electrolytes due to the reduced presence of free
H20. Mai et al. employed a 21 m LiTFSI+1 m Zn(CF3SOs)2 concentrated electrolyte within
an aqueous Zn-V20s battery system, achieving an elevated battery voltage plateau from 0.6 V

192

to 1.0 V and realizing enhanced longevity and energy density ", as shown in Figure 2.11e

and f.
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This innovative "water-in-salt" electrolyte framework offers fresh perspectives for battery
enhancement and a comprehensive understanding of aqueous-based ZIB systems. However,
concentrated electrolytes may face challenges such as significant voltage polarization at low
current densities and limited plating/stripping capacity, alongside increased viscosity and

reduced ionic conductivity!®*!**. Moreover, the higher cost of concentrated electrolytes

compared to their dilute counterparts could pose obstacles to their large-scale application.
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Figure 2.11. Characterization of aqueous Zn(CF3SO3)2 electrolyte with different

concentrations (1-4 M): a) Coulombic efficiency of ZnMn20Os4 electrode at current rate of 0.05
A g within 0.8-1.9 V, b) viscosity and ionic conductivity. c) Schematic of mitigating active
substance dissolution®’. d) Schematic for Zn**-solvation structures in the electrolytes with 1 m
Zn(TFSI)2 and other concentrations of LiTFSI (5 m, 10 m and 20 m)'®’. e) The
charge/discharge curves of Zn-V20s batteries at 0.1 A g ! 12, f) Cycling performance of V205
in 1 m Zn(CF3S0s)2and 21 m LiTFSI+1 m Zn(CF3S03): electrolytes at 0.5 A g™' %2,

2.2.2.3. Functional additives in electrolytes

The incorporation of electrolyte additives is another sophisticated approach to solve the
issues related to the cathode in RAZBs in recent studies. The selection of an appropriate
additive is contingent upon the cathode material and zinc salt employed. For instance, to
mitigate the dissolution of Mn-based cathodes, Mn?" ions (typically derived from MnSOs4 or

Mn(CF3S03)2) are introduced into the electrolyte®>!°>-1%7 This strategy stabilizes the Mn
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dissolution equilibrium from the MnO: electrode, thereby preserving the integrity of active
materials and enhancing its cycling performance, as illustrated in Figure 2.12a and b.
Furthermore, Pan et al. also highlighted that the addition of MnSO4 did not affect the redox
process of the MnO> cathode®*. Building upon this understanding, Qiu et al. conducted further
research to elucidate the role of Mn?" ions within the electrolyte. Their findings illuminated
that the pre-addition of Mn?* ions to the electrolyte exerts a substantial influence on the
battery performance, with approximately 18.9% of the battery capacity being ascribed to the
active participation of Mn?" ions present in the electrolyte!®>. Similarly, in RAZB systems
utilizing a Co304 cathode within a mild electrolyte, the dissolution of Co can account for up
to 6.4% of the total Co at discharge to 0.8 V, leading to significant initial capacity loss. The
pre-addition of Co®" ions can adjust the dissolution equilibrium, resulting in both improved
long-term cycling stability and enhanced initial Coulombic efficiency'*®. In addition, Chen et
al. discovered that the introduction of sodium salts into ZnSO4 electrolytes could effectively
preserve the NaV3Osge1.5H20 cathode from dissolution and significantly improve the battery

cycle life?® (as depicted in Figure 2.12c and d).
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Figure 2.12. a) Schematic illustration of the function of pre-added Mn*" in Zn-MnO: battery.
b) Cycling performance of the two samples over 100 cycles!®’. ¢) Schematic illustration of Na
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performance of NVO cathode in Zn**/Na” electrolyte at 4 A g™! %°,
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2.3. Zinc Anode

Zinc metal, serving as the anode in aqueous battery systems, presents a compelling
proposition due to its exceptional compatibility with water-based electrolytes, cost-
effectiveness, high safety, abundant availability, low redox potential (—0.763 V vs. SHE), and
substantial theoretical capacity (820 mAh g!)!*?%_ These attributes have positioned ZIB as a
viable alternative to traditional alkali-ion-based energy storage solutions. In RAZBs, the
anode is commonly fabricated from either zinc foil or zinc powder. Regardless of the
electrolyte pH, ranging from alkaline to neutral and mildly acidic, energy storage and release
mechanisms are predicated on the reversible stripping and plating of Zn" ions at the zinc (Zn)
anode?*!?2. During the charging and discharging process, the Zn anodes undergo two main

reactions:

Stripping:  Zn © Zn?* + 2e” (3)

Plating: Zn?* + 2e~ & Zn “4)

2.3.1. Issues for Zn anodes

Zn anodes in RAZBs encounter several critical issues, such as dendrite growth,
electrolyte consumption, hydrogen evolution, and the emergence of by-products (Figure
2.13a). These phenomena contribute to significant polarization, diminished capacity, and

compromised Coulombic efficiency?**>*,

Addressing these challenges necessitates a
comprehensive understanding and the development of strategies for enhancing Zn anode

stability and performance.
2.3.1.1. Zinc dendrite formation

Among the challenges, the formation of zinc dendrites stands out as a particularly
persistent obstacle impeding the advancement of high performance RAZBs. Dendrites
primarily emerge during the zinc plating process, where the electric field intensifies around

the protrusions on the Zn anode surface (“tip effect”, as shown in inset of Figure 2.13a),
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promoting localized Zn** deposition and the subsequent growth of dendritic structures*>-2%,

Unlike alkali metals such as lithium and sodium, higher mechanical strength of zinc does not
inherently protect it against the detrimental effects of dendrite formation®*?. Extensive growth
of zinc dendrites can pierce the separator, leading to direct anode-cathode contact, which in
turn results in short circuits and battery failure. Moreover, factors such as the anode surface
condition, substrate structure, electrolyte composition, and current density play significant
roles in dendrite formation and growth, highlighting the importance of these parameters in
zinc plating optimization®”’. Research by He et al. revealed that surface irregularities,
including roughness and microcracks, exacerbate local dendrite growth, thereby reducing

cycling stability?%

, as shown in Figure 2.13b. In addition, the crystallographic orientation of
the Zn anode has been identified as a critical factor; zinc deposits presenting (002) crystal
planes favor their continuous deposition in the horizontal direction, resulting in dendrite-free
growth and extended cycle life?®?!°. In Figure 2.13c, Pu and his colleagues further
demonstrated that single-crystal (002) Zn anode could effectively mitigate defect formation
and vertical zinc plating (i.e., Zn (100) plane), underscoring the importance of anode material

selection and preparation in combating dendrite-related issues in RAZBs*!!.

2.3.1.2. Hydrogen evolution reaction

In environments where the electrolyte exhibits slight acidity, the standard reduction
potential of Zn?"/Zn falls beneath the hydrogen evolution potential, rendering the HER an
unavoidable process that typically unfolds in three steps®'2. The initial step, known as the
Volmer step (Equation 5), involves the adsorption of H atoms on the electrode surface,
necessitating additional overpotential to offset the Gibbs free energy required for HER
initiation?!3. Subsequent steps, either through the Tafel step (Equation 6) or the Heyrovsky
step (Equation 7), or their concurrent action, expedite HER?!42!>_ Hydrogen evolution results
in the depletion of electrolyte and electrons that are otherwise allocated for zinc plating during
the charging process. This phenomenon not only hastens corrosion rates but also elevates the

concentration of OH™ ions, further facilitating the synthesis of zinc sulfate hydroxide (ZSH)?'®.
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These processes collectively undermine the possibility of achieving 100% Coulombic
efficiency in Zn anode cycling. Moreover, H2 generation at the Zn anode surface may induce
battery swelling and elevate safety risks, necessitating strategies to curtail these detrimental

side reactions.

Volmer step: H* + e~ & H,gs (5)
Tafel step: 2H,4s © H, (6)
Heyrovsky step:  H,0 + H,4s + €~ < H, + OH™ (7)

2.3.1.3. Zinc corrosion and by-products generation

In addition, corrosion phenomena occur concurrently with HER. Specifically, numerous
micro-galvanic cells emerge at the phase interface between Zn metal and the electrolyte. At
sites of corrosion, Zn metal is dissolved to form Zn** ions following electron loss during
discharge, while H20 in the acidic or neutral solution gains electrons, leading to the
production of Ha> and hydroxide ions (OH)?'*'7. It has been established that the
accumulation of OH ™ ions can further react with the Zn>" ions, leading to the formation of by-
products on the anode surface. As illustrated in Figure 2.13d, these ions interact with each
other to precipitate ZSH (Equations 8 and 9) on the anode surface, which possess a hexagonal
structure. This ZSH by-product, unlike the dense solid electrolyte interface (SEI) layers found
in LIBs, accumulates in a loose manner on the anode surface, failing to shield against further
corrosive reactions?'®?!°, The continued corrosion and ZSH formation not only elevate
electrode polarization, potentially fostering dendrite formation but also exacerbate electrolyte
depletion, detracting from Coulombic efficiency and battery lifespan®?*?*?!. Addressing zinc

corrosion is imperative to enhance metallic Zn anode utilization and bolster the practical

applicability of RAZBs.

Zn + 2H,0 © Zn2?* + H, + 20H" (8)

4Zn** + 60H™ + SO3™ + xH,0 © Zn,(OH)¢S0, - xH,0 (ZSH) ®)
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Figure 2.13. a) Schematic diagram of the zinc deposition process on the surface of bare Zn
anode?®®. b) Defects on Zn anodes such as roughened surface, surface scratches or folds, and
newly exposed unpolished edges, all of which can predispose to the creation of dendritic
grains during electrochemical cycling?®. ¢) Deposition products morphology of the Zn (100)
and Zn (002) planes®”. d) The morphology of the bare Zn foil and the Zn foil after soaking in
1 M ZnSOy4 electrolyte for 7 days?'®,

2.3.2. Interface modification of Zn anodes

According to the above discussion, the challenges posed by dendrite formation, hydrogen
evolution, and corrosion significantly impede the commercial viability of RAZBs. This
section critically evaluates recent advancements in enhancing Zn anode stability and
functionality, focusing on interface modification, anode structural design, alloying anode, and
liquid electrolyte optimization. Given that the primary occurrences of dendrite growth and the

HER mainly occur at the anode/electrolyte interface, the implementation of a surface
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modification layer stands out as a direct and potent solution. Such layers fulfill several
functions, notably the redistribution of the concentration and electric fields. These actions
strategically regulate the ion and molecule migration on the electrolyte side, and electron
distribution on the anode side. Consequently, these interventions are designed to promote

uniform growth of zinc deposits while effectively suppressing side effects.
2.3.2.1. Redistribution of concentration field

The redistribution of the concentration field effectively modifies the spatial arrangement
and movement of Zn?" ions, H20O molecules, hydrated Zn>" ions, and anions at the anode
interface, thus enhancing zinc deposition while inhibiting side reactions. The interface
modification layer is an effective strategy to optimize the performance of Zn anodes. The
design of these modification layers employs mechanisms such as mechanical confinement

within channels and adsorptive interaction with polar groups.

Serving as a buffer layer that isolates active zinc from the bulk electrolyte, particularly
through its electronic insulation properties, the concentration field is mechanically regulated
by constructing confined channels, such as porous or layered structures???2?%, For example, as
shown in Figure 2.14a, confined channel structures like those in hydrogen-substituted
graphodiyne (HsGDY) layer selectively allow Zn>" ion migration while blocking larger
species, enhancing effective mass transfer’?*. In addition, the porous channel architecture
fosters a uniform Zn>" concentration field across the HsGDY—Zn interface, as evidenced by
concentration field simulations (Figure 2.14b). Moreover, materials such as nanoporous SiOz,
nanoporous CaCOs, kaolin, Zn-based montmorillonite, and Mg—Al-layered double hydroxide
further redistribute the concentration field*> 2%, though their rigid structure may limit

adaptation to anode volume changes, constraining performance improvements in ZIBs.

Beyond the creation of confined channels for mechanical modulation of the concentration
field, various organic materials offer a direct and selective approach to control Zn** ion
migration, leveraging specific polar groups to redistribute the concentration field. These

groups, capable of donating electron pairs, facilitate the coordination adsorption of Zn>" ions
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through robust interactions, altering the solvation structure of [Zn(H20)s]*" ions to decrease
desolvation energy*** 23, In Figure 2.14c, the interaction between polar groups and solvated
Zn*" ions allow these groups to partially or fully replace H2O molecules in the solvation shell.
In addition, the presence of N, O, and F atoms in certain polar groups can disrupt the solvent
sheath by forming H-bonds, thereby dismantling the sheath structure and reducing the

coordination number of Zn?* ions!3%235:23

. Similarly, some specific inorganic materials
exhibit strong interactions with Zn** ions, aiding in the adjustment of the concentration field.
For instance, electrodeposition in an NH4F aqueous solution yields a 3D interconnected ZnF2
matrix (Figure 2.14d), which demonstrates enhanced Coulombic attraction towards Zn?* ions
compared to bare Zn metal®*’. This interconnected porous structure promotes uniform Zn>*
ion flux, improving desolvation effects and transfer kinetics. Furthermore, the adsorptive
properties of S, O, and P atoms in ZnS, ZnO, and ZnP layers, respectively, are verified to
significantly contribute to the redistribution of the concentration field, optimizing ion

migration and enhancing overall battery performance?3*2%,

2.3.2.2. Redistribution of electric field

In addition to altering the flux of molecules and ions at the electrolyte/anode interface,
directly modulating the electron distribution on the anode side can also influence zinc
deposition behavior. This electron redistribution can either homogenize or expand the local
electric field, significantly impacting the 2D diffusion of Zn?" ions around nucleation sites**!.
The uneven electric field distribution, often a result of higher local surface charge density due
to the “tip effect”, thus the local electric field strength directly correlates with current
density**?. To mitigate dendrite formation while aiming for rapid battery charging, it is
essential to decrease the local current density at zinc deposition sites. Introducing a modified
conductive layer with a high specific surface area, such as graphene oxide (GO)**, reduced
graphene oxide (rGO)***?%, graphite®*®, carbon nanotubes (CNT)**’, and other carbon-based

materials, allows for the partial redistribution of the anode electronic charge. This increases

electrochemical activity and provides diversified nucleation sites for zinc deposition, reducing
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d**®. As illustrated in

the local current density and leading to a more uniform electric fiel
Figure 2.14e, 2D-structured MXene materials with metallic conductivity can homogenize the
electric field, disrupting the tip effect and promoting uniform Zn nucleation and growth, even
under high current densities?®. In addition, nitrogen-doped graphene oxide (NGO) layers
create a stable electric field, reducing electrolyte-anode contact area during cycling and
promoting even Zn*>" ion distribution®® (Figure 2.14f). However, it's noteworthy that
conductive network materials, despite their potential to equalize the electric field and mitigate
dendrite growth, possess inherent edges and defects where Zn?' ions tend to deposit

preferentially. Consequently, the risk of side reactions at the reaction interface remains a

concern.
2.3.3. Controlling Zn texture orientation

As discussed earlier in Section 2.3.1.1, the growth dynamics of zinc dendrites are closely
related to the preferential growth of specific crystallographic planes. The electrochemical
behavior of Zn anodes during Zn?' stripping and plating processes is predominantly
determined by the atomic structure of the surface, especially the (100) and (002) planes of Zn

metal®®

. By engineering optimal Zn textures and exposing particular planes, one can tune the
electrochemical characteristics of Zn anodes. In Figure 2.15a, crystals inclined at 0-30°
relative to the substrate are observed when the growth favors the (103) and (002) planes.
Growth angles between 30—-70° emerge for the (101) and (102) planes, while angles of 70-90°
are associated with the (100) and (110) planes*!2%*. In addition, the surface of hexagonal
close-packed (HCP) Zn in the (100) plane presents an uneven and wavy morphology, leading
to non-uniform interfacial charge density and Zn>* ion flux, which predisposes to dendrite
formation. Conversely, the (002) plane is comparatively smoother, ensuring a homogeneous

charge distribution, thereby facilitating the uniform deposition of Zn microcrystals and

promoting horizontal growth via an epitaxial process*”’ (Figure 2.15b).
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Figure 2.14. a) Schematic illustration of the synthesis of HsGDY. b) Electric and
concentration field simulation with protuberances of bare Zn and coated Zn?**
diagram of the mechanism of cyanoacrylate for suppressing zinc dendrite’**. d) Schematic
diagram of Zn@ZnF: electrode regulating Zn** ion flux**’. ¢) Illustration of synchronously
reducing and assembling MXene layer on the surface of Zn foil and zinc plating behavior of
MXene-coated Zn (top right) and pure Zn (bottom left)**. SEM images of cycled MXene-
coated Zn and pure Zn. f) Schematic illustration of zinc plating on bare Zn electrode (upper)
and NGO@Zn electrode (lower)>*.
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Commercial Zn foils often lack a uniform texture orientation, yet it is feasible to direct
the crystallization towards the (002) plane during deposition. It has been reported that the 1-
butyl-3-methylimidazolium cation (BMIm® ion) effectively encourages the preferential
growth of (002) plane, thus minimizing dendrite development. Specifically, BMIm" ions
adsorb preferentially on the (100) and (101) planes of Zn anodes, compelling Zn?>* ions to
deposit on the (002) plane and fostering a flat, compact deposition layer’> (Figure 2.15c¢).
Furthermore, sulfonate anion-induced electrodeposition can achieve in-plane oriented Zn
textures with prominently exposed Zn(002) plane*® (Figure 2.15d). Unfortunately, current
studies predominantly focus on the tendency towards (002) crystal surface exposure rather
than achieving full exposure. Thus, advancing texture control for practical application
necessitates further comprehensive research. Moreover, existing investigations are conducted
at ambient temperatures, leaving the directional deposition of (002) plane under extreme

temperature conditions remaining unexplored.
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Schematic of preferential growth of (002) plane induced by BMIm" ion during cycling.
Morphologies of cycled Zn anodes in Blank and 0.02 M BMIm" ?>>. d) Morphologies of Zn

(002) plane after cycling in 2 M Zn(OTf)2 electrolyte and the Zn (101) plane in 2 M ZnSO4

electrolyte?®.

2.3.4. Structural Zn anodes

The structural engineering of Zn anodes has been demonstrated to significantly enhance
the performance of ZIBs. Traditional anodes, limited by their planar contact area with the
electrolyte, can benefit from a transition to 3D designs that expand the interface for improved
electrochemical interaction. While this approach might introduce more opportunities for side
reactions, it also increases the number of Zn nucleation sites and lowers the local current
density, resulting in reduced polarization and dendrite-free anode**!. Metal-based structured
anodes, particularly those utilizing Cu-based materials such as Cu mesh, Cu foam, and porous
Cu, have shown excellent compatibility with zinc due to their Zn-affinity and structural
integrity?°%237:23% By specifically designing these structures, Zn nucleation and growth can be
directed, effectively mitigating dendrite formation. For example, Cu mesh modified with CuO
nanowires not only increases the surface area but also optimizes ion distribution and the
electric field at the anode interface’® (Figure 2.16a). The CuO nanowires, with their low
nucleation energy barrier, selectively attract Zn>" ions, facilitating the formation of a uniform
3D copper matrix for dendrite-free zinc deposition. Furthermore, innovations extend to 3D
Ni-Zn anodes fabricated using 3D printing technologies, which feature a multi-channel lattice
increasing the specific surface area, redistributing the electric field, and encouraging uniform
zinc deposition into microchannels?® (Figure 2.16b). This design significantly curtails
dendrite growth and boosts electrochemical performance. In addition, zinc has been utilized

as the primary material in constructing 3D structures®®!-263

, exemplified by the development
of nanoporous Zn electrodes (npZn) through an alloying—dealloying technique. When
designed with sufficiently small pores (<40 nm), these structures significantly influence
electrolyte ion concentration within the pores, enriching Zn*" ions, and thus facilitating

interface-localized concentrated electrolytes for uniform zinc plating and minimized side

reactions?®? (Figure 2.16¢ and d).
42



However, it is unclear whether the Zn metal structure participates in the
deposition/exfoliation processes or whether it just exists as a structure. For 3D structured
anodes, selecting a substrate that is zincophilic, non-reactive with the electrolyte, and has an
optimal pore size is crucial. Despite their innovative designs, the performance of these
structured anodes currently falls short of traditional Zn sheet/Zn foil electrodes, potentially
due to the high proportion of inactive zinc in the plating layer and challenges in controlling

zinc deposition on the substrate.
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Figure 2.16. a) Schematic illustrations of CM@CuO@Zn. SEM images of Zn anode using
reduced CM@CuO as the host®*°. b) Schematic illustration of zinc deposition on the 3D

nickel (Ni) substrate®®. ¢) Schematic illustration of the preparation of npZn electrode. d)

Nanoporous Zn electrode with interface-localized concentrated electrolyte®®,

2.3.5. Electrolyte optimization and design

In addition, electrolyte engineering emerges as a promising approach to enhance Zn
anode stability while mitigating cathode dissolution, through the strategic incorporation of
additives to promote uniform zinc deposition. Specifically, liquid electrolyte additives,
including organic additives and metal ions, significantly influence zinc deposition by
diminishing free water activity, inhibiting 2D diffusion, weakening the solvation effect, and

214,241

forming electrostatic shielding layers . This discussion extends from Section 2.2.2.3,

focusing on the roles of organic and metal ion additives on Zn anode protection.
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Metal ion additives are categorized based on their reduction potentials relative to Zn*" (-
0.763 V). Ions with more positive reduction potentials, such as Bi*" and Pd** ions, undergo
reduction before Zn>" ions, serving as substrates for zinc deposition and enhancing electrode
conductivity for even Zn distribution?**?®>, However, their reduction can complicate battery
electrochemistry, potentially impairing performance. Direct contact between Zn anodes and
metal ion-enriched electrolytes may also trigger displacement reactions, leading to a metal
coating that impedes zinc dissolution and ion transfer at the interface?*®?%’. Conversely, ions
with lower reduction potentials than Zn*" ion do not participate in redox reactions but rather
exert their effect through adsorption on the anode surface, generating electrostatic repulsion.
Again with the example of the study by Chen et al., they used Na2SO4 additives to facilitate
the formation of a smooth Zn anode surface post-cycling?® (Figure 2.17b). The mechanism
behind this is that Na* ion having a lower reduction potential (-2.71 V) than the Zn*" ion,
which will be preferentially attracted to the negatively charged Zn protuberances, thereby
creating a positive shield around the Zn protuberance®®?%%?®° (Figure 2.17a). This
electrostatic shielding repels the coming Zn** ions and promotes their uniform distribution on
the substrate, avoiding the continued formation of sharp dendritic products during charging?®.
Moreover, a previous study by our group demonstrated that Pb*" ions serve as a corrosion

inhibitor and dendrite suppressor for the Zn anode when PbSOy4 is added to the electrolyte®”°.

Organic additives, encompassing monomers, surfactants, polymers, and other small
molecules, have demonstrated their protective merit for Zn anodes as well?’'2%, These
additives utilize their polar groups to adhere to the Zn anode, while their non-polar segments
tend to avoid the anode surface, thus modifying the interface and effectively reducing zinc
corrosion and influencing zinc dissolution and deposition?’!?81282_ Moreover, the adsorption
of polymers increases surface polarization, thereby reducing local current density and
decelerating Zn** ion reduction, which mitigates concentration polarization and hinders ion
aggregation (Figure 2.17c). Previous studies by our group investigated the effect of
271

polyethylene glycol (PEG) concentration and molecular weight on anode performance

With an increment in PEG200 concentration, there is an initial rise in corrosion potential,
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which subsequently begins to decline, whereas the corrosion current density exhibits a
contrary pattern. This phenomenon indicates that the quantity of polymer incorporated into
the electrolyte necessitates precise optimization to reside within an optimal range. However,
the establishment of a comprehensive protective layer on the Zn anode necessitates a
significant quantity of organic additives. This requirement can inadvertently elevate both the
cost and internal resistance of the battery, potentially impairing overall performance. Thus,
research in organic additive applications calls for a deeper investigation to balance protection

with cost and performance considerations.
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Figure 2.17. a) Schematic of electrostatic shield mechanism applied in Zn?>*/Na* electrolyte. b)
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2.4. Energy Storage Mechanisms of RAZBs

The underlying electrochemical reactions governing RAZBs remain less understood than

those in established alkali metal ion counterparts, with ongoing discussions and analyses

seeking to elucidate their precise mechanisms. Recent scholarly contributions have identified

a spectrum of potential reaction mechanisms operative within RAZBs, including Zn?*

insertion/extraction,

chemical

H/Zn*"

conversion reaction,

co-insertion/extraction,

deposition/dissolution

H>0/Zn**

co-insertion/extraction,

reaction and pseudocapacitive

behavior’!73:120283-285 Tt i noteworthy, however, that the mechanisms of chemical conversion

reactions and deposition/dissolution are predominantly associated with manganese-based

materials, whereas vanadium-based materials have yet to be implicated in these particular

mechanisms. A general classification and illustrative schematic of these proposed energy

storage mechanisms for RAZBs is presented in Figure 2.18.
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Figure 2.18. General classification and schematic diagram of energy storage mechanisms of

RAZBs"!.
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2.4.1. Zn?" insertion/extraction mechanism

The reversible insertion and extraction of Zn?" ions in host materials constitute the
primary energy storage mechanism in Zn-MnOz batteries, similar to the process in traditional
LIBs. Kang and colleagues were pioneers in reporting the presence of this mechanism in
RAZBs, they suggested a reversible mechanism where Zn?>* ions are inserted into/extracted
from the a-MnO2 cathode during the discharge/charge cycles, respectively, while the Zn
anode concurrently undergoes dissolution/deposition®>. However, the exact nature of the
energy storage mechanism involving the a-MnO:2 cathode in RAZBs remains a subject of
debate. Subsequently, He and his colleagues have supplemented the energy storage
mechanisms for other MnO: polymorphs. It has been established that the Zn?*
insertion/extraction process is applicable to other MnO2 polymorphs such as -, y-, A-, and 6-
MnQ3!26:132286 " Drawing from Kang et al's exploration of the traditional Zn?'

insertion/extraction mechanism, generalized equations for different cathode materials can be

formulated, where 'A' denotes different cathode materials'!%?%4:
Cathode: A + xZn?* + 2xe™ & Zn,A (10)
Anode: Zn © In?* + 2e” (11)
Overall: XZn + A & ZnyA (12)

In the context of vanadium-based oxides, these materials typically exhibit layered,
tunneled, or 3D frameworks with large pore space, facilitating the insertion of Zn?** ions. Kim
and co-workers were the first to report the use of VO2 with an open structure as the cathode in
a RAZB. Their first-principle calculations suggested that approximately 0.5 mol of Zn*" ions
could be inserted into the VO cathode during the discharge process®’. Specifically, about
0.125 mol of Zn*' ions were intercalated into VO2 to form Zno.125V20s at around 0.78 V;
further discharge to approximately 0.55 V led to the insertion of an additional 0.375 mol of
Zn*" ions, ultimately yielding ZnosV20s (as illustrated in Figure 2.19a). This process was
deemed highly reversible upon recharging. Similar energy storage mechanisms have been

proposed for other vanadium-based cathodes, such as Na2VsO16¢3H20, Zn3V207(OH)222H:0,
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LixV20senH20, Ca0.24V20520.83H20%282%0 In these compounds, the evolution of the V
oxidation state from V>* to V*' or even V** accommodates the intercalation of Zn?" ions while

maintaining a stable crystal framework.
2.4.2. H/Zn*' co-insertion/extraction mechanism

Beyond the conventional Zn?>* insertion/extraction mechanism in RAZBs, researchers
have discovered the participation of hydrogen ions (H") as an auxiliary carrier, leading to a
dual carrier mechanism involving both H" and Zn?" ions. This dual mechanism plays a
significant role in enhancing the energy storage capacity and electrochemical properties of the

batteries®>!10-119

. Wang et al. were the first to introduce the concept of simultaneous
intercalation of H" and Zn*" ions in Zn-MnOz batteries, a prime example of this mechanism.
Through galvanostatic intermittent titration technique (GITT) and CV analyses (Figure
2.19b), they demonstrated that the insertion of H' ions precede that of Zn?>* ions. This process
is accompanied by the formation of MnOOH, which subsequently transforms into
ZnMn204*! (Figure 2.19c). Similarly, Ji et al. confirmed a reversible H"/Zn*" co-insertion
mechanism in 0-MnO: cathodes. Initially, H" ions are inserted into a-MnQ2, enriching OH™
ions and leading to the formation of ZnasSO4(OH)s*5H20. Subsequently, Zn>* ions are
intercalated into the cathode host, resulting in the creation of hetaerolite ZnMn204>*2. It was
observed that the reversibility of Zn** insertion is less efficient compared to that of H ions.
The co-insertion mechanism is also found in the vanadium-based cathode. There is one
simultaneous H'/Zn*" co-intercalation reaction when employing 1 M ZnSO4/1 M Na2SOs4

mixed electrolyte for NaV3Oge1.5H20 cathode. The corresponding reaction mechanism 1is

formulated by the following equations?®:

3.9H,0 & 3.9H* + 3.90H" (13)
NaZn0.1V308 - 15H20 + 39H+ + 0.4‘Zn2+ + 476_ A H3.9NaZn0.5V308 - 15H20 (14)

1.95Zn2* + 0.65ZnS0, + 3.90H + 2.6H,0 © 0.65Zn,S0,(OH), - 4H,0 (15)
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The inclusion of smaller and lighter H" ions assist in the transfer of Zn** ions, thus improving

293 Nonetheless, the specific sites of H' insertion

the insertion thermodynamics and kinetics
within the cathode remain unclear, and the potential impact of H' ions on Zn anode
stripping/plating and ion diffusion requires further investigation. In addition, the hydrolysis
reaction (Equation 13) leads to the formation of by-products like ZSH (Zn4SO4(OH)s*xH20)

on the cathode surface, and the influence of these by-products on the battery's performance is

yet to be fully elucidated.
2.4.3. H,0/Zn?* co-insertion/extraction mechanism

As described in Section 2.1.1.2, structural H20 or interlayer cations typically expand the
layered structure of materials, facilitating the intercalation of hydrated Zn?" ions. This
phenomenon is particularly prevalent in electrodes such as V20s, V6O13 and H2V30g>%60-294295,
where solvated H20O molecules act as a charge barrier, neutralizing the high charge density of
Zn*" ion, thereby reducing electrostatic interactions with the host framework and enhancing
Zn*" ion transfer. Mai et al. demonstrated the crucial role of structured H2O in the Zn**
insertion process. The effective charge of H2O-solvated Zn*' ion is significantly reduced,
decreasing electrostatic interactions with the V20s framework and thereby promoting Zn** ion
diffusion®. In this scenario, H2O molecules, Zn*" ions, and CF3SO3™ ions are simultaneously
intercalated to maintain charge balance. As demonstrated in Figure 2.19d, the interlayer
distance of V20s reduces from 12.6 A to 10.4 A upon charging to 1.3 V, attributed to
hydrogen bonding between Zn?*, CF3SOs3~, H20, and lattice oxygen, which draws the V205
bilayers closer. Upon discharging to 0.2 V, the bilayer distance expands from 10.4 A to 13.5
A. Cheng and Huang's teams also discovered that in their respective Zn-vanadate batteries
that the structured H20 intercalation layer not only widens the channel spacing for Zn*" ion

storage but also accelerates reaction kinetics’>2%,

In addition, Montree et al. found that pre-insertion of Ca?>" ions and H20 significantly
enhances the reversible stability of Zn?>" insertion/extraction in manganese-based layered

materials. In §-MnQ2, Ca*" ions and H20 act as pillars, stabilizing the layered structure®”’. Yu
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et al. reported on a Nao.ssMn2040.57H20 cathode with co-intercalated Na* ions and crystal

H20. In this system, Na* ions and crystal H20 expand the interlayer distance, thus facilitating

the transport of Zn** ions*%%,
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Figure 2.19. a) Schematic illustration of expected mechanism of Zn?* intercalation in VO22*’.
Investigation of reaction mechanism of the MnO2@CFP cathode during discharge: b)
Discharge GITT profiles of the Zn-MnO2@CFP cell, and c) ex situ XRD patterns of the
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MnO2@CFP cathode at depth of discharge at 1.3 V and 1.0 V, respectively®!. d) Schematic
illustration of crystal structures of pristine V20s, V20s after charging to 1.3 V and discharging
to 0.2 V.

2.4.4. Conversion reaction mechanism (manganese-based cathode)

Distinct from the H"/Zn?" co-insertion mechanism, the conversion reaction mechanism in
RAZBs involves a direct charge transfer, potentially offering higher capacities. Liu et al.
synthesized a-MnQO:2 nanorods and, through morphological and structural analyses of the
electrode in its discharged state, suggested the occurrence of a transformation reaction*?.
While previous reports indicated the intercalation of Zn®" ions into a-MnO2 forming spinel
ZnMn2O4, tunnel, or layered ZnxMnO: phases®****3%_ high-resolution transmission electron
microscopy (HRTEM) results revealed the discharge product to be MnOOH (Figure 2.20a).
Contrary to being intercalated by Zn>" ions, MnO2 appeared to react with H' ions to form
MnOOH, with Zn*" ions and subsequent OH™ ions converting to ZSH, precipitating on the
MnO: surface. This conversion reaction, involving reversible conversion reaction of MnO2

accompanied by ZSH precipitation/dissolution, is formulated as follows**:

Cathode: H,0 & H* + OH™ (16)
MnO, + H* + e~ & MnOOH (17)

1, 1 x 1 (18)

However, this conversion reaction mechanism closely resembles the H™ ion insertion
chemistry discussed in Section 2.4.2. To clearly delineate this conversion mechanism, further
analytical methodologies are necessary. Qiao et al. developed a high-voltage Zn-MnO: cell
for a more comprehensive elucidation of the conversion reaction mechanism'”*. The discharge
curve of this cell exhibited three distinct regions: D1 (2.0-1.7 V), D2 (1.7-1.4 V), and D3
(1.4-0.8 V) (Figure 2.20b). In the D1 high-voltage region, the mechanism is dominated by a
conversion reaction where Mn*" in MnO: is reduced to Mn?** and then dissolves in the

electrolyte; in the D2 region, a conversion reaction between MnO: cathode and H' ions forms
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MnOOH; and in the D3 low-voltage region, it transitions to the Zn** intercalation mechanism.

This reaction (during discharge process) can be represented as:

Cathode (initial charge): ~ Mn?* + 2H,0 & MnO, + 4H* + 2e~ (19)
Dl:  MnO, + 4H* + 2e”~ & Mn?* + 2H,0 (20)
D2: MnO, + H* + e~ & MnOOH 1)
D3: MnO, + 0.5Zn?* + e~ © Zny<MnO, (22)

Furthermore, similar energy storage mechanisms have been identified in B-MnO2 and 8-MnO>
electrodes®***2, Kang et al. proposed a proton conversion mechanism in the B-MnO: cathode,
where, in the first discharge cycle, p-MnO> transforms into MnOOH and dissolves into Mn?*.
In subsequent cycles, the redeposited MnO: reacts with protons to form MnOOH and Mn?**,

with Mn?* being deposited as MnO> during the charging process®*.
2.4.5. Deposition and dissolution reaction mechanism (manganese-based cathode)

As early as 2020, Guo et al. significantly advanced the understanding of the Zn** ion
storage mechanism in Zn-MnO2 batteries by proposing a dissolution/deposition reaction
mechanism®®. This mechanism entails concurrent H* and Zn?" insertion/extraction processes.
Initially, the a-MnO: reacts with H2O during discharge, generating Mn?* and OH™ ions.
Subsequently, OH™ ions interact with surrounding ZnSOs4, forming flaky ZSH on cathode.
During the first charging cycle, ZSH and Mn?" ions transform into birnessite ZnyMnO>. This
reaction cycle repeats, but with the host material evolving from original MnO2 to birnessite
ZnyMnOz. In this entire energy storage process, the dissolution/deposition reaction
mechanism is predominant, contributing most to the specific capacity, while the
accompanying intercalation/de-intercalation reactions play a less significant role.
Complementing this, Li's team proposed a MnO2/Mn*" redox chemical reaction with
interfacial regulation®™*. As illustrated in Figure 2.20c, during the first discharge, MnO>
dissolves due to H' intercalation, resulting in an increase in the pH value and Mn?*
concentration in electrolyte (D). At the end of discharge, ZSH formation occurs, with
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complex dissolution/deposition reactions dominating thereafter. The charging cycle
commences with co-deposition of Zn** and Mn?" ions, forming birnessite Zn<Mn307 while
ZSH dissolves (). The reason for the different birnessite products here that I'm considering
is caused by the different MnO:2 polymorphs they use. As the cycle progresses, ZnxMn3O7
transitions to Mn7O13 through Zn?" extraction and Mn** deposition (). This phase transition
reverses with the co-insertion of Zn?>" and H' ions, and further H' insertion results in the

dissolution of ZnxMn307 and reformation of ZSH (@-®).
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Figure 2.20. a) HRTEM images of MnOz discharged to 1 V during the first cycle, and energy

dispersive X-ray spectroscopy in scanning transmission electron microscopy (STEM-EDS)
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mappings of the elemental distributions of Mn, O, and Zn in the MnO:z electrode. The lattice
fringes of 0.33 and 0.26 nm from the discharged products are consistent with the d spaces
from the (210) and (020) planes in monoclinic MnOOH*2. b) The schematic for different

reaction mechanisms in D1, D2 and D3 stages'’. ¢) The schematic diagram of the proposed

charge storage mechanism of f-MnO> cathode*%*,

2.4.6. Pseudocapacitive Faradaic process

In addition to diffusion-controlled Faraday processes, the presence of pseudocapacitance
(surface-controlled) Faraday processes have been noted in RAZBs. The concept of
pseudocapacitance, initially introduced by B.E. Conway, is defined as a Faraday process
occurring on an electrode material surface, delineating it from non-Faraday capacitance
processes®®. This concept, however, has been a source of ambiguity in electrochemistry,
particularly in studies focusing on electrochemical energy storage and involving metal oxide
materials. The contemporary academic discourse presents varied interpretations of
pseudocapacitance. Notably, Simon and Dunn have categorized pseudocapacitance into
intrinsic and extrinsic types. Intrinsic pseudocapacitance is exhibited by materials
demonstrating pseudocapacitive behavior regardless of morphology or particle size’®.
Conversely, extrinsic pseudocapacitance is observed in materials that behave like batteries in
bulk form but exhibit pseudocapacitive properties when nanostructured. In Chapter 4, V20s is
classified as extrinsic pseudocapacitance, as its pseudocapacitive traits emerge only after
structural modification. To discern and accurately quantify pseudocapacitive contributions in
electrode materials, kinetic calculations are recommended. Using CV tests, the relationship
between scan rate (v, mV s™') and current response (i, A) can be analyzed, with the value of b
derived from the Equation (23) serving as a determinant for diffusion-controlled or surface-

307308 A reaction is deemed battery-type/diffusion-

controlled electrochemical processes
controlled if the current i varies with the square root of v (b=0.5), while a linear variation of i
with v (b—1) suggests a surface-controlled, capacitive process (as illustrated in Figure 2.21a).

Higher values of b indicate a significant pseudocapacitive contribution, leading to rapid

transfer kinetics and enhanced rate capabilities’®®*??. For instance, the Zn-NVO battery
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demonstrates a 67.8% pseudocapacitive contribution at a high scan rate of 0.5 mV s,

indicative of favorable charge transfer kinetics?® (Figure 2.21b).
I = avb (23)

However, Brousse et al. have contested the notion of "extrinsic pseudocapacitance,"
arguing that such materials exhibit battery-type behavior, as evidenced by electrochemical
plateaus rather than straight lines in their discharge curves’!® (Figure 2.21c). Despite this, I
find Simon and Dunn's perspective more compelling for two reasons: (1) their kinetic
calculation approach clearly and accurately differentiates between capacitive and battery-type
behaviors in materials; (2) their concept of extrinsic pseudocapacitance accommodates
complex electrochemical processes more effectively, such as better interpretation of ion pre-

intercalated V20s behavior.
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Figure 2.21. a) Power law dependence of the peak current on sweep rate for capacitive
materials (b=1) and typical battery-type materials (b=0.5). The “transition” area between
capacitive and battery-type materials area is located in the range of b=0.5-13". b) The
capacitive contributions at different scan rates in Zn-NVO battery?®. ¢) Schematic CVs and

corresponding  electrochemical charge/discharge curves for various energy storage

materials3'?.

In a little summary, despite significant strides in recent research, particularly in
advancing cathode materials, refining electrolytes, and enhancing Zn anode protection,
numerous technical and scientific hurdles persist in the path towards the large-scale
application of RAZBs. Moreover, the energy storage mechanisms proposed for RAZBs are
multifaceted and yet to be fully matured. The Zn?' insertion/extraction, H'/Zn*" co-
insertion/extraction, and H>O/Zn>* co-insertion/extraction mechanisms are frequently
observed in vanadium-based materials. In manganese-based materials, the prevalent
mechanisms include Zn*' insertion/extraction, H"/Zn>" co-insertion/extraction, along with
chemical conversion reactions, and deposition/dissolution processes. A comprehensive
understanding and further exploration of these mechanisms are imperative. Such
advancements will catalyze the development of more efficient RAZB systems, addressing the

burgeoning demands of contemporary energy storage technologies.
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2.5. Project Objectives

The overall goal of this thesis is to develop vanadium-based as well as manganese-based

electrodes for next-generation aqueous batteries through advanced fabrication methods. This

work will be significant in contributing to both fundamental scientific knowledge and the

field of materials engineering. It entails investigating the underlying mechanisms of electrode

behavior, specifically examining the influence of electrolyte additives on both cathode and

anode functionalities. Furthermore, it aims at the construction of battery systems with high

capacity, energy density, and prolonged operational life. The detailed objectives are outlined

as follows:

1.

Develop a new vanadium-based cathode material featuring dual-cation (Na* and Zn?*")
pre-intercalation. This involves optimizing the proportion of intercalated cations while
preserving the nanowire structure and increasing the specific capacity of the cathode.
Develop a specialized electrolyte, pairing it with the aforementioned vanadium-based
cathode to establish a dual-cation intercalation system. Employ various electrochemical
methodologies to delineate the precise reaction mechanisms of this cathode in the aqueous
Zn-vanadium battery.

Conduct a comprehensive analysis of the energy storage processes in the MnO2 cathode,
focusing on the effects of electrolyte additive (i.e., Mn?*) on the performance of the Zn
anode.

Investigate an effective solution to mitigate the effects of side reactions at both cathode
and anode in aqueous Zn-MnO: batteries.

Explore a modification approach for MnO: cathode material to upgrade its mass loading
and electrochemical performance, with the ultimate goal of improving the commercial

viability of high-energy-density aqueous Zn-MnO: batteries.
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2.6. Thesis Outline

This thesis is systematically divided into eight chapters. Chapter 1 sets the stage by
introducing the scope and underlying motivation of this research. This chapter, Chapter 2,
offers a comprehensive review of the literature, encompassing topics such as rechargeable
aqueous batteries, strategies for cathode material design, zinc anode protection methodologies,
and advancements in electrolyte formulations. Chapter 3 briefly lists some of the instruments
and experimental setups that will be used in the experiments to avoid redundancy in
subsequent chapters. Chapter 4 delves into the innovation of vanadium-based cathode
materials, employing a dual-ion pre-intercalation approach to notably enhance the specific
capacity by fine-tuning the experimental parameters and optimizing the ion intercalation ratio.
This represents a brand-new attempt, as prior studies have predominantly focused on single-
ion pre-intercalation, occasionally involving rare metal ions. Furthermore, Chapter 4 explores
the dual-ion de-/intercalation mechanism and its impact on electrode performance. Chapter 5
broadens the scope to include MnO2 cathode materials, uncovering a previously overlooked
phenomenon in aqueous Zn-MnQO: batteries, termed ionic crosstalk. Building on the findings
of Chapter 5, Chapter 6 is devoted to the development of porous membranes designed to
mitigate the ionic crosstalk phenomenon and enhance the battery performance. Chapter 7
shifts attention to the application of Bi2Os3-coated MnO: materials, mainly discussing their
electrochemical results and revealing that the application of Bi20O3 coating technology is
applicable for larger Zn-MnOz batteries (in mAh) and enables them to exhibit superior cycling
stability. The thesis reaches its conclusion in Chapter 8, where it synthesizes the principal

findings and puts forward recommendations for future studies.
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Chapter 3. Experimental Methods

3.1. Cathode Fabrication

The cathode sheet fabrication process is shown in Figure 3.1. 70 wt.% active material
(e.g., MnOz), 20 wt.% acetylene black (AB) and 10 wt.% polyvinylidene fluoride (PVDF)
were added to a solution of N-methyl-2-pyrrolidone (NMP) and stirred for 5 minutes using a
homogenizer (at a speed of 2000 rmp). The slurry was then uniformly coated onto a
polyethylene (PE) film (All-Spec 854-36150) with a typical thickness setting of 200 um. The

cathode sheet was then dried in a vacuum oven at 60°C for 8 hours to obtain the cathode sheet.

Active PVDF in
material NMP solution
m ﬁ'@ Scraper
% l Slurry 77y, PE film
N .L/ Blade casting Drying

JE—— ===

Figure 3.1. Schematic illustration of cathode fabrication process.

3.2. Battery Assembly

3.2.1. Coin cell assembly

CR2025 coin-type cells (Figure 3.2a) were utilized for electrochemical tests. The cathode,
separator and anode were punched into small discs with different diameters. The coin-type
cell was assembled with a cathode sheet (total weight of 19.5£0.2 mg), a single layered
absorbed glass mat (AGM, NSG Corporation, diameter: 16 mm, thickness: 0.5 mm, mass:
23.5+0.1 mg) as a separator, and Zn foil (Rotometals, diameter: 12 mm, thickness: 0.1 mm,
mass: 12.5+0.1 mg) as an anode. The electrolyte amount for each cell is approximately 140

uL. The calendaring pressure of the coin-type battery was about 2500 psi, held for 5 seconds.
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3.2.2. Swagelok-type battery assembly

The battery components of Swagelok-type battery (T-type) (Figure 3.2b) are virtually
identical to those of coin-type batteries. T-type batteries were assembled with a cathode disc
(diameter: 12 mm), double-layered AGM separator (diameter: 12 mm) as separator between

cathode and Zn foil (diameter: 12 mm) as an anode. The electrolyte amount is around 1 mL.
3.2.3. Iron plate battery assembly

Large batteries or iron plate batteries (Figure 3.2c) were assembled with a cathode square
sheet (side length: 3-4 cm), double-layered AGM (side length > 4 cm) as separator between
cathode and anode, and Zn foil (thickness: 0.1 mm, side length: 4 cm) as anode. The

electrolyte amount for large battery is approximately 1.5 mL.
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Figure 3.2. External view and internal composition of the a) CR2025 coin-type cell, b) T-type
cell (Swagelok), and c) large battery.

3.3. Material Characterization Techniques
3.3.1. X-ray diffraction technique

The structural information of synthesized materials and cycled electrodes was detected by
X-ray diffraction (XRD) measurement and analyzed by indexing these patterns against the
standard structure of the literature. The Briilker D8 Discover X-ray diffractometer with a
copper target and a wavelength of 0.154 nm (Cu-Ko) was applied to carry all XRD
experiments in this thesis. For typical sample patterns, data was collected from ~5° to 70° at a

scan rate of 1° min'!.
3.3.2. Scanning electron microscopy and energy-dispersive X-ray

The morphology and electrode surface were characterized by scanning electron
microscopy (SEM), and in combination with energy-dispersive X-ray (EDS) spectroscopy for
identifying the elemental composition of samples. All samples in this thesis were performed

on a Zeiss UltraPlus FESEM with an accelerating voltage of 20 kV under vacuum.
3.3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out to determine elemental content
using a Thermo-VG Scientific ESCALab 250 microprobe. The spectra was obtained via using
a 200 um beam size at 1486.6 eV and 49.3 W. Reported binding energies were normalized
against the Cls peak at 284.8 eV. During the measurement, the chamber pressure was
maintained at 2.0 nPa, and wide survey (0-1200 eV) was conducted for each sample to

determine the surface elemental composition of the samples.
3.3.4. Brunauer-Emmett-Teller

To identify the surface area, volume and average pore diameter of the materials,

Brunauer-Emmett-Teller (BET) analysis was performed by Micromeritics ASAP 2020.
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3.3.5. Fourier transform infrared spectroscopy

The functional group of the films were characterized using Fourier transform infrared
spectroscopy (FT-IR, Briiker Optics Vertex 70 Spectrometer). 400 cm™ 4000 cm™ was

selected as the wavenumber range for FT-IR measurement.
3.3.6. Inductively coupled plasma optical emission spectrometry

Teledyne Leeman Labs Prodigy ICP-OES with Echelle grating optical system and Large
Format Programmable Array Detector (L-PAD) were conducted to detect the accurate
amounts of elemental composition (V, Na, Zn and Mn) of the cathode material. The sample to
be tested was dissolved in dilute nitric acid (about 20 mL) and the concentration of each

element should exceed its detection limit, which is listed in Table 3.1.

Table 3.1. Element detection limit for ICP-OES.

Elements Detection limit (mg L)
Na 0.108
7n 0.016
A% 0.004
Mn 0.002

3.4. Electrochemical Characterization Techniques

All electrochemical tests were performed at room temperature, and the capacity

measurements were based on the mass of the active material on the cathode.
3.4.1. Cyclic voltammetry

Cyclic voltammetry (CV) was utilized to measure the oxidation and reduction potentials
of metal ions in both coin-type and T-type batteries. A Bio-Logic VMP3 electrochemical
workstation was performed to obtain the CV curves with different scan rates (unit: mV s),

the voltage range for aqueous Zn-V20s battery is 0.2-1.6 V, and for aqueous Zn-MnO2 battery
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is 0.8-1.9 V. AgCl/Ag and graphite rod were respectively employed as a reference and a

counter electrode in T-type battery.

3.4.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrolytic method to measure the
impedance and study the electrode kinetics of a system depends on the low amplitude
alternating current (AC) potentials over a range of frequencies. By setting up an equivalent
circuit (insets in Figure 3.3), we can fit the Nyquist plot and thus obtain impedance
information for the cell system. In particular, the vicinity of the origin corresponds to the high
frequency region, and the intercept of this Nyquist plot in this region is the actual impedance
value, which represents the sum of the electrode and electrolyte resistance in this cell, known
as the equivalent serial resistance (Rs). While the intercept in the intermediate frequency
region (which can be obtained by extending the semicircle) is the sum of Rs and charge
transfer resistance (Rct), where we can take the diameter of the semicircle as the value of Ret.
Ret represents the resistance of electrons to move between the cathode material and the
electrolyte. In addition, the tail in the low frequency region is the Warburg straight line, and
the ion diffusion rate in the battery system can be determined by this. EIS test was performed
on Bio-Logic VMP3 electrochemical workstation with AC voltage in the frequency range of

100 mHz to 1 MHz.

Imaginary Impedance 7~

A

- bd = >
Rs Rt Z' Real Impedance

A = region of high frequencies (MHz — KHz)
B = region of low frequencies (Hz — pHz)

Figure 3.3. An example of Nyquist plot and its equivalent circuit®'!.
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3.4.3. Linear polarization

Linear polarization (LP) is a broadly used electrochemical method of monitoring
corrosion. LP involves the monitoring of the existing relationship between the current from
charged electrons and the electrochemical potential, allowing the measurement of corrosion
rates and corrosion potentials. A negative shift in the curve indicates a decrease in corrosion
potential, which suggests intensified corrosion. Conversely, an increase in corrosion potential
indicates that corrosion is inhibited. LP tests were performed on Bio-Logic VMP3
electrochemical workstation with a scan rate of 0.5 mV s across a potential range from -0.2—
0.2 V in a three-electrode system (Figure 3.4). Zn foils were used as working and counter

electrode, and AgCl/Ag was used as the reference electrode.

iq] @
Electn:uczl'le"‘“"aI
Wo rkstalion

Figure 3.4. Schematic of three-electrode beaker type cell. WE: working electrode, CE:
counter electrode, RE: reference electrode.

3.4.4. Linear sweep voltammetry

The electrochemical stability of electrolytes is mainly measured by the ESW (Section
2.2.1.3), and the most commonly used method is linear sweep voltammetry (LSV). By
analyzing the relationship between changes in voltage and current, we can identify the
maximum voltage threshold that the electrolyte material is capable of withstanding. This
approach is crucial for determining the compatibility of the electrolyte with high-voltage
cathodes. LSV tests was conducted on Bio-Logic VMP3 electrochemical workstation to
determine the electrochemical stability window at a scan rate of 10 mV s™! by using a three-
electrode system, in which AgCl/Ag was utilized as reference electrode and stainless steel

sheet (200-mesh sieve) was used as both working and counter electrodes. The stainless steel
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sheets were thoroughly cleaned ultrasonically in high purity alcohol, and then washed three

times with high purity water and dried before measurement.
3.4.5. Battery testing
3.4.5.1. Full cell testing

Galvanostatic charge-discharge (GCD) cycling of batteries were performed with constant
current protocol by using a Neware battery-testing system at various current densities. When
describing a battery, the discharge current is often expressed as a C-rate in order to normalize
against battery capacity, which is often very different between battery systems. A C-rate is a
measure of the rate at which a battery is discharged relative to its maximum capacity. For
example, a 1 C rate describes the current at which the battery will discharge in 1 hour, while a
battery with a 5 C rate, being 5 times faster, will discharge in 12 minutes (1/5 hour). The
higher the C-rate, the more of a punch the battery can deliver. Some high-performance
batteries can be charged and discharged above 1 C with moderate stress. Zn-V20s batteries
were tested under a voltage range of 0.2—1.6 V, and charge/discharge current densities of 1
C=0.2 A g'. Zn-MnO: batteries were tested under 0.8-1.9 V, and charge/discharge current

densities of 1 C=0.25 A g\

Rate performance was conducted at gradual current rates, and then returned from high to
low rates within the voltage range used for cycling tests against the corresponding battery

system.

3.4.5.2. Zn symmetric cell testing

Symmetric cells (cells with two identical working electrodes) offer superior advantages in
evaluating some key electrode properties, such as reversibility and ion/electron transport
kinetics. Although symmetric cell technology has been summarized primarily from lithium
battery research, the general considerations and conclusions are broadly applicable to other
battery systems, such as Na-, K-, and Zn-ion batteries. Furthermore, the choice of a

symmetric cell structure excludes the effects of the differences between the electrodes.
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Zn symmetric cells were assembled using Zn foils for both the cathode and anode, and
aqueous electrolyte with an AGM separator. All cells were assembled in ambient environment
using CR2025 coin cells. The galvanostatic plating/stripping profiles were measured at

different areal capacities and different current densities on a Neware battery-testing system.

3.4.6. Self-discharge

Self-discharge in batteries refers to the natural loss of stored charge when a battery is not
in use and remains disconnected from any circuit. This phenomenon essentially means that a
battery's capacity diminishes even without active consumption. At a fundamental level, the
charged state of a battery's electrodes is inherently unstable from a thermodynamic
perspective, leading to inevitable internal reactions that diminish the battery's stored energy.
Self-discharge is typically divided into two main categories: physical and chemical. Physical
self-discharge, characterized by energy loss that can potentially be reversed, often results
from microscopic internal short circuits. These shorts can arise from various factors, such as
imperfections on the current collector surface, dust particles on the separator, or residual
impurities on the electrode plates. Chemical self-discharge, conversely, involves irreversible
spontaneous chemical reactions within the battery that lead to a decline in voltage and overall
capacity. Unlike physical self-discharge, chemical self-discharge does not produce an
electrical current through external circuits but rather through internal chemical interactions
among the electrodes and electrolyte. These reactions consume the cathode material, thereby

reducing the battery's available energy.

There are various methods to measure battery self-discharge, with the simplest and most
straightforward approach being the assessment based on the change in battery capacity before
and after a period of rest. Self-discharge behaviors of the assembled Zn-ZNVO batteries
(Chapter 4) were studied by recording their open-circuit voltage over hold time, after the
batteries were repeatedly charged/discharged for 20 cycles at 5 C (1 A g™') and then kept at an

expected voltage for 24 hours through a constant voltage technique.
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3.5. Battery Performance Evaluation Metrics

Evaluating battery performance necessitates the meticulous measurement and
quantification of various key metrics, including specific capacity, voltage window, mass
loading, cyclability, Coulombic efficiency, electrolyte consumption, energy density, and
scalability. In a battery system, each parameter can characterize a different aspect of the
system's performance, and the following is a list of the various parameters that will be

mentioned extensively throughout this thesis:
Specific capacity (in mAh g”)

Specific capacity signifies the charge amount stored per unit mass of active material,
serving as a pivotal criterion for comparing different battery systems. The determination of
specific capacity is typically executed through constant current charge/discharge cycles within
a given voltage window and temperature. Therefore, both preparation and testing conditions

affect the specific capacity of the cell.
Voltage window

The voltage window describes the operational potential range, extending from the
maximum charging to the minimum discharging limit. Given that a positive electrode with a
high voltage plateau and a negative electrode with a low voltage plateau is the preferred
combination, meanwhile, the voltage window of the electrolyte must be electrochemically

stable.
Mass loading

The mass loading is expressed as the electrode slurry's weight per unit area on the
current collector (PE film), which plays a crucial role in battery design. All mass loadings
mentioned in this thesis refer only to the mass loadings of the active materials, excluding
conductive carbon and binders, if not otherwise specified. Laboratory-scale batteries typically
feature low active material mass loading (less than 2 mg cm?) to minimize electrical

resistance and enhance electrolyte permeation, ensuring negligible polarization for maximum
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performance studies. Electrodes become thicker as the mass loading increases, thus thick
electrodes tend to crack and delaminate after coating and drying, making high mass loading
electrodes more difficult to produce. In order to achieve high-capacity batteries, the solution
can only be found by combining high specific capacity materials and high mass loading.
Therefore, increasing the mass loading of cathode material should be the key focus of high-

energy-density batteries.
Coulombic efficiency

Coulombic efficiency is defined as the ratio of specific discharge capacity (mAh g') to
specific charge capacity (mAh g'). An ideal efficiency of 100% suggests all Zn>" ions that
extract from the cathode at the fully charged state can insert into the cathode at the fully
discharged state. Nonetheless, efficiency diminishes below 100% due to the inevitable
consumption and entrapment of some Zn?>* ions within the cathode from side reactions each
cycle, thereby influencing the battery’s longevity and capacity retention. The higher the
Coulombic efficiency, the less capacity the battery loses per charge/discharge cycle and the

longer its potential life.

specific discharge capacity of xth cycle 24
Coulombic efficiency = P — g p. Y Y x 100% @4
specific charge capacity of xth cycle

Capacity retention

The capacity retention after x cycles was calculated based on the following equation:

specific discharge capacity of xth cycle 25
Capacity retention = P —— g€ cap .ty Y X 100% 25)
specific discharge capacity of 1st cycle

where 1st cycle is selected considering that its corresponding Coulombic efficiency is very

close to 100%.
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Rate capability

The rate capability, or rate performance, of a battery refers to its ability to discharge at
varying current densities. It is observed that the capacity deliverable at elevated discharge
rates invariably diminishes. Thus, the extent of capacity that can be effectively discharged at
such increased rates is a pivotal metric of battery performance. Superior rate performance is
indicated by higher capacities maintained under these conditions, highlighting a battery's

adaptability to rapid energy demands.
Energy Density (Wh kg™)

The energy density is the amount of electrical energy released per unit mass of the battery.
Academic research tends to use large excesses of electrodes and electrolytes in batteries,
which may not accurately reflect practical performance metrics. Instead, the industrial
evaluation of batteries necessitates a holistic consideration of all variables, including the N/P
ratio (the mass ratio of active materials on the anode to those on the cathode) and the volume
of electrolyte utilized, to provide a realistic assessment of energy density and overall battery

performance.

Energy demsity = sepecific discharge capacity X discharge plateau voltage (26)
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Chapter 4. High Performance RAZB Enabled by Reversible

Zn>*/Na* Co-Intercalation Chemistry

4.1. Introduction

As discussed in Section 2.1.1, V20s stands out due to its unique layered structure and
high theoretical capacity, nevertheless, the poor structural stability of V205 during cycling
substantially restrict its practical applications®'>!4, In response, many measures have been
taken to improve the electrochemical performance of V20s cathode in RAZBs. Typically,
metallic cations (e.g., Na*, Mg*" and Ca?’, etc) have been doped into the V20s layers to
improve structure stability, which is called pillar effect!**26%315317 For example, Ling et al.
fabricated NaossV20s cathode material with a nanobelt structure, which exhibited a high
initial discharge capacity of 317 mAh g at 0.1 A g'' %. Xiong's team demonstrated excellent
cyclability and high capacity retention of Bai2Ve6Oi16°3H20 cathode material supported by
pre-inserted Ba®" ions”. Although these doped cations can assist in enhance the cycling
performance of RAZBs, such doping strategy still faces complicated challenges in preventing
dissolution of dopant into electrolyte. It greatly alleviates the pillar effect of doped cations
and eventually results in the poor cycle life of RAZBs. Meanwhile, the work of electrolytes in
Zn-vanadium batteries also makes prominent achievements, among which electrolyte cationic
additives (e.g., Li", Mg*" and Ca®’, etc.) are widely employed for their straightforward and
economical manipulation'>*318321 Typically, Wang et al. showed the improvement of battery
electrochemical performance by adding 1 M NaClOs to the electrolyte®°. Chen et al. also
reported that adding Na salts to the ZnSOs4 electrolyte can prevent the collapse of
NaV30se1.5H20 cathode®®. However, the current research on the cationic additives in Zn-
vanadium batteries does not reveal the real role of additive ions (e.g., Na¥) in the stabilization
of cathode structure, and the interaction between these additive cations and vanadium oxide
during charge/discharge is still unclear. Since the amounts of Na“ additives used in these
works are not in low levels, in-depth studies of the electrochemical reactions of these additive

ions with cathode materials, as well as their contribution to the battery capacity are imperative.
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In this work, we propose and design an ultra-stable RAZB with highly reversible
Zn**/Na" co-intercalation chemistry in vanadium cathode (Figure 4.1), which fundamentally
resolves the irreversible dissolution of doped cations in aqueous electrolyte. The discussion is
structured into two parts: the fabrication of ZNVO cathode materials and the exploration of
their operational mechanisms. Initially, we adopt an ion pre-intercalation strategy to
synthesize ZNVO cathode materials, enhancing the specific capacity and longevity of the
batteries. Given that the introduction of "pillar" cations tends to decrease the theoretical
capacity of these materials, we meticulously optimized the amount of intercalated ions to
mitigate this effect. Zno3Nao43V20s cathode material reveals a significantly enhanced
performance, which achieves a high specific discharge capacity of 350 mAh g™ at 1 C, greatly
outperforms materials such as VsO12¢1.7H20, NaxVO2, Agi2V30s and MgV20s*1.7H2071322
324 Furthermore, we utilized a dual-ion electrolyte in conjunction with the cathode to
establish a dual-ion intercalation system in RAZBs. Our investigation into the reaction
mechanisms of this dual-ion system employs a variety of electrochemical techniques. We
observe that upon discharging the cell to 0.8 V, Na" ions are initially inserted into the cathode,
followed by the intercalation of Zn** ions at 0.55 V. During the charging process, which from
0.7 V to 1.1 V, the Zn*' ions previously incorporated are progressively extracted from the
cathode structure. As the charging voltage approaches 1.1 V, the extraction of Na' ions
commence. Since the radius of Na*ion is larger than that of Zn*" ion, the firstly inserted Na*
ion plays a crucial role in stabilizing the cathode structure, thus preventing collapse or
structural degradation throughout the cycling process. This co-intercalation mechanism
significantly boosts the cycling stability of the ZNVO cathode material, especially at high
current densities. Remarkably, it retains over 90% of its capacity after 4000 cycles and
exhibits a superior specific discharge capacity of 209 mAh g™ at 5 C. More importantly, such
co-intercalation chemistry can be also applied to other vanadium-based cathode materials
such as H2V30s (HVO) and Nao.33V205 (NVO), all of which demonstrate exceptional cycling

stability and long-term cycle life.
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Figure 4.1. Schematic of reversible Zn?*/Na* co-intercalation in vanadium cathode.

4.2. Experimental Methods
4.2.1. Cathode material synthesis

The V205 nanowires (HVO), Na* pre-inserted V205 nanowires (NVO) and dual-cation
(Zn** and Na") pre-inserted V205 nanowires (ZNVO) materials were prepared by one-step

hydrothermal method.

For HVO nanowires preparation, 0.366 g of commercial V205 (Sigma-Aldrich,
purity>98%) and 0.1 g of polyethylene glycol (Mw~4000) (PEG-4000, Scientific Polymer
Products Inc.) were stirred vigorously in 60 mL deionized (DI) water for 30 minutes, and the
mixture was then sonicated for at least 20 minutes. Afterwards, the mixture was transferred to
a 100 mL Teflon container and sealed it in an autoclave and placed in a high-temperature
oven and reacted at 180°C for 72 hours. The preparation process for NVO nanowires closely
followed the method used for the HVO sample, with the key difference being the
incorporation of a specific amount of Na" solution into the mixture prior to the reaction for
NVO material synthesis. As for ZNVO preparation, various molar ratios of Zn:Na were added
separately to the mixture. Here we used 1 M sodium hydroxide (NaOH, Sigma-Aldrich,
purity>97%) solution as the Na source and 1 M zinc chloride (ZnClz2, Sigma-Aldrich,
purity>97%) solution as the Zn source. In addition, the reactions were carried out at 190°C for

24 hours, yielding greenish-colored products (Figure 4.2). These products were subsequently
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washed multiple times with DI water and ethanol, followed by drying in a vacuum oven at

60°C for 2 days.
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Figure 4.2. Schematic illustrating the experimental procedure of synthesizing ZNVO material.
4.2.2. Other experimental methods

The processes for cathode sheet fabrication, battery assembly, material characterization
techniques, and electrochemical testing follow the descriptions provided in Chapter 3;
therefore, detailed explanations are omitted here. It should be mentioned that the mass loading
of the active material in each cell was approximately 3.7+0.2 mg cm™, and the voltage range
of the full cell test is 0.2-1.6 V. Most of the cycling tests were performed at a current density
of 5 C, where 1 C=0.2 A g'!. Three types of electrolytes were applied in this work, 2 M zinc
sulfate (ZnSO4¢7H20, Sigma-Aldrich, 99%), 1 M sodium sulfate (Na2SO4, Sigma-Aldrich,
purity>99%) and 1 M ZnSO4/1 M NaxSOs4 electrolyte. The pH level and the ion conductivity

of three electrolytes are listed in Table 4.1.
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Table 4.1. pH level and ion conductivity of three electrolytes (at room temperature).

Electrolyte pH TIon conductivity (mS cm™)
2 M ZnSO4 4.00+0.03 44.43+0.09
1 M ZnSO4/1 M Na2SOq4 4.00£0.02 63.34£0.10
1 M Na2SOq4 3.99+0.02 75.61£0.22

4.3. Results and Discussion
4.3.1. Cathode material fabrication

The morphology and nanostructure of ZNVO is displayed Figure 4.3a. It is observed that
these nanowires, which are approximately a dozen micrometers in length and 100-300 nm in
width, with a tendency to aggregate together. As previously mentioned, the 1D nanowire
structure is more favorable to shorten the ion/electron diffusion distance compared with the
commercial V20s, and more active sites can be provided for ions to alleviate the volume
expansion caused by ion insertion/extraction during cycling. Besides, the pre-inserted ions of
the layered oxides establish strong ionic bonds with the O atoms of the framework, resulting
in a more stable structure. Elemental mapping further confirms the homogeneous distribution
of pre-inserted cations within the ZNVO material, evidencing the successful insertion process.
In addition, XPS serves as a precise method for validating the elemental composition. In
Figure 4.3b, the distinct presence of pre-inserted Zn/Na elements is confirmed through the

spectra, aligning with its elemental mapping results.

The XRD pattern of ZNVO illustrated in Figure 4.3d reveals the material's high
crystallinity. Given ZNVO's novelty, direct matches in existing databases are absent.
However, thorough comparative analysis, it was indexed to be related to the substances
Naz.25(0OH)o0.25(H20)12(VO4), Zno2s5V20s5(H20) and Zn3(VOa4)2(H20)2.93. The XRD data also
sheds light on the interlayer spacing within ZNVO, which at 10.76 A, is significantly wider
than the 4.37 A observed in commercial V20s (Figure 4.3c), thereby providing sufficient
space for ion insertion. To pinpoint the optimal pre-intercalation quantity, we synthesized an

array of ZNVO materials by varying the Zn:Na ratio. The precise elemental composition of
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material was ascertained using ICP-OES, with the molar ratios of Zn:Na for each ZNVO

sample detailed in the Table 4.2.
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Figure 4.3. a) Morphology of commercial V20s powder and synthesized ZNVO nanowires.
Element mapping of ZNVO material. Scale bar: 2 um. b) XPS survey spectra of ZNVO
sample. XRD patterns of ¢) commercial V20s and d) ZNVO-2 sample and schematic
diagrams of their corresponding crystal structures. Shcherbinaite (V20s, PDF#97-008-2151),

Nas25(OH)o.25(H20)12(VOs)  (PDF#01-070-2496), Zno25V20s5(H20) (PDF#01-086-1238),
Zn3(VO4)2(H20)2.93 (PDF#01-074-2959).

Table 4.2. Molar ratio of Zn:Na for each ZNVO material.

Samples Zn:Na
ZNVO-1 0.50:1
ZNVO-2 0.71:1
ZNVO-3 1:1
ZNVO-4 1.5:1
ZNVO-5 2.2:1
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4.3.2. Electrochemical performance of ZNVO cathode

To explore the influence of pre-intercalated metal ions within the cathode material on
battery performance (especially in terms of specific capacity), we conducted galvanostatic
cycling tests comparing HVO and ZNVO celectrodes within RAZBs. The characterization
details for HVO material are delineated in Figure Al. As illustrated in Figure 4.4a, the
ZNVO celectrode (red dot) demonstrates a significantly enhanced initial discharge capacity
(exceeding 350 mAh g! at 1 C) compared to the HVO electrode (blue dot) in a 2 M ZnSOs4
electrolyte. This superior capacity suggests that the presence of pre-intercalated cations in the
cathode material plays a pivotal role in augmenting capacity delivery. Given that the
theoretical capacity might decrease due to cation introduction, we prepared five variations of
ZNVO materials to identify the optimal ratio of Zn:Na intercalation, labeled from 1 to 5 in
ascending order of Zn:Na molar ratio. The cycling performance depicted in Figure 4.4b
reveals that ZNVO-2 outperforms the other samples in terms of specific capacity and stability,
setting the optimal Zn:Na insertion ratio at approximately 0.71 (i.e. Zno.31Nao.43V20s).
Moreover, this optimal ZNVO-2 cathode, henceforth referred to as ZNVO, showcases a high
specific discharge capacity of 350 mAh g!' at 1 C based on the mass of the active material,
surpassing the performance of other cathode materials reported previously (Figure 4.4c).
Nevertheless, the ZNVO electrode experiences significant capacity decay in subsequent

cycles, which can be attributed to the dissolution of cathode materials.

CV is a potentiodynamic electrochemical technique to measure the reduction and
oxidation potentials of the chemical species. A cyclic voltammogram trace is obtained by
recording the current (I), which flows between the positive and negative electrodes, as a
function of the applied voltage (V). Figure 4.4d presents the CV profile for the initial cycles
of the ZNVO electrode with a 2 M ZnSOs electrolyte, conducted at a scan rate of 0.1 mV s\,
Notably, there is a high degree of overlap between the 2nd and 3rd cycles of ZNVO electrode,
yet the apparent asymmetry and significant disparity between the reduction and oxidation

peaks underscore the ZNVO electrode's limited reversibility in 2 M ZnSOs electrolyte. This
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behavior signifies that ions, once de-intercalated from the cathode during the charging phase
(as delineated by the three distinct oxidation peaks, each representing a step in the de-
intercalation process), face challenges in re-intercalating back into the cathode during
discharge. This could be one of the factors leading to capacity degradation. Furthermore, the
CV profile of the 1st cycle exhibits slight deviations from the subsequent cycles, aligning
with the notable capacity reduction observed between the 1st and 2nd cycles in its cycling
performance (red dots in Figure 4.4a). In addition, the change or degradation of battery
capacity is mirrored in the integral area under the CV curve. As illustrated in Figure 4.4e, the
response currents of these redox peaks markedly decrease from the 50th to the 200th cycle,
and the area of the curve contracts, indicating a rapid capacity decay of the cell during cycling.
In Figure 4.4f, the impedance of ZNVO electrode reveals an increase in Ret from 4.6 to 47.8
Q as cycling proceeds in 2 M ZnSOs4 electrolyte. Moreover, as seen in the inset, there is a
notable increase in the Rs, suggesting potential causes such as cathode material dissolution or
the formation of by-products on the cathode surface. In this regard, SEM images of cycled
ZNVO cathodes unveil the answer for us. After just 50 cycles, the ZNVO materials exhibit
signs of disintegration and dissolution, with the original nanowire structures largely unable to
be preserved and the emergence of bulk substances instead (Figure 4.5c). Therefore, while
the ZNVO material significantly enhances battery capacity, it concurrently faces challenges
such as material dissolution and irreversible Zn*" intercalation during cycling. Building on the
strategies outlined in previous chapter, our focus shifts towards modifying the electrolyte to

address these issues.
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Figure 4.4. a) Cycling performance of HVO and ZNVO electrodes in 2 M ZnSO4 electrolyte
at 1 C. b) Cycling performance of ZNVO electrodes with various cations insertion amounts in
2 M ZnSOs4 electrolyte. ¢) Comparison of specific capacity and voltage platform of ZNVO-2
with other reported cathode materials®3434457.:59:63.63.83.269.279.325-330 OV profiles of ZNVO
cathode in 2 M ZnSOs4 electrolyte at a scan rate of d) 0.1 mV s and e) 1 mV s at selected
cycle numbers. f) Nyquist plots of ZNVO cathode in 2 M ZnSOs electrolyte over the
frequency range of 100 mHz-1 MHz at selected cycles. Inset is the equivalent circuit diagram.

4.3.3. Electrolyte modification

In an effort to mitigate the issue of cathode material dissolution, our approach involves
drawing from prior successful interventions and adjusting the electrolyte composition.
Introducing sodium salt into the electrolyte emerged as a straightforward yet potent strategy,
necessitating the determination of an optimal sodium salt concentration for effective
implementation. Consequently, we conducted a series of battery tests with varying
concentrations of Na>SOs, ranging from 0.5 to 2 M, added to the ZnSOs4 solution (all at
ambient temperature). To isolate the influence of salt concentration fluctuations, adjustments
were also made to the ZnSO4 concentration concurrently. Analysis of the electrochemical
performance data, as illustrated in Figure 4.5a, identified that Na* concentrations exceeding 1
M vyielded superior results. Taking into account both efficiency and cost considerations, we

ultimately settled on a 1 M concentration for the Na2SO4 additive. Furthermore, it is necessary
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for us to perform some evaluations of this new electrolyte. Referring to the electrolyte
properties mentioned in Section 2.2.1, we examined the ionic conductivity and ESW of this
electrolyte. From the data in Table 4.1, it can be seen that the ionic conductivity of the
ZnS04/NaxSOs4 electrolyte is significantly increased. 1 M Na2SOs4 electrolyte exhibits a higher
electrical conductivity than the ZnSO4/Na2SOs4 electrolyte, which is mainly influenced by the
ionic species. The electrochemical stability window of an electrolyte is studied by the LSV
technique. In Figure 4.5b, the hydrogen evolution reaction (HER) range can be determined by
observing the current increase in the lower potential region. The HER onset is evident
between 0 V and -0.7 V vs. Zn**/Zn, where a significant rise in current is observed (green
region), indicating the commencement of hydrogen gas evolution. This potential range, from -
0.7 V and 0 V vs. Zn*"/Zn, marks the HER region where water is reduced at the electrode
surface to produce hydrogen gas. Moreover, all three electrolytes have very a close cathodic
stability limit at high potential, while the 1 M NaxSOs electrolyte (yellow line) reaches an
anodic stability limit of about -0.35 V. Moreover, the anodic stability limit at low potential of
the electrolyte with Na" addition (dark red line) broadens by about 0.1 V compared to the one
without addition (green line). The Na-rich electrolyte changes the dissolution balance of the
Na" pre-intercalated in the cathode, thereby protecting the cathode material from continuous
dissolution. In Figure 4.5c, the morphology of the cathode material in ZnSO4/Na>SO4
electrolyte was perfectly preserved after 50th cycle and the nanowires could be clearly

observed even after the completion of 200 cycles (Figure A2).

Moreover, as described in Section 2.2.3, adding Na® ions to electrolyte assists in
inhibiting zinc dendrite growth on anode surface during the charging process. The
reversibility of the Zn anode has a great influence on the cycling stability of the battery. Since
the reduction potential of Na* (-2.71 V) is much lower than that of Zn** (-0.76 V), the coming
Zn*" ions can be repelled to distribute on adjacent Zn substrate according to the electrostatic
shield mechanism. Figure 4.5d compares the cycling stability of Zn-Zn symmetric cells in
different electrolytes at 0.1 mA cm™ current density with 1 mAh cm™ areal capacity limit.

The Zn-Zn cell with 2 M ZnSOu4 electrolyte displays random voltage oscillations and a sudden
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voltage increase after 120 hours, which may result from a soft short circuit caused by the
dynamic dendrites**!. On the contrary, the battery with ZnS04/Na2SO4 electrolyte exhibits a
stable polarization voltage around 29 mV and an ultra-long cycle life of nearly 1500 hours.
Similarly, increasing the current density to 5 mA cm™2, the cell containing Na* ions in the
electrolyte performs substantially better than the one without Na* ions on cycling, yielding an
extended lifespan of five times (Figure A3). As a result, the reversibility of the Zn anode is
considerably enhanced and benefits the cycling stability of the full cell. From Figure 4.5e,
large amounts of harsh and vertical zinc dendrites grow on the anode surface with increasing
cycle numbers in 2 M ZnSOs4 electrolyte. Conversely, in the ZnSO4/Na2SOs4 electrolyte, the
surface of Zn anode is uniform and smooth. Even after 500 cycles (Figure 4.5f), a minimal
amount of zinc dendrites is formed in the lateral level which gives a flat morphology to the
anode surface, demonstrating the important role of Na* ions in suppressing dendrite formation

on Zn anodes.
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Figure 4.5. a) Cycling performance of a) ZNVO electrodes with various cations insertion
amounts in 2 M ZnSOs electrolyte. b) ESW of different electrolytes in three electrode
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¢) Morphology of ZNVO cathode in different electrolytes at 50th cycles. Scale bar: 1 pm. d)
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Surprisingly, this electrolyte is readily compatible with a wide range of vanadium-based
cathode materials, the galvanostatic cycling tests of HVO, NVO and ZNVO cathodes in
RAZBs are carried out. More details of NVO cathode material characterization are shown in
Figure A4 and Figure AS. Given the existence of previous studies on NVO materials, we

have chosen to focus the main text on the electrochemical performance of HVO and ZNVO
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cathodes. For comprehensive analysis, detailed electrochemical data for NVO cathode are

provided in Appendix.

As illustrated in Figure 4.6a and Figure 4.6b, both HVO and ZNVO cathodes show
noticeable capacity drops in the 2 M ZnSOs electrolyte, and the Coulombic efficiency are
away from 100% (Figure A6a and Figure A6b). After applying Na" additive to the ZnSO4
electrolyte, it surprisingly turns out that both cathodes exhibit enhanced electrochemical
performance. In particular, the battery with ZNVO cathode, as shown in Figure 4.6d, delivers
a discharge capacity of 209 mAh g'! at 5 C with approximately 90.9% capacity retention after
4000 cycles. Moreover, the ZNVO cathode achieves close to 100% Coulombic efficiency in a
remarkably short duration, as depicted in Figure 4.6c. This efficiency suggests that the
cathode requires minimal time for activation. Unlike the lengthy activation procedures often
necessary for vanadium- or manganese-based cathodes, which may involve applying a small
current during the pre-cycle stage for tens of hours or days, our batteries complete the
activation process within approximately 1 hour. Excellent capacity retention is also revealed
by its GCD plots in Figure 4.6e, where it is evident that the incorporation of ZnSO4/Na>SO4
electrolyte greatly intensifies the cycling performance of Zn-vanadium cells. Even at a very
high current density of 10 C, the capacity retention of ZNVO reaches 85% within 3000 cycles,
and the HVO electrode shows almost no capacity degradation over 2500 cycles (Figure 4.6f).
This superb capacity retention of ZNVO electrode is well outperformed by these published
cathode materials listed in Table A1. The NVO cathode also significantly enhances the cycle
life as shown in Figure A7. Moreover, self-discharge is also one of the important parameters
for evaluating battery performance. Comparing the self-discharge of Zn-ZNVO cells in
different electrolytes in Figure A8, it is observed that the voltage drop is reduced by adding
Na" ions to the cell system and its capacity decay is almost negligible. In other words, the
discharge capacity can be almost recovered to the original level, suggesting that the self-

discharge becomes minimal with the ZnS04/Na2SO4 electrolyte.
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Figure 4.6. Cycling performance of a) HVO and b) ZNVO cathodes in 2 M ZnSO4 and 1 M
ZnS04/1 M Na2SOselectrolytes at 5 C. c) Initial cycles of ZNVO cathode in 1 M ZnSO4/1 M
Na2SO0s4 electrolyte at 5 C. d) Long-term cycling performance of HVO and ZNVO cathodes in
1 M ZnSO4/1 M Na2SOs4 electrolytes at 5 C. The Coulombic efficiency for a narrow y-axis
scale is shown in Figure A6c. ¢) GCD profiles of ZNVO cathode in 1 M ZnSO4/1 M NaxSO4
electrolyte at 5 C. The average charge voltage is around 1.0 V, and average discharge voltage
is around 0.8 V. f) Long-term cycling performance of HVO and ZNVO cathodes in 1 M
ZnS04/1 M Na2SOs4 electrolytes at 10 C.

Rate capability always plays a key role for the practical deployment of RAZB in grid
energy storage solutions. Beyond their excellent capacity retention and longevity, vanadium-
based electrodes exhibit superior rate performance when paired with a ZnSOs/Na2SO4
electrolyte, as detailed in Figure 4.7a and Figure 4.7b. Notably, the HVO electrode ina 1 M

ZnS04/1 M Na2SOs electrolyte demonstrates average discharge capacities at various current
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densities of 1 C, 2.5 C, 5C, 10 C, 15 C and 20 C are 326.1, 211.9, 162.1, 131.3, 107.8 and
83.0 mAh g’!, respectively. However, at lower currents, the discharge capacities of HVO and
ZNVO electrodes slightly drop compared to those in a 2 M ZnSOs electrolyte, possibly due to
the enhanced dissolution of the cathode material, leading to marginally higher capacities. In
particular, applying a lower current to the cell causes the cathode material to dissolve
continuously, however, the dissolved material is difficult to be deposited back to its original
form, thus the capacity of the battery would decay rapidly in subsequent cycles. The
dissolution of cathode materials at low currents suggests that the capacity at these densities is
not solely due to ion insertion/extraction but also to the dissolution of vanadium-based
materials. This hypothesis was supported by cycling tests on several cell batches at low
currents (from 1 C to 3 C). After 10 cycles, the cells were disassembled and it was observed
that the separators using a 2 M ZnSOs electrolyte were observed adhering to some green
matters (Figure 4.7d and Figure 4.7f), i.c., dissolved HVO or ZNVO cathode materials. In
addition, the nanowire morphology of the cathode material without Na" additive can be
significantly damaged. As shown in Figure 4.7c and Figure 4.7¢, both HVO and ZNVO
cathode materials are broken into short nanowires in ZnSOj4 electrolyte after only 10 cycles,
and the nanowire structure of most materials on cathode can hardly be maintained, followed
by the formation of some bulk substances instead. Consequently, while HVO and ZNVO
electrodes in ZnSOs4 electrolyte initially show higher capacities at low currents, this advantage
comes at the expense of rapid performance degradation. This leads to a rapid deterioration in
battery performance and fail to achieve excellent cycling performance. Even though the
ZNVO celectrode provides unsatisfactory capacity at low current rates, it performs more
favorably when the current rate exceeds 5 C. After reaching 15 C, the average discharge
capacity of ZNVO recovers to 308.6 mAh g!' when returning to a low current rate of 1 C, thus
achieving more than 100% capacity retention, which is much higher than that in 2 M ZnSO4
electrolyte. This excellent result highlights the significant impact of electrolyte modification

on enhancing the electrochemical performance of aqueous Zn-vanadium batteries.

84



9 500 l?__
™ f.1¢C 400r 1C
g "[ e 15C s e e
£ 0090 2 C E300fag, : 0009
- N .9“.°°°. o 29, 2 "
z 0 20000 2.5 C z seads 5c . . %900,
g 200} s }5C 5¢ ;50 B 2222205000 105, 15C
3 "m«“i.,'mo:.o.f 15C 59 ¢ g - - 20000
£ 100f oma“m 99999 00900 & bl - Q00@0
= & 2MznsQ, 92000000 o © 2Mznso, o 20
;’.'_ ol @ 1MZnso/1MNa,SO, 22000 :.’_ 0} @ 1MZnSO,1M Na,SO,
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35

Cycle number Cycle number
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In Figure 4.8a, the specific capacity over cycles for three individual cells (cell 1, cell 2,
cell 3) shows significant stability over an extended number of cycles (up to 3000 cycles). The
specific capacity does not show significant decay, and the slight variations between the cells
are minimal, which underscores the high reproducibility and reliability of this Zn-ZNVO

battery. High reproducibility is critical in battery technology as it ensures that performance
85



standards can be met consistently in mass production. The data points for specific capacities
of the Zn-NVO and Zn-HVO cells in Figure A9 appear consistent across the different cells
tested. Moreover, the Coulombic efficiency remains above 99.8% for most of the cycling
process, indicating efficient charge/discharge processes with minimal irreversible losses
(Table A2). Figure 4.8b compares the cycling performance of three different cathodes.
ZNVO maintains a higher specific capacity over the long term compared to HVO and NVO.
This indicates that our designed ZNVO material has superior structural stability and
electrochemical properties compared to other vanadium-based materials, which is conducive
to extended cycle life at high current densities, and is important for applications that require
rapid charging and discharging. Figure 4.8c details the Coulombic efficiency of the three
different cathode materials over numerous cycles. While there is some fluctuation, all
materials stay within an average range of approximately 99.7% to 100.3% efficiency. The

data here suggests good reversibility of the electrochemical reactions during cycling.

For the purpose of demonstrating that our battery system has prospects for practical
applications, a large battery with a capacity of 9 mAh was fabricated and employed for
cycling test. The cathode was cut to a size of 3.5 cmx3.5 cm and the active material loading
was about 45.0+£0.3 mg per piece. The significance of testing a larger 9 mAh battery relates to
the scalability of the technology from laboratory to practical applications. By fabricating and
testing a large battery, it is possible to preliminarily evaluate how the materials and cell
design translate to real-world applications. This is especially important for energy storage
devices where capacity, not just specific capacity, determines the usability and applicability of
the technology. The successful demonstration of cycling tests with a 9 mAh battery, as shown
in Figure 4.8d and Figure A10, indicates that the battery system is not only effective in small,
controlled test scenarios but also has the potential to be scaled up. This is a critical step
toward commercialization, as it suggests that the battery can maintain its performance

characteristics at a size suitable for real-world energy storage demands.
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As a short summary, the consistent performance across multiple cells, the stability over
thousands of cycles, and the successful demonstration of a 9 mAh battery all contribute to the
evidence that this battery technology is a promising candidate for practical energy storage
devices. The ability to maintain high Coulombic efficiency and specific capacity over many
cycles at a higher current rate (5 C) without significant degradation is particularly

encouraging for applications where both high power and energy density are required.
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4.3.4. Energy storage mechanism

Current research on the inclusion of cationic additives in Zn-vanadium battery systems
has not yet fully elucidated the true function of these ions (e.g., Na") in stabilizing the cathode.
To understand and identify the behaviors of Na* and Zn?" ions in the cathode material during
the charge/discharge process more precisely, we have conducted systematic experiments.

Utilizing the HVO cathode as an example, we explored the behaviors of these ions in different
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electrolytes. We pursued this investigation by employing a suite of analytical techniques,

including CV, XRD, XPS and ICP-OES.

CV measurements were performed at a scan rate of 0.1 mV s on HVO cathode in a
ZnS04/NaxSOs4 electrolyte. The two pairs of redox peaks displayed in Figure 4.9a are
generally considered as multi-step of Zn?" insertion/extraction or H/Zn?>" co-insertion
/extraction. Our investigation, however, reveals a different reaction mechanism from the
previous ones, where a reversible de-/intercalation behavior of Na® ion in the Zn-vanadium
battery system also existed. To substantiate this discovery, we prepared a 1 M Na2SOs4
electrolyte with identical pH. This electrolyte was used in isolation from the ZnSO4 and
ZnS04/Na2SOs4 electrolytes in T-type batteries with HVO cathodes for subsequent CV
measurements. It is important to note that in the T-type cells, the Zn anode was substituted
with a graphite rod which is served as a counter electrode. This operation effectively removes
Zn*" ions from the Graphite/Na2SOs electrolyte/HVO battery, thereby eliminating any

influence of Zn?>" ion on the peak position of the CV curve.

In the CV profile of the NaxSOs4 electrolyte (Figure 4.9b), one reduction peak located
around 0.8 V (peak 3) is obtained, the position of which is similar to the reduction peak 3 of
HVO cathode in the ZnSO4/Na2SO4 electrolyte (Figure 4.9a), and their locations of the
oxidation peak 2 also overlap virtually. Since there is no presence of Zn** ions in the battery
system of Figure 4.9b, it can be determined that the peak pair 0.8/1.1 V (peak 3/peak 2)
represents the insertion/extraction of Na* ion. The HVO cathode with Na2SQO4 electrolyte also
displays an additional peak pair at 1.25/1.35 V with weak current intensity, which is one more
step of Na" insertion/extraction in the HVO cathode****%. Therefore, a multi-step reaction
mechanism exists for Na* ions in the HVO cathode at a small scan rate. Furthermore, it is
noteworthy that the reduction peak 4 located at 0.55 V in Figure 4.9a disappears in the
Naz2SO0s4 electrolyte profile, but it can be observed in the CV curve of ZnSOs4 electrolyte
(Figure 4.9¢), indicating that the reduction peak 4 is the insertion of Zn** ion into the cathode

material. Since the positions of the oxidation peak 1 in Figure 4.9a and Figure 4.9c are
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identical, the pair of redox peaks (peak 4/peak 1, 0.55/0.7 V) can be identified as the behavior
of Zn?" ion in the cathode. Even though the oxidation peak 2 can be confirmed to represent
the Na" ion behavior, its response current in Na2SOs electrolyte is reduced compared to the
one in ZnSO4/NaxSOs4 electrolyte. In addition, this oxidation peak 2 can also be observed in
ZnSOs4 electrolyte. Thus, it is suggested that the de-intercalation process occurs at peak 2

contains both Zn?" ion and Na" ion.

Furthermore, to identify this reversible Zn?"/Na* co-intercalation also exists in other
vanadium cathodes, CV measurements were performed for NVO (Nao.33V20s5) and ZNVO
(Zno.3Nao.43V20s) cathodes, respectively. As exhibited in Figure 4.9¢, only one peak pair can
be observed in the CV profile of NVO cathode in Na2SO4 electrolyte. Due to the complete
absence of Zn?" ions in this battery (i.e., Graphite/Na2SOs electrolyte/NVO), the presented
pair of redox peaks (peak 3/peak 2) is considered as the intercalation/de-intercalation of Na*
ion in the cathode. For using a ZnSOs4 electrolyte, its curve (Figure 4.9f) shows similar results
to that of HVO. In addition, CV curves of ZNVO cathode are also obtained, whose reduction
peaks 3 and 4 can be observed in NaxSOs electrolyte (Figure 4.9h) and ZnSOs4 electrolyte
(Figure 4.91), respectively. It is proved that the intercalation behavior of Na* ion occurs when
the discharge voltage reaches 0.8 V, and Zn?" ion is inserted into the cathode as the battery
continues to discharge to 0.55 V. In addition, we noticed the presence of a third oxidation
peak located at a higher potential (~1.4 V). However, as the reaction proceeds, this peak
gradually diminishes until it disappears, which we attribute to a small portion of the pre-
inserted Na* "leakage" from the material lattice. To mitigate this continuous "leakage", we
supplemented the electrolyte with an adequate amount of Na ions to support and stabilize the
cathode material structure as pillars. In light of these findings, one can conclude that the
introduction of Na* ions as additives in aqueous Zn-vanadium batteries not only supports the
cathode material structure but also facilitates a reversible Zn?*/Na* co-intercalation chemistry.
This stands in contrast to the traditionally held view that the battery chemistry involves either

H*/Zn?*" co-insertion or a multi-step Zn>*" de-/intercalation.
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Figure 4.9. CV profiles of a-c) HVO cathode, d-f) NVO cathode and g-1) ZNVO cathode in
different electrolytes. The scan rate is 0.1 mV s'. HVO/NVO/ZNVO electrode was used as
the working electrode, AgCl/Ag as the reference electrode and graphite rod as the counter

electrode in T-type batteries.

As an effort to further investigate the ion intercalation behaviors, XRD technique is

required to supplement the verification. Figure 4.10a shows the 2nd GCD profile of HVO

cathode in ZnSO4/Na2SOs electrolyte at 1 C, selected voltages were marked in its GCD

curves while ex situ XRD measurements were performed. From Figure 4.10b,when the HVO

cathode discharges to 0.55 V (point d), a peak at 8.2° can be observed, which is indexed to the

(001) reflection of ZVO (Zno25V205eH20)***. It indicates that Zn>" ions are inserted into the

HVO structure at this discharging voltage, resulting in the formation of ZVO; the reflection

90



(001) then fully disappears as charging over 1.1 V (point h) since Zn** ions are extracted from
the HVO lattice. Moreover, as can be seen from the enlarged Figure 4.10c and Figure 4.10d,
a shoulder located at 10.7° to the right of the HVO peak and another one at 32.8° appear at a
charging voltage of 0.55 V, corresponding to the (110) and (402) reflections of ZVO
(ZnV308)*®, respectively. These two peaks gradually intensify as charging process continues;
while during discharge, they both diminish until almost disappearing at 1.1 V. Incorporating
the CV results (Figure 4.9a), we note that a very pronounced reduction peak is present at a
discharge voltage of 0.8 V, and this peak becomes significantly reduced as charging exceeds
1.1 V. Following the peak index, which is found to be the (001) reflection of NVO
(NaV20s5)*®, one can directly evidence that Na" ions are intercalated into the HVO cathode
material structure at around 0.8 V and deintercalated from the HVO at a charging voltage of
1.1 V. Further supporting the fact that Na* ions as an electrolyte additive do insert/extract
from the vanadium-based cathode during cycling, this finding is in perfect agreement with the
previous CV profile. The appearance of the aforementioned representative ZVO and NVO
reflections can be illustrated in Figure 4.10e. From the counter map (Figure 4.10f), the
reflection peaks of HVO display a regular shift during the charge and discharge process,
which suggests that the ions migrate freely from the HVO lattice. Therefore, the reversible de-
/intercalation processes of Na* and Zn*" ions between the HVO cathode and electrolyte are
validated by this ex situ XRD patterns, which offer solid evidence for the reversibility of the

Zn**/Na" co-intercalation mechanism.
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To further determine the ion migrations during charging/discharging, the composition of
the product on the cathode can be obtained directly by ICP-OES technique. The positive
electrode products used for the ICP-OES test had been rinsed sufficiently with DI water, thus
the interference of the electrolyte components on the results could be excluded. The
concentrations of Na and Zn on cathodes vary with the charging/discharging process as shown
in Figure 4.11a and Figure 4.11b, respectively. It is observed that the amount of Na in the
HVO electrode reduces during discharging and increases during charging, which is in perfect
agreement with the previously verified insertion/extraction behavior of Na® ions in the
cathode material. Furthermore, we notice that a significant gap is exhibited in Na

concentration between the discharge voltages of 0.9 V and 0.8 V, i.e., a large amount of Na*
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ions migrate from electrolyte into the cathode. Similarly, the Zn concentration shows the
same trend as Na, with the noticeable amount of change occurring as the voltage decreases
from 0.8 V to 0.55 V. Morcover, results of the effects on Zn concentration variations at HVO
cathode for electrolytes with and without Na* additives are collected in Figure 4.11c. The
comparison finds that at the fully discharged state (0.2 V), adding Na* ions enable more Zn>"
ions to be stored in HVO cathode. In contrast, in the battery system without Na* addition, the
amount of Zn?* ions on the HVO cathode is obviously less and much more Zn*" ions remain
on the cathode when charging ends compared to its initial onset (at the beginning of
discharge). This finding suggests that Na* ions can assist more Zn*" ions to insert into the
cathode, as well as reflects the fact that Zn?>" ions will not be confined and provides more

insertion vacancies for the coming Zn?" ions in the subsequent process.
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Figure 4.11. The molar ratio of a) Na and b) Znnormalized to V in 1 M ZnSO4/1 M Na2SO4

electrolyte at various charge/discharge states. ¢) The molar ratio of Zn in different electrolytes
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at various charge/discharge states. XPS spectra of d) Zn 2p and e) Na 1s with their content
percentages on the cycled HVO cathode under varying voltages. XPS spectra of V 2ps» at
fully discharged (0.2 V) and fully charged (1.6 V) states in f) I M ZnSO4/1 M Na2SO4 and g) 2
M ZnSOxs electrolytes. Inset pie charts are the respective percentages of V+* and V>*.

Moreover, XPS results reveal the chemical state changes of Zn 2p and Na Is in HVO
cathodes under varied cycling states. As shown in Figure 4.11d, no trace of Zn 2p signals is
detected on the pristine HVO cathode, conversely, the characteristic peaks of Zn 2p32 and Zn
2p12 at 1022.3 eV and 1045.5 eV are found to increase gradually as it discharges, and a
maximum is reached at 0.2 V with a relative Zn content of 16.4%. This indicates that Zn**
ions are continuously intercalated into the HVO cathode during this process, in turn, the
majority of Zn*" ions flows out from the cathode upon reverse charging, which is reflected in
the weakening of its characteristic peak. Once the charging is finished, however, the
characteristic peaks of Zn can still be observed, these residual Zn could be attributed to a
portion of electrolyte remaining on the cathode surface or the formation of ZnV3Os!%1:337:338,
The variation of Na on cathodes in Figure 4.11e shows a similar profile to that of Zn, even
though its relative content in the HVO lattice is comparatively less, and the surface-adsorbed
or lattice-trapped Na* species may contribute to the corresponding weak Na 1s signal at its
fully charged state. The chemical states of V 2p in the pristine and cycled cathodes can also
be analyzed by XPS technique. Of them, multi-valent states of V>* and V** appears on the
pristine HVO cathode with the corresponding binding energies of 517.8 eV and 516.2 eV for
V 2psn, respectively. In ZnSO4/NaxSO4 electrolyte as shown in Figure 4.11f, the content ratio
of V#/V3* in the pristine HVO is calculated to 0.499, then it increases to 0.731 when the cell
is discharged to 0.2 V and an enhancement of V*" characteristic peak is observed, which
implies a reduction of V°* in the electrode material to V** as ion intercalation occurs®*®-34,
Since metal ions will coordinate with the oxygen in the lattice after entering the HVO layers,
resulting in a lowered V valence. In contrast, the content ratio recovers to an extremely close
value (0.500) to the initial state after the battery is charged to 1.6 V, indicating that this

Zn*/Na" co-intercalation is highly reversible®”!®*, However, in the absence of Na' ion

additive (Figure 4.11g), this content ratio is as high as 0.581 at the same state of charge,
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illustrating that a large amount of Zn*" ions are confined in the material lattice, which is
consistent with the ICP-OES results. Therefore, the presence of a Zn*>*/Na® co-insertion
mechanism is evident from the ICP-OES and XPS results. Incorporating the CV profile of
HVO cathode with ZnSO4/Na2SO4 electrolyte in Figure 4.9a, Zn?* and Na" de-/intercalation
mechanism in HVO cathode can be illustrated in Figure 4.12. During the discharge, Na* ions
in the electrolyte are first inserted into the cathode at a voltage of 0.8 V, with a minor
expansion of the layer spacing. Then the Zn?>' ions in the electrolyte insert into the cathode
when it discharges to 0.55 V, at which point the layer spacing expands to 8.475 A. In the
charging range from 0.7 V to 1.1 V, the previously inserted Zn** ions are gradually extracted
from the cathode. As the charging voltage approaches 1.1 V, Na" ions in the HVO cathode
comes out accompanied by Zn?" ions, the layer spacing is reduced to 8.351 A at the fully
charged state. Since the radius of Na* ion is larger than that of Zn>" ion, the Na" ions inserted
into the material first can serve as pillars to support the cathode laminar structure, thus
allowing Zn?" ions to be easily and freely inserted into or extracted from the positive electrode
without noticeable deformation. Therefore, such reversible intercalation chemistry allows
vanadium-based cathodes to store more Zn®*' ions and realize a high-performance

rechargeable aqueous Zn-vanadium battery.
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Figure 4.12. Schematic illustration of Zn?" and Na" de-/intercalation mechanism in HVO
cathode.

Furthermore, we conducted XRD measurements on the cathodes after cycling to
determine the evolution of their structure. From the results, it can be seen that the cathode
with ZnSO4/NaxSOs4 electrolyte exhibits higher crystallinity and the diffraction peaks are
barely shifted or diminished (Figure 4.13b and Figure 4.13d). In contrast, without the
presence of the Zn**/Na' co-intercalation mechanism, the XRD profiles of the cathode
materials in Figure 4.13a and Figure 4.13c yield changes with the increased cycle number.
For example, the more significant changes in the HVO structure are the two diffraction peaks
framed out in Figure 4.13a. In particular, the peak located at 19.2° (labeled as (1)) disappears
gradually as the cycling progressed, while the intensity of the other diffraction peak (2)
located at 33.1°also reduces noticeably. Conversely, the corresponding reflection peaks in
Figure 4.13b remain virtually the same. Therefore, it can be determined that this Zn**/Na" co-
intercalation mechanism can stabilize the material structure and facilitate the realization of
high performance Zn-vanadium batteries. The EIS result indicates that the ZNVO material
can be well-preserved in ZnSO4/NaxSOs electrolytes after 200 cycles, which is mostly

attributed to the mechanism of Na" action on the cathode material (Figure 4.13¢).

96



As previously noted, the decline in cell capacity for the ZNVO cathode, when employing
a ZnSOs4 electrolyte, manifests as a reduction in the integrated area of the CV curve (Figure
4.4¢). This suggests that without the contribution of the Zn?*/Na* co-intercalation mechanism,
the Zn-ZNVO cell is susceptible to capacity degradation during cycling. On the contrary,
since Na" ions reversibly intercalate/de-intercalate within the cathode material, two pairs of
redox peaks and the integrated curve areas in Figure 4.13f remain essentially constant with
increasing cycle number. The positive effects of the Zn?"/Na* co-intercalation chemistry on
the HVO and NVO cathodes are also manifested in their test results (Figure 4.13g and Figure
A11). Moreover, the cycled HVO cathode morphology, as observed in Figure A12, exhibits
exceptional retention of the original nanowire post-cycling in a ZnSO4/NaxSOs4 electrolyte.
This contrasts significantly with the HVO cathode cycled in ZnSOs electrolyte, where

structural degradation is apparent.

In addition, we observed that in Figure 4.13g, the redox peaks shift as a function of the
cycle number, indicative of several underlying electrochemical and material processes
occurring during the battery cycling. This shift can primarily be attributed to structural
changes in the HVO electrode material, induced by repeated ion insertion and extraction,
including phase transitions and lattice distortions, which alter the thermodynamics and
kinetics of the redox reactions. Over multiple cycles, ion diffusion within the HVO electrode
material can become increasingly hindered due to structural degradation or clogging of ion

pathways, further contributing to the peak shifts.
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Figure 4.13. Ex situ XRD patterns of a) and b) HVO cathodes, ¢) and d) ZNVO cathodes in
different electrolyte at selected cycle numbers. e) Nyquist plots of ZNVO cathode in 1 M
ZnS04/1 M NazSOs electrolyte over the frequency range of 100 mHz-1 MHz. Inset is the
equivalent circuit diagrams. CV profiles of f) ZNVO cathode and g) HVO cathode in 1 M
ZnS04/1 M Na2SOs4 electrolyte at selected cycle numbers.

Furthermore, it is noticed that the peak pair at 0.8/1.1 V is enhanced with an increasing
cycle number, which is possibly due to the compensation of the capacity loss of Zn*" ions
from long cycles by Na' ions at a later stage. In this regard, the ZNVO cathodes after cycling
are then subjected to CV tests in ZnSO4 and Na2SOs electrolytes, respectively, to estimate the
respective capacity occupancies of Na* (rouge) and Zn?>* (mint) by integrating their curve
areas, and the results are shown in Figure 4.14a-c. The calculated capacity contribution of

Na" de-/intercalation in the ZNVO cathode rises from 38.4% at 50th cycle to 50.7% at 500th
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cycle, with a corresponding decline in the capacity contribution of Zn>" ions (Figure 4.14d).

This result validates our previous speculation and reveals that Na" ion contribute to the

battery capacity.
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Figure 4.14. CV profiles of ZNVO cathode in 1 M ZnSO4/1 M Na2SOs4 electrolyte at its a)
50th cycle, b) 200th cycle and c) 500th cycle. Yellow: total capacity; mint: capacity
contribution of Zn** de-/intercalation; rouge: capacity contribution of Na* de-/intercalation. d)
Capacity contribution of Na® ion (rouge) and Zn>" ion (mint) from ZNVO cathode in 1 M
ZnS0O4/1 M NaxSOs electrolyte at different cycles (averaged over three samples), with
respective standard deviations of +7.06% (Na* at 50 cycle), £0.08% (Zn** at 50 cycle),
+5.65% (Na* at 200™ cycle), £7.70% (Zn>* at 200™ cycle), £2.09% (Na* at 500" cycle) and
+3.40% (Zn>" at 500" cycle).

Since the vanadium-based materials belong to the extrinsic pseudocapacitance®*!, the
study of their pseudocapacitve behavior in Zn-ion batteries is particularly necessary. To
comparatively understand the mechanism of Zn?"/Na* co-intercalation and single Zn>*
insertion in the cathode, a vanadium electrode with different electrolytes is taken for CV tests
at different scan rates. The HVO cathode was used here to exclude the effect of pre-inserted
cations. As shown in Figure 4.15a and Figure 4.15b, the CV curves maintain a similar shape

at different sweep rates, and accordingly, both the 1st and 2nd anodic peaks shift slightly with
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increasing rates of scanning, indicating the fast electrochemical kinetics of the HVO
cathode®’. As reported in previous studies, the reaction kinetics of surface-controlled and
diffusion-controlled are different which can be studied according to the following equation
(Equation (23) was already mentioned in Section 2.4.6) through the relationship between the

scan rates (v) and peak currents (7)****%:

I = avb (23)
which can be reformulated as:

log(i) = blog(v) + log (a) (27)

where b denotes the slope of the log(7) vs. log(v) plot, which typically ranges from 0.5 to 1.
When the b value approaches 0.5, the electrochemical process is dominated by ion diffusion
control; while if the b value approaches 1, the charge/discharge process will be dominated by
surface control (or pseudocapacitive behavior)*®®*% In ZnSO4 electrolyte, the b values of
peaks 1, 2 and 4 in Figure 4.15a are calculated by fitting the log(7) vs. log(v) curve (Figure
4.15d), and they all yielded results close to 0.5, suggesting that the electrochemical reactions
of Zn** in Zn-HVO cells are mainly controlled by ion diffusion. As for the calculation results
of the HVO cathode in ZnSO4/Na2S0s electrolyte, except for peak 4 which is nearly equal to
0.5, peaks 2 and 3 are in the range of 0.5-1 (Figure 4.15¢). The peak 1 in this battery is not
targeted in the calculation because its peak intensity remains constant or even decreases as the
sweep speed rises (Figure 4.15b). We believe that it is possible due to the cathode material
which makes it difficult for Zn?" ions to extract from the cathode at this point, and instead
Zn*" ions are released from the cathode at 1.1 V (Peak 2) along with Na" ions.
Correspondingly, the intensity of peak 2 shows a greater increase than other peaks. As
previously stated, the insertion of Zn** ions occurs at peak 4, which has a corresponding b
value close to 0.5, hence the process of Zn>" entering the cathode at this point is dominated by
ion diffusion control. The relevant b values for the other peaks are 0.701 and 0.839, thus the

ion behaviors at these voltage states are synchronously controlled by ion diffusion and surface
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capacitance. Also, calculations performed for the test results of ZNVO cathode yielded
similar outcomes, as illustrated in Figure 4.15c and Figure 4.15f. Its higher b values of peaks
1 and 4 might be attributed to the influence of ion pre-insertion, but overall, the reversible
behavior of Na“ ion at the electrode powers the enhancement of surface-controlled
capacitance, which contributes to the excellent rate performance of Zn-vanadium batteries at
high current densities. In addition, we note that the oxidation peak at high voltage gradually
disappears as the scan rate increases, which we attribute to kinetic limitations of the
electrochemical reactions. At higher scan rates, the time available for electrochemical
processes is significantly reduced, leading to a diminished current response for slower
electrochemical reactions, such as the oxidation peak at high voltage. This phenomenon is
primarily attributed to several factors: the diffusion layer near the electrode surface becomes
thinner, limiting the diffusion of reactants to the electrode surface; the rate of charge transfer
is slower than the potential sweep rate, preventing the reaction from reaching completion; and
surface processes such as adsorption and desorption of species on the electrode become less
effective. These combined effects result in the observed attenuation or disappearance of the

oxidation peak at higher scan rates.
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Figure 4.15. CV curves of a) HVO cathode in 2 M ZnSOs electrolyte, b) 1 M ZnSO4/1 M
NaxSOs4electrolyte, and ¢) ZNVO cathode in 1 M ZnSO4/1 M Na2SOs electrolyte. The range of
scan rate is 0.1-1 mV s™'. d) The corresponding plots of log(i) vs. log(v) for HVO and ZNVO
cathodes in different electrolytes.

Furthermore, in terms of the power-law relationship, the surface-contributed capacity can

be quantified through the following equation*4%°:

1
or
i 1
Z= kyvZ + ky (29)

1
V2

1
where i, kv, and k,vz represent the current response, capacitance, and ionic diffusion

325 Accordingly, the respective capacitance contribution at various

contributions, respectively
scan rates can be obtained. As shown in Figure 4.16b and Figure 4.16c, both HVO and
ZNVO cathodes exhibit a steady growth in capacitance contribution as the scan rate is
increased, and the percentage of their capacitance contribution surges to more than 80% after

elevating the scan rate to 1 mV s™'. In comparison, the capacitive contribution of the HVO

102



cathode in the ZnSOs electrolyte is significantly less than that in ZnSO4/Na2SOs4 electrolyte,
with a capacity contribution of only 39% at a scan rate of 1 mV s (Figure 4.16a), which
demonstrates that the incorporation of Na" ions enables the Zn-vanadium batteries to have

favorable charge transfer kinetics?®.
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Figure 4.16. The capacitive contribution percentage at different scan rates of a) HVO cathode
in 2 M ZnSOselectrolyte, b) 1 M ZnSO4/1 M Na2SOs electrolyte, and ¢) ZNVO cathode in 1 M
ZnSO04/1 M Na2SOs4 electrolyte.

4.4. Conclusion

In summary, we have developed an ultra-stable RAZB characterized by a novel and
highly reversible Zn?>*/Na" co-intercalation mechanism within vanadium-based cathodes. The
core of our research revolves overcoming the persistent challenge of V20s cathode material

dissolution during cycling, thereby unlocking the door to significantly improved battery
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stability. Our research is organized into two main parts: the synthesis of Zno3Nao43V20s
(ZNVO) cathode materials using a pre-intercalation method, an in-depth analysis of the
mechanism involved. By finely tuning the concentration of intercalated ions, the optimized
ZNVO cathode showcases an extraordinary discharge capacity of 350 mAh g! at 1 C,
outperforming many other vanadium-based cathode materials. Furthermore, the employment
of a 1 M ZnSO4/1 M Na2SOs electrolyte alongside the ZNVO cathode forms a dual-ion
intercalation system, pivotal for the electrochemical performance of RAZBs. Our extensive
electrochemical evaluations reveal a sequential insertion process: Na' ions first intercalate at a
discharge voltage of 0.8 V, followed by Zn?" ions at 0.55 V. During the reverse charging
process, Zn*>" ions are extracted first during the charging stage from 0.7 V to 1.1 V, followed
by Na'ions as the voltage rises to 1.1 V. The larger ionic radius of Na' plays a decisive role
in maintaining the structural integrity of the cathode, thereby averting structural collapse over
repetitive cycling. This co-intercalation chemistry has significantly enhanced the cycling
performance of the ZNVO cathode, particularly evident at high current densities, with a
capacity retention of over 90% after 4000 cycles, and a discharge capacity of 209 mAh g™! at
5 C. More importantly, this Zn?>*/Na" co-intercalation mechanism is not exclusive to ZNVO, it
has also been successfully applied to other vanadium-based materials such as HVO and NVO,
all of which display superior cycling stability and extended lifespan. Expanding upon this, the
scalability of this technology is initially tested by fabricating larger 9 mAh batteries. These
high-capacity cells mirrored the exceptional performance of their smaller counterparts (coin-
type cells), demonstrating that this advanced aqueous Zn-ZNVO battery is scalable and has

great potential to be translated into practical energy storage solutions.
However, there are some shortcomings in this study:

(1) Additional characterizations and electrochemical tests are necessary to clarify the
advantages of the pre-inserted ratio of 0.7:1 (ZNVO-2) material over other ratios. For
example, to explore the effect of different pre-insertion ratios on nanowire morphology and

their corresponding CV curves. Merely demonstrating cycling performance is insufficient.
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(2) It also remains to be determined whether structural H20 is incorporated in the ZNVO
material (which is expected); if present, the role of this structural H2O requires further

elucidation (this will be challenging).
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Chapter 5. Unveiling the Ionic Crosstalk in Aqueous Zn-MnO:

Batteries

5.1. Introduction

In the research on RAZBs, my study transitions from vanadium-based cathode materials
to manganese-based cathode materials due to several compelling reasons. Firstly, in terms of
performance, manganese-based cathode materials such as MnO: exhibit higher specific
capacity and better cycling stability compared to V20s materials. Specifically, MnO2 can
contribute a theoretical capacity of 616 mAh g, which is higher than the 589 mAh g’

theoretical capacity of V20s>*¢3%7

. With appropriate material design and modification,
manganese-based materials demonstrate significant improvements in structural stability and
cycling life. Furthermore, these materials exhibit superior capacity retention during cycling,
being less prone to structural degradation and capacity decay. Secondly, regarding safety and
environmental impact, vanadium compounds are known to possess a certain level of toxicity,
which can adversely affect both the environment and human health. In contrast, manganese-
based materials are relatively non-toxic and environmentally benign, making them more
suitable for large-scale production and application. Thirdly, from the perspective of resource
availability and cost, vanadium resources are relatively scarce and expensive (30-60 USD kg
1, limiting their economic feasibility for widespread application. Conversely, manganese
resources are abundant, inexpensive, and easily accessible, providing significant cost
advantages (2-10 USD kg!). Moreover, manganese resources are widely distributed globally,
ensuring stable and sustainable supply chains. Additionally, MnO: operates at a higher
working voltage compared to many vanadium-based cathodes, contributing to an overall
increase in the energy density of the battery**®3°!. This higher working voltage, combined
with the greater specific capacity, allows manganese-based RAZBs to achieve significantly

improved energy density, making them more efficient for energy storage applications.
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However, despite these advantages, aqueous Zn-MnO: batteries face several issues.
Within this, both the MnO: cathode and the Zn anode face distinct yet interrelated challenges
that impede the performance and longevity of the Zn-MnQO: battery. Persistent challenges
with the MnO: cathode include low electrical conductivity, volumetric instability due to
structural changes, irreversible phase transitions, and severe dissolution, leading to capacity
degradation®273%°, Moreover, the Zn anode is plagued with issues such as dendrite growth,
non-uniform zinc deposition and corrosion, which compromise electrode stability®3¢38,
Recent advancements in addressing these challenges for the MnO2 cathode have included

359-361

nanostructuring of the active material to enhance conductivity , doping additives to

362-364 365,366

mitigate phase transitions , and surface modification to reduce material dissolution

For the Zn anode, developments have focused on incorporating electrolyte additives to

367,368 369,370
b

suppress dendrite formation , structural anode designs for uniform zinc deposition
and employing alloyed materials to improve anode stability or reversibility*’!. Despite these
improvements, a critical gap remains in understanding the effects of active species,
particularly Zn*" and Mn*" ions, on their respective counter electrodes within the Zn-MnO2

battery system. Investigating the interactions and influences of these ions on the electrodes

could provide comprehensive insights into further optimizing battery performance.

Crosstalk, in a broad sense, denotes the interaction or interference between distinct
components within a system, resulting in unintended effects. Electrode crosstalk, a prevalent
phenomenon in lithium-ion batteries, describes the process in which by-products (e.g.,
transition metal ions, gaseous, etc.) generated at one electrode migrate through the separator
to the other electrode, initiating detrimental side reactions at the counter electrode®’>>”°, In a
significant discovery, we observe the presence of ionic crosstalk in the aqueous Zn-MnO2
battery. Distinct from electrode crosstalk in lithium-ion batteries, the ionic crosstalk
phenomenon observed in this study involves the transfer of active species (i.e, Mn?" and Zn**
ions) between the MnO: cathode and the Zn anode, which significantly triggers electrode

destabilization and degrades battery performance. The existing literature reveals a dearth of

comprehensive investigation into the ionic crosstalk in the aqueous Zn-MnOz2 battery system,
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with most studies focusing solely on the unidirectional effects of active species on the counter
electrodes®>*7®, In contrast, our work elucidates the bidirectional ionic crosstalk phenomenon,
including both cathode-to-anode and anode-to-cathode. Our observations illuminate the
migration of dissolved Mn?" ions from the MnO: cathode towards the Zn anode, instigating
notable fluctuations in Mn?>* concentration near the anode surface, consequently accelerating
anode corrosion and dendrite growth. A constrained Mn?** concentration gradient in the
electrolyte can significantly affect the crystallographic orientation of zinc deposits,
suppressing the growth of (100) and (110) crystal planes while promoting the (002)
plane®*'*7737  Conversely, significant Mn?** concentration gradients within the electrolyte
detrimentally affect the Zn anode, leading to irregular deposition and uneven surface
morphology, along with severe corrosion®’. On the other hand, the surplus of Zn** ions
emanating from the anode impacts the dissolution/deposition process of MnO:2 on the cathode.
This results in the persistent formation of Znx(MnOz)y (referred to as ZMO) on the cathode
surface, which may undergo an irreversible transition from amorphous nanosheets (ZMO-S)
into lowly crystallized nanoplates (Woodruffite ZMO, or ZMO-P). The accumulation of these
ZMO-P hinders physical contact between the conductive carbon, current collector, and active
cathode materials, impeding their complete dissolution/deposition and fostering capacity
decline over prolonged cycling®>3333381 Such crosstalk behavior of Zn** and Mn?* ions are
likely responsible for the occurrence of irreversible damage to the electrodes, culminating in

suboptimal electrochemical performance and eventual battery failure.

In this chapter, we delve into the previously overlooked phenomenon of ionic crosstalk in
the Zn-MnO: battery, offering a comprehensive analysis of its implications. Following this,
the next chapter will introduce an effective strategy aimed at mitigating this effect to improve

the performance of aqueous Zn-MnO: batteries.
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5.2. Experimental Methods
5.2.1. Material synthesis

The B-MnO:2 nanorods were prepared by one-step hydrothermal method. Specifically,
0.05 M manganese sulfate (MnSOs*H20, Sigma-Aldrich, 99%) solution and 0.05 M
ammonium persulfate ((NH4)2S20s, Sigma-Aldrich, 98%) solution were stirred vigorously in
DI water for 1 hour. Then transferred the solution to a 100 mL Teflon container and sealed it
in an autoclave and placed in a high-temperature oven and reacted at 140°C for 12 hours. The
obtained black colored product was washed several times with DI water and ethanol, then

dried in a vacuum oven at 60°C overnight.
5.2.2. Other experimental methods

The processes for cathode sheet fabrication, battery assembly, material characterization
techniques, and electrochemical testing follow the descriptions provided in Chapter 3;
therefore, detailed descriptions are omitted here. It should be noted that the mass loading of
the active material in each cell was approximately 3.0+0.2 mg cm™, and the voltage range of
the full cell test is 0.8-1.9 V. Three types of electrolytes were applied in this work, 2 M ZnSOx,
diluted sulfuric acid (H2SOs, Sigma-Aldrich, 95-98%) and 2 M ZnSO4+0.2 M MnSO4

solutions with pH=4.0+0.1.

Based on our group's previous studies and ongoing research, it has been concluded that
the 2 M ZnSO4+0.2 M MnSOs electrolyte formulation is optimal for aqueous Zn-MnO:2
cells***3%2 In addition, other electrolyte compositions have also been evaluated in prior work
by this group, but they have either resulted in suboptimal performance or stability issues. For
instance, higher concentrations of MnSOas did not significantly improve performance and
sometimes resulted in undesirable side reactions. Conversely, lower concentrations of ZnSO4
reduced ionic conductivity, impairing the battery's rate performance. Therefore, the chosen
electrolyte formulation (2 M ZnSO4+0.2 M MnSQs4) provides an optimal ion conductivity,

supporting efficient and stable operation of aqueous Zn-MnO:z cells.

109



5.3. Results and Discussion
5.3.1. The ionic crosstalk effect of Mn?" on Zn anodes

The practice of adding a moderate concentration of Mn?" ions to the ZnSOs4 electrolyte is
commonly employed to improve the performance of aqueous Zn-MnO: batteries. A critical
electrochemical process in these systems is the Mn*" disproportionation reaction, which
involves the transformation of Mn** ions into Mn?* and Mn**. The reaction can be represented
as 2Mn**—Mn*" + Mn*", where manganese ions primarily exist in the divalent state (Mn*")
within the electrolyte, while Mn*" is typically in the form of MnO2*3. The presence of Mn**
ions in the electrolyte facilitates these redox reactions, improving overall battery efficiency
and longevity. By optimizing the concentration of Mn?*, the electrochemical performance of
aqueous Zn-MnO2 batteries can be significantly enhanced, leading to better energy storage
and extended cycle life. Although extensive studies have been conducted on the effects of
Mn?*-enriched electrolytes on MnO2 cathodes, their impact on Zn anodes has received less
attention. Electrowinning research indicates that introducing Mn?" ions into ZnSO4 solutions
can reduce zinc metal corrosion and influence the morphology of zinc deposits by interacting
with Mn*" ions*%384385 " To more directly observe the positive influence of Mn?* ions on the
Zn anode, the in situ optical visualization setup was constructed for this purpose (as shown in
Figure 5.1a). The core of this setup is a video microscope camera connected to a computer
monitor, and a bracket adjuster (Figure 5.1b). This visualization system employs Zn foil as
both working and counter electrodes. These electrodes are positioned parallel to each other
with a designated gap to ensure they remain non-contact (Figure 5.1¢). The electrodes and the
electrolyte are placed between two glass slides, sealed by a rubber gasket to prevent leakage
of the electrolyte. The zinc deposition process was conducted through an electrochemical
workstation connected to this setup. In this work, we used a 2.2 M ZnSOs4 electrolyte to isolate
the influence of salt concentration, it is observed that a Zn-Zn symmetric cell exhibits more
uniform zinc deposition on the Zn electrode in the presence of Mn?" ions during charging.

Notably, after 900 s of deposition time under a constant current, considerable flakes growing
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vertically along the Zn electrode edge can be observed in the 2.2 M ZnSOs4 electrolyte (Figure
5.1d), in contrast to the smoother surface observed with Mn?" ions present (Figure 5.1¢). This

implies the role of Mn?" ions in promoting uniform zinc deposition and hindering vertical

dendrite growth.

\
Zn foil
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2M ZnS0,/0.2M MnSO,

Figure 5.1. a) Schematic diagram of the in situ optical visualization observation device. b)
Actual image of the in sifu optical visualization observation setup. ¢) Schematic of a
symmetric transparent electrochemical cell. /n situ optical visualization observations of zinc
deposition in d) 2.2 M ZnSOs4 electrolyte and e¢) 2 M ZnS04/0.2 M MnSOs electrolyte at
various deposition times. Scale bar: 200 pm.

Although some electrowinning studies have constrained Mn** concentration to a narrow
range for improving zinc product purity®®>%7_ our research further explores the optimal Mn?*
concentration in the ZnSOa electrolyte through linear polarization (LP) measurements. Figure
5.2a and Figure 5.2b reveal the effect of adding different Mn** amounts to ZnSOs electrolyte
on the corrosion potential of zinc metal. The results indicate that adding 0.2-0.3 M Mn?" to the

electrolyte significantly reduces the corrosion potential. However, given the lower cost of 0.2
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M, the electrolyte we mainly used in the electrochemical experiments in later chapters was the
one containing 0.2 M Mn?". In Figure 5.2c, the Zn-Zn symmetric cell with 0.2 M Mn?"
addition exhibits superior stability, in contrast to the cell with 0.5 M Mn?" addition, which
shows noticeable unstable cycling profiles and high voltage hysteresis. Although 0.1 M Mn**
addition maintains relatively stable cycling performance, the curve manifests distinct
fluctuations after approximately 87 hours. Upon closer examination of the enlarged profiles, it
becomes evident that 0.2 M addition results in a lower voltage hysteresis of 78 mV compared
to 147 mV of 0.1 M at 11 hour. Surprisingly, the cell containing 0.2 M Mn?" continues to

undergo reversible plating/stripping at a consistently low voltage hysteresis (84 mV at 87

hour).
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Figure 5.2. a) LP curves of Zn-Zn symmetrical cells using ZnSOs4 electrolytes with different
Mn?" additions, with a scan rate of 0.1 mV s™!. b) The corresponding Zn corrosion potential in
ZnSOy4 electrolyte with different Mn** additions. ¢) Galvanostatic cycling performance of Zn-
Zn symmetric cells in different electrolytes at a current density of 0.5 mA cm? and an areal
capacity of 0.5 mAh cm 2. Insets: detailed voltage profiles at specific cycling times.

Furthermore, we note that varying Mn?' concentration distinctly influences the

crystallographic orientation of zinc deposits. Typically, Zn (110) and (100) planes which align
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vertically to the Zn electrode surface are conducive to dendritic growth, whereas (002) plane
with parallel growth to the substrate is preferable to promote close-packed deposition and
result in a smooth electrode surface*®¥3%°, The XRD spectra presented in Figure 5.3a reveal
notable variations in the crystalline structure of Zn after 100 hours of plating/stripping with
different Mn>" concentrations in the electrolyte. With the addition of 0.2 M Mn?*, there is a
marked increase in the intensity of the (002) plane, accompanied by a decrease in the (100)
and (110) planes. However, increasing the Mn?*' concentration to 0.5 M leads to a
strengthening of the (100) and (110) planes, which suggests that higher Mn?" concentrations
can induce Zn*' ions to deposit along the vertical planes. The relative texture coefficient
(RTC) results of Zn electrodes cycled in various electrolytes are in agreement with the above

findings (Figure 5.3b). The RTC was calculated as the following formula®-*!:

Ltniry/Tocnicry (30)

X 100%
XUy /Morrn)

RTC(hkl) =

where Ik 1s the intensity obtained from textured sample, and /o) is the intensity of the
standard oriented sample (i.e., from pristine Zn foil data). The larger the RTC value, the more
obvious the texture. With the inclusion of 0.2 M Mn?*, the RTC for the (002) plane escalates
from 21.59 to 44.86, whereas the RTCs for the (100) and (110) planes diminish from 25.57 to
13.99 and from 17.18 to 11.09, respectively. The morphologies and crystal structures of zinc
deposits, following cycling in various electrolytes, are depicted in Figure 5.3c. Zinc deposits
obtained from the Mn-free electrolyte are primarily composed of moderately sized, dendrite-
like zinc slices. Contrasting this, the use of 0.2 M Mn?" decreases the crystal size and yields
compact deposits with a sheet-like structure, which aligns parallel to the Zn substrate. Upon
further increasing the Mn?" concentration to 0.5 M, there is a notable augmentation in the size
of the zinc slices, resulting in deposits that bear a striking resemblance to those formed in the
Mn-free electrolyte. Figure B1 illustrates the cycling performance of symmetric cells with an
areal capacity of 0.5 mAh cm™ at 0.5 mA cm™ in the presence and absence of 0.2 M Mn*".

The cell with 0.2 M Mn?* addition demonstrates significantly improved cycling performance,
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with a lower voltage hysteresis of about 78.6 mV after 15 hours of cycling, compared to 350
mV in the cell without Mn?" ions. In ZnSO4 electrolyte, voltage hysteresis rises to 548 mV
after 50 hours, which is ascribed to the rampant side reaction and extensive dendrite growth
on the Zn electrode surface, thus severely compromising the reversible zinc plating/stripping.
The symmetric cell with 0.2 M Mn?* remains stable for over 300 hours at 1 mA ¢cm™2/0.5 mAh
cm™? (Figure 5.3d), significantly outperforming the cell in ZnSOs electrolyte, which
experiences a sudden and irreversible voltage increase after about 80 hours of cycling.
Compared to the symmetric cell without Mn?* ions, it exhibits a significantly lower voltage
hysteresis with a stable voltage distribution over its entire lifetime. Rate performance tests of
symmetric cells with a constant areal capacity of 0.5 mAh cm™ at various current densities,
from 0.2 to 2 mA cm™, further confirm the benefits of 0.2 M Mn?* addition (Figure B2). It is
evident that the cell supplemented with 0.2 M Mn?>" consistently exhibits lower voltage
hysteresis at all current densities and maintains excellent stability and high reversibility at
elevated current densities, outperforming cells with ZnSOs electrolyte, which experiences

noticeable instability as the current density rises to 0.5 mA cm (~80 hours).
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Figure 5.3. a) Ex situ XRD patterns of Zn electrodes after plating/stripping in ZnSOg4

electrolyte with different Mn?* additions for 100 hours at 0.5 mA cm™ and 0.5 mAh cm™. b)
114



The RTC of Zn electrodes cycled in different electrolytes. ¢) Morphology of pristine Zn
electrode surface, and Zn electrode surface in ZnSO40 M Mn?*’, ZnSO40.1 M Mn?*",
ZnS04/0.2 M Mn?*, ZnS04/0.5 M Mn*" electrolytes after cycling for 100 hours at 0.5 mA cm™
and 0.5 mAh cm ™. Scale bar: 2 um. Inset in ¢) is the enlarged view, scale bar: 1 pm. d) Long-
term galvanostatic cycling performance of Zn-Zn symmetric cells in different electrolytes at a
current density of 1 mA cm 2 and an areal capacity of 0.5 mAh cm™2.

Despite the above benefits, Mn?>" concentration in the electrolyte can fluctuate
significantly in practical scenarios due to the continual dissolution of the MnO2 cathode,
leading to an escalation in Mn*" levels. To scrutinize this dissolution dynamic, extended
cycling experiments using a three-electrode system were conducted to explore how the
corrosion potential of Zn is influenced by varying rates of Mn?" concentration (ranging from 0
to 100 mM h). The results, depicted in Figure 5.4a and Figure 5.4b, clearly show that the
Mn?" concentration changes in the electrolyte lead to a notable corrosive impact on zinc metal.
A discernible negative shift in corrosion potential is evident with increasing variation rate of
Mn?" concentration, and notably, the detrimental effects on zinc metal become markedly
pronounced when Mn?* concentration varies beyond 61 mM h!. Hence, it is crucial to note
that substantial variations in Mn?" concentration in the electrolyte do not necessarily give
good results. These observations underscore the nuanced and multifaceted interactions
between Mn?" ion and the Zn anode in aqueous Zn-MnQO: batteries. On one side, Mn?" ions at
a proper concentration can significantly improve the performance of the Zn anode by
promoting uniform zinc deposition, facilitated by their interaction with the electrode surface.
However, a change in Mn?* concentration exceeding a certain threshold triggers accelerated
corrosion and dendrite growth, which counteracts the positive effects observed at appropriate
and stable Mn?" concentrations. The pronounced disparities in Mn?" concentrations can be
primarily attributed to the vigorous dissolution of the MnOz cathode, leading to the migration
of Mn*" ions towards the vicinity of the Zn anode and establishing a high concentration
gradient on its surface. We define this phenomenon as ionic crosstalk, where the Mn?" ions
originating from the cathode migrate to anode, triggering detrimental side reactions. The
implication of this finding is significant, as it underscores the dynamic interplay between the

cathode and anode, and its impact on the stability and performance of Zn anodes. Therefore,
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the variation of Mn?" concentration in the electrolyte or near the anode has to be meticulously
controlled to mitigate its crosstalk effect, which may be a vital factor in optimizing the

performance of aqueous Zn-MnOz battery.
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Figure 5.4. a) The obtained LP curves as the Mn** variation rate in the ZnSOs electrolyte
increases. The scan rate is 0.5 mV s!. b) The corresponding change in Zn corrosion potential
with the Mn?" variation rate. The error band is obtained from three trials.

5.3.2. The ionic crosstalk of Zn?* on MnO; cathodes

It has been previously proposed that MnO:2 undergoes a reaction with zinc sulfate
hydroxide hydrate, resulting in the formation of Zn-vernadite or Zn-birnessite, which
progressively accumulates on the cathode surface during extended cycling®*37¢. This
accumulation compromises the physical contact between active materials and conductive
carbon, precipitating a decline in capacity for MnO:z cathodes. The central factor in this
phenomenon involves the crosstalk behavior of Zn** ions and directly influences
deposition/dissolution of MnO> and the cathode composition. In the initial cycles, Zn>" ions
released from the Zn anode accumulate on the cathode and form flaky ZnsSO4(OH)e*nH20
(ZSH), which then reacts with dissolved Mn?" to generate Znx(MnO2)y nanosheets (ZMO-S)
as cycling continues. After 100 cycles in the ZnSOa electrolyte, significant changes in the
surface morphology of the MnO: cathode are observed (Figure 5.5a), with the original
nanorod structures giving way to sheet-like ZMO-S formations due to dissolution, primarily
driven by H intercalation®***’®, This effect is further exacerbated by Zn?>* ionic crosstalk,

giving the way to the transition from nanorods into ZMO-S. With further cycling, these ZMO-
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S aggregates evolve into dense nanoplates (ZMO-P) layer, extensively enveloping the cathode
surface and creating discernible cracks after 300 cycles. This phenomenon is even more
pronounced in the ZnSO4/MnSOs electrolyte, as observed in Figure B3. As a complement to
the cathode surface analysis, EDS analysis confirms the composition of the dense material
covering the electrodes after long-term cycling in both electrolytes is ZMO, as evidenced in
Figure 5.5b and Figure B4. Therefore, the ionic crosstalk in the aqueous Zn-MnO:2 battery
encompasses not only the migration of Mn?" ions from the cathode to anode but also the

movement of Zn*' ions from the anode to cathode.
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Figure 5.5. a) Morphology evolution of the MnO2 cathode in the discharged state at selected
cycle numbers in 2 M ZnSOs electrolyte. b) Elemental mapping images of MnO: cathode in 2
M ZnSOs electrolyte at 10th discharge and 300th discharge. Scale bar: 2 pm.

To ascertain that the crosstalk observed on the MnQ» cathode is attributed to Zn®" ions

stripping from the Zn anode, we conducted experiments with the Zn>" ions completely
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omitted from the electrolyte, replaced by an H2SOa4 solution of identical pH (4.0+0.1). The
MnO: cathodes at the fully discharged state after 5 cycles were examined by using XRD
technique. As shown in Figure 5.6a, the cycled cathode shows a distinct diffraction peak at
8.52°, which is indexed to (002) diffraction plane of ZSH (ZnsSOs(OH)e*4H20). This
observation indicates that the Zn>" ion influencing the MnO> cathode indeed stems from the
Zn anode, as evidenced by the early formation of ZSH. Besides, the structural evolution of
MnO: and the generation of ZMO during prolonged cycling were monitored. The XRD
profiles in Figure 5.6b display diffraction peaks indicative of ZSH (blue), MnOOH (yellow),
and MnO: (orange). As the cathode undergoes cycling in a ZnSOs4 electrolyte, the intensities
of these diffraction peaks gradually decrease. After 300 cycles, both ZSH and MnOOH are
nearly disappearing, while only a minimal amount of MnO:2 remains on the cathode.
Conversely, the peaks of ZMO (green), specifically the crystal planes located at 19.0° and
36.2°, become more pronounced as the number of cycling extends, suggesting the continual
generation of ZMO on the cathode. Given that the MnO2 cathodes were examined at a fully
discharged state, the resulting ZMOs are likely crystalline nanoplates (i.e., ZMO-P) that do
not fully dissolve, as opposed to amorphous nanosheets (i.e., ZMO-S). The reduction in
MnOOH and ZSH peak intensities implies decreased MnO2 dissolution, possibly due to a
significant portion of MnO:z has been irreversibly transformed into ZMO-P. This phase
transition, alongside the formation of a dense ZMO-P barrier layer on the cathode, obstructs
H" intercalation. XRD results (Figure 5.6¢) of MnO2 cathodes in a ZnSO4/MnSOs electrolyte
further supports these findings, showing a rapid disappearance of active material peaks within
100 cycles, indicative of swift ZMO-P formation. These outcomes are attributable to the Zn>*
ionic crosstalk, which results in the generation of numerous ZMO-P, subsequently degrading
the capacity and performance of the cathode. XPS technique was utilized to accurately
identify the elemental composition and the respective chemical states, thereby elucidating the
constituents of the cathode. As depicted in Figure 5.6d, the discharged MnO: cathode
exhibits multivalent Mn states post-cycling, with the binding energies of 642.40 eV for Mn**

and 644.77 eV for Mn*". These Mn-based substances correspond to Mn*" and Mn*" are
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MnOOH and ZMO-P, respectively. Notably, in the ZnSO4 electrolyte, a progressive increase
in Mn*" content and the emergence of a distinct Mn*" peak signify an irreversible phase

transition of MnO2 into ZMO-P due to Zn?* ionic crosstalk during battery operation.
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Figure 5.6. a) Ex situ XRD patterns of MnO: cathodes in H2SO4 electrolyte at 5th discharge.
Ex situ XRD patterns of MnOz cathodes in the discharged state in b) 2 M ZnSOa4 electrolyte
and ¢) 2 M ZnS040.2 M MnSO4 electrolyte at selected cycle numbers. ZSH
(ZnaSO4(OH)e*4H20, PDF# 00-044-0673), MnOOH Groutite (PDF# 99-000-1423), ZMO
Woodruffite ((Zn,Mn)2Mns0124H20, PDF# 99-000-4329), B-MnO: (PDF# 04-005-4881). d)
XPS spectra of Mn 2p from the discharged MnO: cathodes.

The in situ XRD technique was further adopted to elucidate the irreversible phase
transitions experienced by the MnO: material on cathode within a single cycle. Prior to
observation, the cell underwent preliminary cycling for 24 hours (about 30 cycles) to ensure
its activation. The end of the first discharge, as recorded in the GCD following activation
(Figure 5.7a), reveals a pronounced reduction in the peak intensities of the (110), (101), (211),
and (220) planes corresponding to MnOz, indicating a rapid depletion of the active material
(i.e., MnOz). Subsequently, the emergence of the (102), (003), and (213) planes attributable to

the by-product ZMO-P is noted during the reverse charging. Particularly notable is the
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observation at the end of the second discharge, where the diffraction peaks corresponding to
neither MnOOH nor MnO:z recover to their original positions, but instead are slightly shifted
to higher angles. For instance, the MnO2 (101) plane is distinctly shifts to a higher angle
(lower d-spacing) following re-discharge, positioning the diffraction peak of the discharged
product intermediate to those of MnO2 (101) and ZMO (213). This suggests a considerable
portion of the active material is irreversibly transitioned into lowly crystallized ZMO-P,
which impedes the complete dissolution of the charging product ZMO-S. According to the
corresponding 2D synchrotron grazing-incidence X-ray diffraction (GIXRD) patterns (Figure
5.7b and c), vividly display the shifts in the crystallographic planes of MnOOH (101), MnO:

(110) and (101) subsequent to two consecutive discharges.
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Figure 5.7. a) GCD curve and in situ XRD counter map of MnO:2 cathode in 2 M ZnSOs4
electrolyte at determined voltages. The applied current density is 2 C. GIXRD patterns of the
MnO: cathode corresponding to b) the first discharge and c) the second discharge of the GCD
curves in a).
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In light of the above findings, one can conclude that the dissolution of MnO2 and Zn?*
ionic crosstalk behavior collectively instigates the premature and rapid thickening of ZMO-P.
The pristine MnO2 cathode undergoes severe dissolution during discharge and releases
numerous Mn?* ions, which co-deposit with Zn>" ions near the cathode during charging to
form ZMO-S and ZSH on the cathode surface. This repetitive dissolution and redeposition
cycle promotes the irreversible transition from amorphous ZMO-S to lowly crystalized ZMO-
P. Although ZMO-S exhibits favorable electrochemical activity and may provide partial
capacity, the transformed ZMO-P is less electrochemically active and hinders H' intercalation
while fails to dissolve, thereby degrading the cathode's electrochemical performance.
Consequently, addressing this issue necessitates hindering the formation of ZMO-P and
maintaining the production of active ZMO-S throughout the battery cycling process. To
illustrate these findings, we present a schematic diagram (Figure 5.8) that elucidates the
consequences of ionic crosstalk on electrode in the aqueous Zn-MnO: battery. This diagram
specifically highlights how Zn?" ionic crosstalk induces an irreversible phase transition from
MnO: to ZMO-P, which impedes the dissolution of the active material and reduces the
electrochemical activity and efficiency of the cathode. Furthermore, the impact of Mn*" ionic
crosstalk on the Zn anode is especially pronounced under significant Mn?* concentration
gradients, leading to irregular deposition patterns and dendrite formation. Observations also
indicate that in electrolytes with low or absent Mn*" ions, the uniform deposition of zinc
products is adversely affected. These insights underscore the importance of comprehending
and mitigating ionic crosstalk in aqueous Zn-MnO: batteries to enhance electrode

performance and ensure the long-term reliability of these energy storage systems.
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Figure 5.8. Schematic illustration of the Zn?" ionic crosstalk effect (upper) and Mn** ionic
crosstalk effect (lower) in the aqueous Zn-MnO: battery.
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5.4. Conclusion

This work pioneers the discovery of bidirectional ionic crosstalk phenomenon, an aspect
previously overlooked in the field of aqueous Zn-MnO: batteries. Through in situ optical
visualization observations, we observe that a stable Mn?" concentration fosters uniform zinc
deposition, while notable fluctuations in Mn?* concentration induce rapid dendrite growth. In
addition, XRD and LP results reveal the intensification of vertical planes (100) and (110) in
the zinc deposits and severe anodic corrosion caused by Mn?" ionic crosstalk, which
undoubtedly increases the risk of internal short-circuiting of the cell. Moreover, we uncover
that Zn>" ions are catalysts for the phase transition of the cathode material. Zn** ions stripped
from the anode co-deposit with Mn*" ions during charging and form ZMO-S on the cathode
surface. The repeated dissolution and redeposition of this material as the battery cycling
progresses not only promotes the transformation of amorphous ZMO-S to low-crystalline
ZMO-P, but also degrades the cathode's charging and discharging efficiencies. Although
some prior studies have detailed the phase transition of ZMO at the cathode, they have not
comprehensively addressed the crosstalk behavior of Zn** and Mn** ions. Our findings
provide a crucial complement to these studies and underscore the detrimental effects of ionic

crosstalk on electrodes.
Furthermore, there are some concerns related to this work that require further attention:

(1) Although we elaborate that violent Mn** concentration changes affect the deposition
morphology of the Zn anode, the increase in Mn?" concentration from 0.2 M to 0.5 M (for
example, in a 140 pL electrolyte) requires the dissolution of over 3.65 mg of MnO: cathode
material, which is apparently unrealistic in our coin-type cell. The average mass of active
material on the cathode in a coin cell is about 3.40 mg. Therefore, we need to fill in the blanks
between 0.2 M and 0.5 M and add a couple of additional experiments with other Mn?*

concentrations.
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(2) It is also unfortunate that since the transition from ZMO-S to ZMO-P is a
continuously cumulative process (which may require hundreds of cycles), it is challenging to

find a suitable technique to characterize this long process.
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Chapter 6.  An Effective Method for Mitigating Zn>*/Mn?* Ionic

Crosstalk

6.1. Introduction

In Chapter 5, we report a previously neglected phenomenon in aqueous Zn-MnO2
batteries, which we have defined as “ionic crosstalk”. This discovery sheds light on how ionic
crosstalk can degrade cycling lifespan and heighten the potential for internal short circuits,
which can critically affect the overall battery performance. To fundamentally mitigate the
crosstalk effect of Zn?* and Mn?* ions at the electrodes, in this chapter, we introduce a cathode
electrolyte interface in the form of a poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP)-based membrane, denoted as PM, which is applied over the MnO: cathode
surface. PVDF-HFP was chosen as the polymer substrate for the membranes because of its
superior mechanical stability and lower crystallinity relative to other polymers**>=%. The
nanocomposite membrane with specific pore designs was created through the efficient and
convenient dry phase inversion method®**3%. As a result, this PM possesses enriched
polarizable fluorinated functional groups and a hierarchical porous structure, facilitates strong
interactions with cations and effectively controls ion release. This PM implementation ensures
an even ion distribution and simultaneous regulation of both Zn** and Mn?* ion fluxes. Such a
strategy can markedly mitigates adverse ionic crosstalk effects at the electrodes, promotes
targeted in situ generation of reactive ZMO-S at the cathode, and ensures uniform zinc
deposition at the anode (Figure 6.1), thereby prolonging the operational durability of both
electrodes. Upon evaluating the electrochemical performance of aqueous Zn-MnQO: batteries
with PM, a specific capacity of 187.7 mAh g'! is attained over 1000 cycles at 2 C, giving a
capacity retention exceeding 97%. Furthermore, it offers 1.5 times longer lifespan in cycling
tests and higher coin-type cell capacity (0.56 mAh) in comparison to other state-of-the-art
aqueous Zn-MnO: battery systems. Most importantly, the cycling performance of these
batteries demonstrate high reproducibility, with average Coulombic efficiencies of over 99.8%

and minimal capacity deviation of £5.01 mAh g™ (2.66%). Such high consistency in battery
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performance demonstrates the reliability of the PM approach. We are confident that this
straightforward and effective method has great potential and promises to advance the

development of aqueous Zn-MnO: batteries for real-world energy storage applications.
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Figure 6.1. Schematic of the PM function in the aqueous Zn-MnO: battery.
6.2. Experimental Methods

6.2.1. PM fabrication

The casting solution used for PM fabrication was formulated with poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP, Sigma-Aldrich, Mw~400,000), acetone
(Sigma-Aldrich, 99.5%) and DI water. First, a 5 wt.% PVDF-HFP solution was prepared by
dissolving PVDF-HFP pellets in acetone at room temperature. Second, DI water was dropped
into the 5 wt.% PVDF-HFP solution at various mass ratios (DI-H2O:PVDF-HFP=0.2:1, 0.5:1,

0.7:1, 1:1, 1:1.5 and 2:1) and stirred continuously for 30 minutes at room temperature.

Subsequently, a spin coater (SETCAS LLC, KW-4A) was employed to prepare PM-
coated MnO2 cathodes (PM-MnO2). The operating principle of this spin coater relies on
dispensing a liquid onto the surface of a rotating sample. Centrifugal force then ensures the

liquid spreads out evenly across the sample surface, ultimately forming a uniform coating
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layer. In practice, a bare MnO2 cathode sheet is secured onto the rotating stage with a vacuum
pump to prevent displacement during the high-speed rotation. Both the rotation speed and
time can be adjusted to produce a consistent coating on the electrode surface. Typically, the
higher the rotation speed, the thinner the thickness of the film. During the coating process, the
time and speed were set at 10 s and 2000 rpm, respectively. Then, for the drying process, the
time and speed were aet as 15 s and 4000 rpm, respectively. To control the thickness of PM,

the applied casting solution is 60 pL.
6.2.2. Other experimental methods

The processes for cathode sheet fabrication, battery assembly, material characterization
techniques, and electrochemical testing follow the descriptions provided in Chapter 3;
therefore, detailed descriptions are omitted here. It should be noted that the mass loading of
the active material in each cell was approximately 3.0£0.2 mg cm™, and the voltage range of
the full cell test is 0.8-1.9 V. The cycling tests were performed at a current density of 1 C and
2 C, where 1 C=0.25 A g!. Three types of electrolytes were applied in this work, 2 M ZnSOs,

diluted H2SO4 and 2 M ZnS0O4/0.2 M MnSOs4 solutions with pH=4.0£0.1.
6.3. Results and Discussion
6.3.1. PM fabrication and characterization

With the objective of maintaining consistent Mn?" concentrations and prevent excess
Zn*" ions from reaching the cathode surface, we implemented a strategy of applying a cathode
electrolyte interface (i.e., PM) on the MnO2 cathode. In addition, for rapid and even film
application on the MnO2 cathode, the spin-coating technique was utilized to enhance the
overall procedural efficacy. As depicted in Figure 6.2a, the casting solution, when applied to
the cathode, disperses quickly due to rotational motion, forming an opaque film after the
transparent solution evaporates. The subsequent phase separation between water and PVDEF-
HFP during acetone evaporation results in a dry PM, characterized by a nanoporous structure

as revealed in Figure 6.2b. The membrane features a unique honeycomb-like structure with
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an interconnected network of nano-sized and discernible pores, forming a highly porous
structure that prevents excess ion permeation. Notably, high water content in the casting
solution adversely affects pore formation, with a water to PVDF-HFP mass ratio exceeding 1
leading to pore collapse. Ratios above 0.7 result in unstable films characterized by blurred and
ruptured skeleton edges, and overly small pores (ratio of 0.2) can impede ion transport,
thereby affecting electrode capacity utilization. The EIS data in Figure C1 demonstrates that
membranes fabricated with a ratio of 0.5 have lower Rct, which ensures favorable battery
performance. Moreover, the cycling performance of the cathodes with different PMs is
depicted in Figure C2. The data reveal that the battery with the bare MnO: cathode exhibits a
rapid initial capacity increase, which peaks and then drastically declines, suggesting rapid
depletion of the cathode material and results in battery failure. In contrast, PMs fabricated
with ratios of 0.2:1, 0.5:1, and 1:1 demonstrate improved capacity retention. Notably, the
0.5:1 ratio maintains the specific capacity over 150 cycles, indicating an optimized cathode
stabilization and electrochemical reactivity. Thus, the PM with 0.5:1 ratio was chosen for

cathode coating to form optimal pore sizes and maintain better battery performance.
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Applying Rotating Drying
the solvent solution

Top view

Figure 6.2. a) Schematic diagram of the PM fabrication process. b) PM surface morphology
based on various mass ratios (H20:PVDF-HFP=0.2:1, 0.5:1, 0.7:1, 1:1 , 1:1.5 and 2:1). Scale
bar: 2 pm.

The cross-sectional view in Figure 6.3a elucidates the hierarchical structure of the PM,
averaging around 2.33 pm in thickness. Figure 6.3b illustrates a schematic of this structure,
wherein the dissolved ions from the electrode necessitate their sequential passage through the
porous layers to reach the electrolyte. Furthermore, the FT-IR analysis in Figure 6.3c is
instrumental in identifying the specific chemical functional groups present in the PM. The -
phase of PVDF-HFP, characterized by heightened polarity, exhibits strong interactions with
cations, thereby facilitating a more uniform redistribution of ion flux***¥43%_ The FT-IR
spectroscopy further corroborates the presence of the B-phase in the PM, discerned at 875 cm”

"and 1069 cm™ #9401 Notably, the absorption peak observed at 1176 cm™! signifies the
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symmetric stretching vibrations of —CF2, while a minor shoulder around 1208 cm!
corresponds to the asymmetric vibration of this band. In addition, the peak at 1400 cm™! is
ascribed to the —~CH2 wagging vibration**>*®, In this case, the high density of fluorinated
groups, which possess polarizable characteristics, interact strongly with cations, such as Zn>*
and Mn?* ions. These interactions facilitate a more even and controlled distribution of ions
within the membrane, thus governing the uniform ion deposition onto the electrode surface.
The porous nature of the PM, as indicated by BET technique in Figure 6.3d. The N2
adsorption/desorption isotherms of PM material exhibit a typical reversible type IV

adsorption isotherm with small H3 hysteresis loops*®*~40>

. The BET analysis reveals the
surface area of PM to be 7.3599 m* g!. Using the Barrett-Joyner—Halenda (BJH) method, the
average pore size is calculated at approximately 35.8588 nm with a pore size distributed
within the range of 2—170 nm, indicating a hierarchical porous structure. The hierarchical
porous structure of the PM establishes it as an effective selective barrier, regulating Mn?* ion
flux from the cathode to the electrolyte and limits excessive Zn?" ions to deposit on the MnO2
cathode. In other words, this structural property of PM controls the release/passage of ions.

Through controlling ion migration, PM not only prevents undesirable side reactions but also

maintains the reactivity of the materials on the cathode.
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Figure 6.3. a) Cross-sectional SEM images of the PM (H20:PVDF-HFP=0.5:1). Scale bar: 2
um. b) Side view schematic of a PM with a hierarchical porous structure. Green arrows
represent long migration paths of ions in the PM. c) FT-IR spectra of the PM. d) Nitrogen
adsorption/desorption curve of PM. The inset shows the BJH pore size distribution of PM.

6.3.2. The inhibitory effect of the PM on Mn?* ionic crosstalk

The positive effect of PM on Zn anodes was explored through in situ optical
visualization technique, observing the charging dynamics within a full cell configuration. In
this setup, the Zn foil connected to the positive electrode in the schematic (Figure 5.1a) was
replaced with either a bare MnO: cathode or a PM-MnO: cathode, and electrochemical
charging tests were conducted using an electrochemical workstation. In a ZnSOs electrolyte,
observations from Figure 6.4a and Figure 6.4b reveal that the battery equipped with PM-
MnO: cathode exhibits significantly improved charging behavior, characterized by uniform
zinc deposition and the absence of gas evolution, which contrasts starkly with the outcomes
observed in batteries without the PM. This trend persists in ZnSO4/MnSOs4 electrolyte (Figure
C3), where dendrite formation became visible just 180 s (from 540 to 720 s) after charging
without PM. By 900 s, deposits on the Zn electrode extended to the MnO: electrode side,

ultimately causing an electrical short-circuit in the cell. Further, the protective role of PM was
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evident in the suppression of dendritic growth and the prevention of anode corrosion, as
confirmed by surface characterization after various cycling intervals. Within a ZnSO4
electrolyte (Figure 6.4c and Figure 6.4d), Zn anodes paired with PM-MnO: cathodes
maintained a smoother surface texture and showed enhanced resistance to corrosion,
highlighting the PM's ability to stabilize the electrochemical environment and promote
uniform ion deposition. Supplementary findings, particularly with Zn anodes subjected to
cycling in a ZnSO4/MnSOs4 electrolyte (Figure C4), further affirm the protective influence of

PM against dendritic growth and anode corrosion over time.

Figure 6.4. In situ optical visualization observations of Zn anodes paired with a) bare MnO2
and b) PM-MnO: cathodes in 2 M ZnSOs electrolyte within transparent electrochemical cells
at various deposition times. Scale bar: 200 pm. Morphology of cycled Zn anode surface
paired with ¢) bare MnO: and d) PM-MnO: cathodes in 2 M ZnSOs4 electrolyte. Scale bar: 20
um.

To investigate the stabilizing impact of PM on Mn?* concentration in the electrolyte

during structural reconstruction of the deposition layer, XRD patterns of the Zn anode after
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extended cycling were examined. Figure 6.5a demonstrates that when paired with a bare
cathode, the Zn anode shows a marked increase in the intensity of the (100) and (110) planes
compared to pristine Zn metal. For Zn anode coupled with a PM-coated cathode, the intensity
of the (002) plane increases and significantly exceeds that of the (100) plane after 300 cycles.
The results indicate a preferential orientation shift in crystal growth towards the Zn (002)
plane in cells with PM, unlike in cells without PM, where the growth favors the (100) and
(110) planes. Analysis of XRD spectra from Zn anodes after prolonged cycling in a
ZnSO4/MnSO4 electrolyte (Figure C5) corroborates this effect, underscoring PM's role in

directing crystal growth and enhancing the performance of Zn anodes during battery cycling.

The main causative factor underlying the observation of ionic crosstalk phenomenon in
aqueous Zn-bare MnO: cells is likely the violent dissolution of MnO2, which surges the Mn?"
concentration in the electrolyte. This sharp increase disrupts the equilibrium of Mn?", thereby
harmful to the plating process of zinc metal. ICP-OES analysis provides a direct measurement
of the Mn?" concentration variations in the electrolyte. As indicated in Figure 6.5b and
Figure 6.5c, in Mn*'-free electrolyte, any rise in Mn concentration mainly arises from the
ongoing dissolution of Mn-based material on the cathode during cycling. Particularly, in the
battery without PM, there is a noticeable increase in Mn concentration as the cycle count
advances, which is twofold higher than in the battery with PM. Using 140 pL of electrolyte in
a coin cell, reaching this concentration means that nearly 30% of the active material is
dissolved. In stark contrast, the cell incorporating PM exhibits considerably lower increases in
Mn concentration. This discrepancy can be attributed to the confinement of Mn?* ions by the
enriched polarizable fluorinated functional groups present in the PM, as illustrated in Figure
6.5d. In addition, the hierarchical porous structure effectively regulates Mn** ion flux, thus
controlling the release of Mn** ions during MnO: dissolution. According to the ICP-OES
findings, the incorporation of PM consistently moderates the ion concentration by regulating

the migration of Mn2" ions from the cathode to the electrolyte, effectively shielding the Mn?*

ionic crosstalk. Consequently, PM creates a well-stable environment during cycling,
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significantly diminishing the corrosion rate of the Zn anode and promoting a smoother zinc

deposition surface.
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Figure 6.5. a) Ex situ XRD patterns of Zn anodes paired with bare and PM-MnO2 cathodes
after 300 cycles in 2 M ZnSOs electrolyte. Inset: the RTC of Zn anodes paired with bare and
PM-MnO: cathodes (300 cycles). The Mn concentration in 2 M ZnSOs electrolyte at a b) fully
discharged state and c) fully charged state for different cycle numbers. d) Schematic diagram
of Mn?" ions passing through the PM.

6.3.3. The inhibitory effect of the PM on Zn?" ionic crosstalk

Concurrently, the adoption of PM provides considerable results in mitigating the
crosstalk of Zn?" ion at the MnO2 cathode. Firstly, in the H2SO4 electrolyte (Figure 6.6a),
after the Sth cycle of discharge, ZSH formation is detected on the cathode surface, but to a
significantly lesser extent compared to the cathode without PM coating (Figure 5.6a). This
suggests that the PM acts as a selective barrier, preventing excess Zn?* ions from reaching the
cathode surface and thus reducing the production of ZSH. Furthermore, covering a PM
protective layer on the cathode yields consistent peak diffractions of ZSH, MnOOH, and

MnO:2 even after 300 cycles, as evidenced in Figure 6.6b. This underscores the sustained
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reactivity of the cathode over a prolonged operation. Notably, the formation of ZMO-P is
minimal within the initial 200 cycles, with only a marginal detection after 300 cycles. This is
due to the fact that PM effectively inhibits the formation of ZMO-P through its hierarchical
porous structure and functional properties. The PM's hierarchical porous structure acts as a
selective barrier that regulates the flux of Mn?" ions from the cathode to the electrolyte and
limits excessive Zn?* ion deposition. This controlled ion migration prevents localized
concentrations of ions that could lead to uncontrolled growth of ZMO nanostructures.
Additionally, the high density of fluorinated groups within the PM interacts strongly with
cations such as Zn*> and Mn**, ensuring a uniform redistribution of ion flux. These interactions
facilitate even and controlled ion distribution, thereby preventing the formation of undesirable
side reactions and aggregation of ions, which are key factors in the formation of ZMO-S and
ZMO-P. These findings underscore PM's efficacy in suppressing the accumulation of non-
dissolvable ZMO-P, thus contributing to enhanced electrode durability. Further corroborated
by XRD analysis of cathodes cycled in a ZnSO4/MnSOs electrolyte, there is no noticeable
ZMO-P formation on PM-MnO: cathodes after prolonged cycles (Figure C6). The XPS
analysis in Figure 6.6c demonstrates a minimal detection of Mn*" on the cathode surface with
PM, suggesting an absence of ZMO-P and aligning with the XRD outcomes. Moreover,
Figure C7 discloses a minor Mn*" presence, approximately 4.16%, on the PM-MnO> cathode
after 300 cycles, compared to a significant 28.4% on electrodes without PM within just 200

cycles (Figure 6.6d).
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Figure 6.6. a) Ex situ XRD patterns of MnO: cathodes in H2SO4 electrolyte at Sth discharge.
b) Ex situ XRD patterns of MnO2 cathodes in the discharged state in 2 M ZnSOs4 electrolyte at
selected cycle numbers. ZSH (ZnsSO4(OH)e*4H20, PDF# 00-044-0673), MnOOH Groutite
(PDF# 99-000-1423), ZMO Woodruffite ((Zn,Mn)2MnsO124H20, PDF# 99-000-4329), -
MnO: (PDF# 04-005-4881). c) XPS spectra of Mn 2p from the discharged PM-MnO:2
cathodes. d) Percentage contents of Mn>" and Mn*" on bare and PM-MnOz cathodes based on
XPS results.

From the in situ XRD patterns shown in Figure 6.7a, it is evident that the positions and
d-spacing of the MnOOH and MnO: crystal planes remain relatively unchanged after two
discharges, suggesting stability of the PM-MnO:2 cathode during the electrochemical process.
In addition to this, the reversible formation and dissolution of the (410) plane, which is
representative of the ZSH, underscore the excellent reversible electrochemical reaction of this
PM-MnO: cathode. However, there is a slight attenuation in the intensity of the MnO2 (110)
and (211) planes throughout the cycling, which could be indicative of a minor consumption of
MnO: or its partial transformation into amorphous ZMO-S. The GIXRD patterns presented in

Figure 6.7b and Figure 6.7c further corroborate these findings. The presence of defined and
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invariant diffraction rings, particularly the MnOOH(101), MnO2(110) and (211) planes,
indicate reversible electrochemical reactions at the cathode during charging and discharging

as well as a significant inhibitory role of PM on the generation of ZMO-P.
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Figure 6.7. a) GCD curve and in situ XRD counter map of PM-MnO: cathode in 2 M ZnSO4
electrolyte at determined voltages after 24 hours activation. The applied current density is 2 C.
GIXRD patterns of the PM-MnO: cathode corresponding to b) the first discharge and c) the
second discharge of the GCD curves.

The morphology of the PM-MnO: cathode (Figure 6.8a) exhibits negligible change after
extended cycling, particularly in an electrolyte containing Mn?* additives (Figure C8a). Over
time, the ZMO-S accumulates into a larger volume, yet the MnO:2 nanorods remain
discernible beneath the PM coverage. This finding is in stark contrast to the morphology of
electrodes without PM, which are extensively covered by dense ZMO-P (Figure 5.5a),
illustrating that PM prevents the deposition of bulk ZMO-P on the cathode by controlling the
transport of Zn?* ions toward the cathode surface. Elemental mapping image (Figure 6.8b,
Figure 6.8c and Figure C8b) reveal distinct and recognizable distribution contours for

individual elements, indicating negligible ZMO-P formation or deposition on the cathode
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surface. Therefore, PM restricts the undesired formation of ZMO-P and favors the in situ

deposition of reactive ZMO-S by regulating the Zn?* ion flux.

Figure 6.8. a) Morphology evolution of the PM-MnO: cathode in the discharged state at
selected cycle numbers in 2 M ZnSOs electrolyte. Scale bars: 2 uym and 1 pm. Elemental
mapping images of PM-MnO: cathode in 2 M ZnSOs4 electrolyte after b) 10th discharge and c)
300th discharge. Scale bar: 2 pm.

To assess the capability of PM in limiting Zn?" ion migration, Zn>" ion transference
numbers (tzn2+) were determined via potentiostatic polarization in Zn-Zn symmetric cells
(Figure 6.9a-c). The calculated tzn2+ for PM-Zn stands at 0.56, lower than bare Zn (0.81) but
considerably higher than PP-Zn (0.11) (as listed in Table C2). The PP membrane
(polypropylene, Celgard 2340) restricts Zn>* ion passage owing to its extremely small pore
size and hydrophobic nature. However, the PM with larger pore size allows Zn>" ion
movement to a certain degree, minimizing detrimental interactions between ZMO-S and Zn**
ions by shielding high Zn** ion flux close to the cathode. This controlled release effect
inhibits the accumulation of ZMO-S and its transition into ZMO-P, evident from the lack of
slate (i.e., ZMO-P) coverage on the cathode after extended operational time. In addition, the
ability of PM to control Mn?" ion release is verified by a lower transference number (tmn2+ =
0.17) compared to the uncovered electrode (tmn2+ = 0.26) (Figure 6.9d, Figure 6.9¢ and

Table C3). We also note that PM exerts a greater restriction on the movement of Mn?" ions
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than Zn?" ions in the identical concentration of MnSOs4 and ZnSOs electrolytes. These
findings suggest that regulating the Zn>" ion release via PM can decelerate the irreversible
phase transition of ZMO, consequently preserving the high reactivity of the cathode material

and ensuring that the cathode continues to deliver capacity over prolonged cycling.
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Figure 6.9. Current-time curves at the bias potential of 10 mV and Nyquist plots before and
after polarization of a) bare Zn-Zn, b) PM Zn-Zn c¢) PP Zn-Zn symmetric cells in 2 M ZnSO4
electrolyte. Inset: the morphology of PP film (Celgard 2340). Scale bar: 1 um. Current-time
curve at the bias potential of 10 mV and Nyquist plots before and after polarization of b) bare
Zn-Zn and ¢) PM Zn-Zn symmetric cells in 2 M MnSOs4 electrolyte.

6.3.4. Electrochemical performance evaluation

The influence of the PM on the performance of aqueous Zn-MnQO: batteries was
comprehensively assessed through a series of electrochemical tests. Figure 6.10a illustrates
the cycling performance of the battery with and without PM at a current density of 1 C.
Initially, both batteries exhibit comparable specific discharge capacity, yet a noticeable
divergence occurs in their cycling behavior over time. In the absence of a PM, the battery

undergoes a swift decline in capacity after 180 cycles. In contrast, the PM-equipped battery
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demonstrates excellent endurance, maintaining its capacity beyond 400 cycles with no
noticeable degradation and delivering a specific capacity of 226.8 mAh g'!. Moreover, the
Coulombic efficiency depicted in Figure 6.10b remains consistently around 99.5% for the
PM-battery, indicating improved cell stability, unlike the fluctuating Coulombic efficiency of
the bare cathode. The initial decline in Coulombic efficiency within the first 50 cycles may
relate to the extended material transformation of MnO2 to ZMO-S, particularly at lower
current densities. At an elevated current density of 2 C, the PM-equipped battery exhibits
satisfactory capacity and electrochemical stability, maintaining a specific discharge capacity
of 187.7 mAh g! with 97% capacity retention over 1000 cycles (Figure 6.10c). Nevertheless,
the battery without PM shows an initial capacity increase, followed by a consistently decline
with a Coulombic efficiency deviating from 100% (Figure 6.10d). The GCD profiles depicted
in Figure 6.10e and Figure 6.10f further underscore the excellent capacity retention of PM-
battery, showcasing a significant leap in cycling performance for aqueous Zn-MnO:2 batteries

enhanced with the PM approach.
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Figure 6.10. a) Cycling performance of bare MnO2 and PM-MnO: electrodes in 2 M
ZnS04/0.2 M MnSOs4 electrolytes at 1 C and b) Coulombic efficiency with a narrow y-axis
scale. ¢) Long-term cycling stability of bare MnO2 and PM-MnO:2 cathodes in 2 M ZnS04/0.2
M MnSOs electrolyte at 2 C and d) Coulombic efficiency with a narrow y-axis scale. GCD
profiles of e) bare cathode and f) PM-cathode in 2 M ZnS0O4/0.2 M MnSOs4 electrolyte at 2 C.
The average charge voltage of PM-equipped battery is around 1.61 V, and average discharge
voltage is around 1.30 V. g) The comparison of cycle number, operation time and cell
capacity with previously reported aqueous Zn-MnO: batteries. More details are listed in
Table C1.

In the comparative analysis of operation time and lifespan, our PM-equipped battery
stands out significantly against other reported aqueous Zn-MnQO: battery systems, as
illustrated in Figure 6.10g. While comparable studies at similar current densities typically
demonstrate operational times ranging from 100 to 325 hours, our innovative battery system
notably prolongs this to exceed 500 hours. Furthermore, at a current density of 2 C, where
competing batteries retain at approximately 600 cycles, our advanced system surpasses 1000
cycles with ease. Moreover, our coin-type cell achieves a capacity of up to 0.564 mAh. An

additional encouraging aspect of our research results lies in the extraordinary reproducibility
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and reliability of our battery system. The electrochemical data from multiple sets of the PM-
equipped batteries were highly consistent (Figure 6.11). Three parallel batteries which
constructed simultaneously, exhibit an average Coulombic efficiency exceeding 99.8% over
the span of 1000 cycles. Furthermore, these batteries exhibit a low deviation in specific
capacity, averaging at a mere £5.01 mAh g™ with a deviation of just 2.66%. Such compelling
evidence of our battery system's prolonged durability and stability not only accentuates its
readiness for real-world energy storage applications but also marks a significant advancement

in the quest for reliable and sustainable power solutions.
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Figure 6.11. a) Cycling performance of PM-coated battery in 2 M ZnS0O4/0.2 M MnSO4
electrolyte at 2 C. b) The cycling performance and c¢) Coulombic efficiency plots with
standard deviations calculated from three cells.

The CV technique was employed to investigate the effect of PM coating on the redox
reactions of the electrode. Both the PM-coated and bare MnO: cathodes in Figure 6.12a
exhibit similar redox peak pairs, indicating that the PM coverage does not affect the MnO2
redox reaction. Analysis of the integrated area of CV curves offers insights into the capacity
decay of the battery. Figure 6.12b shows a sharp decline in response currents of redox peaks

from the 100th to the 300th cycle, with the disappearance of the redox peak at 1.2/1.6 V after
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100 cycles, probably due to a phase transition at the electrode. This decline in the integrated
area reflects the capacity degradation of the Zn-MnOz cell over time. On the contrary, the
integrated curve area in Figure 6.12c is roughly maintained with increasing cycle number,
while the redox peak (1.2/1.6 V) slightly decreases, presumably due to the Zn?" intercalation
reaction on the cathode is gradually dominated by the H' intercalation or MnO2
dissolution®*7*% Nyquist plots and the respective equivalent circuit diagrams in Figure 6.12d
and Figure 6.12¢ eclucidate differences between bare MnO: and PM-MnO: cathodes at
various cycling stages. The PM-MnO:z cathode displays consistently lower Ret from the 50th
cycle onwards, maintaining this value throughout subsequent cycles. In contrast, the bare
MnO: cathode exhibits a notable increase in R, rising from 21.6 Q to 283.5 Q over cycling,
as detailed in Table C4. Besides, the Rs of the bare MnO: cathode fluctuates markedly during
cycling, as shown in the inset of Figure 6.12d. This increase in impedance could potentially
be related to the dissolution of cathode material or the formation of by-products (e.g., ZMO-P)
on the cathode. This assertion is supported by the morphological changes observed in PM-
MnO: cathode (Figure C8a) and bare cathodes (Figure B3) after cycling in the

ZnS04/MnSOs electrolyte.

Rate capability is a key evaluation factor for batteries to enable practical manufacture in
grid energy storage application. In addition to high-capacity retention and long cycle life, PM-
equipped battery with ZnSO4/MnSOs electrolyte exhibits exceptional rate performance
(Figure 6.12f). The PM-equipped battery delivers average specific discharge capacities of
277.2,263.8,242.1,192.0, 149.1, 118.5 and 96.14 mAh g™ at current densities of 0.2 C, 0.5 C,
1C,2C,3C,4Cand 6 C, respectively. After reaching the high current density of 6 C, the
average discharge specific capacity recovers to 234.8 mAh g! when returning to a low current
density of 1 C. The PM-battery demonstrates approximately 97% capacity retention,
significantly surpassing the bare one. Moreover, the GCD profile of the PM-equipped battery

at elevated current densities is displayed in Figure C9.
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Figure 6.12. a) CV profiles of bare MnO2 and PM-MnO: cathodes in 2 M ZnS04/0.2 M
MnSOs electrolyte at 3rd cycle. CV profiles of b) bare MnO2 and ¢) PM-MnO: cathode in 2 M
ZnS04/0.2 M MnSOs4 electrolyte at selected cycle numbers. Nyquist plots of d) bare MnO2
cathode and e¢) PM-MnOz2 cathode in 2 M ZnSO4/0.2 M MnSOs4 electrolyte over the frequency
range of 10 mHz-1 MHz. Insets are the enlarged profiles and equivalent circuit diagrams. f)
Rate performance of bare MnO: and PM-MnO: cathodes in 2 M ZnS0O4/0.2 M MnSO4

electrolyte.

This study delves into the detrimental effects of ionic crosstalk on electrode performance
and unveils the transformative role of PM incorporation on the ionic behavior, as illustrated in
Figure 6.13. Without the PM interface, unregulated Zn*" ions migration from anode to
cathode triggers irreversible phase transitions and the formation of densely ZMO-P.
Concurrently, the transit of Mn*>* ions towards the anode exacerbates corrosion and causes
uneven zinc deposition, compounding challenges. The integration of PM within the Zn-MnO>
battery system introduces a noticeable shift, effectively mitigating the adverse consequences
of Zn**/Mn*"* ionic crosstalk. The PM's enriched polarizable fluorinated functional groups, in
synergy with its hierarchical porous architecture, masterfully regulate Zn** and Mn** ion

fluxes. This strategic regulation fosters the in situ deposition of ZMO-S on the cathode and
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restrains irregular dendrite growth on the anode, bolstering electrode durability and elevating

the battery's electrochemical performance.
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Figure 6.13. Schematic illustration of the PM function in the aqueous Zn-MnO: battery.

145



6.4. Conclusion

This study underscores the importance of ion-controlled transport mechanisms in
augmenting electrode efficacy and overall battery performance. To address the ionic crosstalk
issues in the aqueous Zn-MnO:2 battery, we utilized a PVDF-HFP-based porous membrane
(PM) distinguished by its unique “ion-controlled release” capacity. The PM's design,
featuring enriched polarizable fluorinated functional groups within a hierarchical porous
framework, is instrumental in finely regulating ion flux, ensuring uniform ion distribution and
control over the movement of Zn** and Mn?" ions. The PM's hierarchical porous architecture
acts as a refined sieve to enhance ion selectivity, while the fluorinated functional groups
engage in strong interactions with the cations, stabilizing their movement and promoting a
more uniform deposition pattern. This dual-action approach mitigates adverse crosstalk
effects at the electrode interfaces, facilitating the targeted in situ generation of reactive ZMO-
S on the cathode and ensuring even zinc deposition on the anode. As a result of these strategic
interventions, the aqueous Zn-MnO: battery equipped with the PM exhibits a specific
capacity of 187.7 mAh g! over 1000 cycles at a current density of 2 C, achieving a
commendable capacity retention of 97%. Most importantly, the cycling performance of these
batteries was highly reproducible, with average Coulombic efficiencies beyond 99.8% for
three parallel cells and a minimal capacity deviation (£5.01 mAh g!). This advancement
heralds a significant leap in the stability and longevity of such battery systems, charting a
course towards more durable and reliable energy storage solutions. Further exploration into
the fundamental mechanisms of ionic crosstalk phenomena will deepen our comprehension
and aid in devising targeted strategies to counter the adverse effects, thereby propelling the

advancement of Zn-MnOQ: batteries across various application fields.
Future in-depth investigations will be essential to refine this work:

(1) Investigating the pH variations in the cell in response to charging and discharging
voltages could corroborate the assertion that the H' intercalation or MnO: dissolution

reactions are inhibited. Moreover, besides exploring the ion concentration changes during
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prolonged battery cycling, the Zn** and Mn?" ion concentration changes within a single cycle

warrants further study.

(2) While the origin of the active species (Zn*" and Mn** ions) causing ionic crosstalk
remains questionable, it is challenging to distinguish them from the electrolyte components (2
M ZnS04/0.2 M MnSOs4) necessary for the battery’s operation. It is good to note that our
experimental observations indicate a change in Mn** ion concentration, and the primary factor
contributing to this change is the dissolution of MnO2 material. To support our claim that the
active species responsible for ionic crosstalk originate from the electrodes, it is crucial to also

detect the concentration of Zn*" ions.

(3) In addition, the amount of ZSH substance generated on the cathode during discharge
should not be underestimated, thus it is essential to explore the role of the ZSH in the
reversible reaction (ZMO-S dissolution/deposition) on the cathode and to determine its

contribution to the overall capacity.
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Chapter 7. Unlocking High-capacity Aqueous Zn-MnQO:

Batteries with Bismuth Oxide Surface Modification

7.1. Introduction

In the development of high-performance cathodes, one of the major challenges is
achieving high material mass loading without compromising the electrode's electrochemical
performance and stability. Increasing the mass loading of active materials in the cathode is
desirable as it allows for higher energy density and capacity of the battery. However, this
increase can lead to several performance issues. At higher mass loadings, the electrode may
suffer from decreased electrical conductivity, poor ion diffusion, and reduced accessibility to
the active material, which can impair the overall electrochemical performance*’ 4%,
Specifically, higher mass loading can result in longer ion diffusion paths, reduced effective
surface area for electrochemical reactions, and increased resistance, which collectively
diminish the charge and discharge rates and can lower the overall capacity and efficiency of
the battery*”’. To address this challenge, recent studies have proposed several strategies for
achieving high mass loadings in cathodes. These strategies include optimizing material
synthesis through the use of nanostructured materials to enhance surface area and capacity, as
well as improving conductivity by doping or coating with conductive agents, such as carbon
black or graphene*'®*13, Advancements in electrode fabrication techniques, such as precise
coating methods and the use of highly conductive binders, also contribute to achieving high
mass loadings*'*. However, there are limitations to these approaches, as the synthesis of
nanostructured materials can be complex with low yields, and conductive doping or coatings
may not fully address stability issues and are costly. Additionally, improved fabrication
techniques may fall short in preventing material dissolution or structural breakdown at high

mass loadings.

In light of these limitations, surface modification of active materials has emerged as an

effective method. Among various materials employed for surface modification, metal oxides
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stand out for their chemical stability, conductivity, and facilitation of ion transport. Notably,
coatings with titanium dioxide (TiOz), cobalt oxide (Co304), and aluminum oxide (Al203)
have been shown to substantially improve the cycle life and capacity of Zn-MnOz batteries*!>
417 However, these metal oxides offer potential advantages, they often require complex,
costly synthesis methods that can impact scalability and uniformity. This complexity
underscores the need for alternative materials that can be applied more efficiently. The
utilization of Bi2O3 in modifying MnO: is particularly notable for its simplicity, eliminating
the need for complicated structural or morphological control, and a tedious heat treatment

266418419 This approach enhances electrode performance and longevity while

process
effectively supporting high mass loading, simplifying the battery scaling process, and

demonstrating great potential for commercial applications.

The effectiveness of Bi2O3 in increasing mass loading while preserving cathode
performance is grounded in several key mechanisms. The Bi2Os coating enhances the

electrical conductivity of the MnO: cathode*'®

, which is crucial for maintaining efficient
electron transport even at increased mass loadings. Furthermore, Bi2O3 forms stable interfaces
between MnO: and the electrolyte, preventing the excessive approach of Zn®* ions and the
subsequent formation of inactive by-products (e.g.,Znx(MnQO2)y substances), thus preserving
the electrochemical activity of the electrode. Additionally, the Bi2Os3 layer allows for the
selective passage of H' ions, supporting the intercalation/de-intercalation reactions necessary
for high mass loading while mitigating the dissolved Mn?>" ions into the electrolyte.
Consequently, the Bi2Os3-modified MnO: cathode can achieve high mass loading while

maintaining stability, performance, and longevity, making it a highly effective material for

high-capacity energy storage applications.

In this study, we significantly enhance the performance of MnO: cathode via a novel
approach that integrates liquid-phase in situ encapsulation with a straightforward heat
treatment, introducing a minimal amount yet effective Bi2O3 coating. This approach allows us

to escalate the mass loading of the cathode material beyond 16 mg cm™ and to apply a large
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cell for its electrochemical evaluation. Notably, the Bi2Os-coated MnO2 (BMO) cathodes
demonstrate superior electrochemical performance, with a capacity retention of 72.7% after
330 cycles at 0.2 C, with an operational calendar life exceeding 60 days. Moreover, the high
degree of consistency in performance demonstrated in multiple battery tests underscores the
reliability of this cathode material. These testing results for high-capacity batteries serve as a

pivotal step towards transitioning from laboratory-scale experiments to industrial application.

7.2. Experimental Methods
7.2.1. Cathode material synthesis

The Bi20s-coated MnO: cathode material was prepared by liquid-phase in situ
encapsulation with a straightforward heat treatment. Specifically, 3 wt.% of bismuth nitrate
pentahydrate (Bi(NO3)3¢5H20, >98%) and 97 wt.% of B-MnO:2 were first ground for 10
minutes, then added to the ethanol solution and stirred continuously at 600 rpm for 12 hours
at room temperature. The material was then washed several times with ethanol and DI water
and dried overnight at 60°C. The dried material was ground into fine powder and subjected to
calcination. It was heated in a muffle furnace to 500°C at a rate of 5°C min™! and held for 2

hours to obtain the final modified product.

The modification of Al2O3 coating was carried out by sol-gel process. 3 wt.% aluminum
nitrate nonahydrate (AI(NO3)3*9H20, >98%) and stoichiometric ammonium hydroxide
solution (NH4OH, 30% NH3 basis) were dissolved in ethanol solution with constant stirring.
Subsequent to achieving a homogeneous solution, 97 wt.% of B-MnO2 powder was slowly
added into the mixture under vigorous stirring, which was maintained for 2 hours at 80°C.
Throughout the process, the pH was consistently adjusted to approximately 8 by the addition
of diluted NH4OH solution. Following this, the mixture was dried at 60°C and subsequently
subjected to calcination in air at 550°C for 4 hours, resulting in the formation of the Al203-

coated material.
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The TiO:2 coating was fabricated utilizing a thermotic-control approach. Initially, 97 wt.%
of B-MnO2 (0.97 g) along with 4 mL of NH4OH solution were dispersed in 300 mL of ethanol
under sonication for 30 minutes to ensure uniform dispersion. This was followed by the
addition of 3 wt.% titanium butoxide (TNBT, 97%) (30 uL) to the above mixture, and the
mixed solution was then reacted under magnetic stirring at 70°C for 1 hour. The precursor
was washed with ethanol and dried at 60°C overnight. The dried precursor was then

calcinated in air at a temperature of 500°C for 2 hours to obtain the TiO2-coated sample.

The ¢-MnO:2 was synthesized by co-precipitation followed by calcination. Specifically, 200
mL 1.05 M sodium carbonate (Na2CO3, >99.5%) solution and 200 mL 1.00 M MnSO4 solution
were gradually added to 30 mL of ethanol under continuous stirring, followed by stirring at
600 rpm for 2 hours, and then standing for 2 hours. Afterwards, the precursor (MnCOs3) was
washed several times with DI water and ethanol, respectively. The washed sample was dried
under vacuum at 60°C overnight. The dried precursor was calcined in a muffle furnace at 410°C

for 8 hours to obtain e-MnOsx.
7.2.2. Cathode fabrication and battery assembly
High mass-loading cathode fabrication

A slurry containing 80 wt.% active material (e.g., f-MnOz2), 5 wt.% AB, 5 wt.% sphere-
like graphite powders (KS-6) and 10 wt.% PVDF was prepared in NMP solution. This slurry
was uniformly coated onto the conductive PE film by a doctor blade technique. The cathode
sheets were then vacuum dried overnight at 60°C and used for coin-type cells with a thickness
of 400 pm and for large cells with a thickness of 650 um. It should be noted that the mass
loading of the active material in each coin-type cell was approximately 9.0£0.1 mg cm

(mass of cathode material in each cell is >10 mg), and in each large cell was over 16 mg cm™.
Large (iron-plate) battery assembly

Large batteries or iron plate batteries were assembled with a cathode sheet (2.5 cmx3 cm),

double-layered AGM (4 cmx4 cm) as separator between cathode and anode, and Zn foil (3
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cmx3 cm, thickness: 0.1 mm) as anode, and tightened with screws. The electrolyte amount for

large battery is approximately 1.5 mL.
Other experimental methods

The processes for coin-type battery assembly, material characterization techniques, and
electrochemical testing follow the descriptions provided in Chapter 3; therefore, detailed
descriptions are omitted here. It should be noted that the voltage range of the full cell test is
0.8-1.9 V. The cycling tests were performed at a current density of 1 C and 2 C, where 1
C=0.25 A g'!'. The 2 M ZnS04/0.2 M MnSOs electrolyte with pH=4.0+0.1 was applied in this

work.

7.3. Results and Discussion
7.3.1. Cathode material characterization

The nanowire structure of the cathode material is shown in Figure 7.1a, the elemental
mapping shows that bismuth (Bi) elements are uniformly distributed on the MnO2 nanowires.
Moreover, the XRD spectra of the modified MnO2 material (Figure 7.1b) reveal the presence
of (200) diffraction peak representing Bi2O3, confirming the successful incorporation of the
Bi203 coating without altering the crystal structure of the pristine MnO2. The XPS spectrum
in Figure 7.1c provides valuable information regarding the elemental composition and the
chemical states of the elements present. Peaks corresponding to Bi, Mn, O, and other elements
are visible, confirming the presence of bismuth in the material, which further substantiates the
successful implementation of the surface modification from the EDS and XRD analyses. In
the detailed analysis of the high-resolution scans for the Bi 4f and O 1s peaks, a fitting
approach employing the Gaussian-Lorentzian distribution was applied. Figure 7.1d illustrates
the spectrum for the Bi 4f core level, revealing two distinct spin-orbit doublet peaks (J = 5/2
and 7/2) positioned at 164.4 (Bi 4fs2) and 159.1 eV (Bi 4f72), respectively. The observed
separation of 5.3 eV between these peaks aligns with previously reported findings, thereby

substantiating the presence of Bi in its +3 oxidation state Bi(II1)***#*2, Moreover, peaks at

152



164.7 eV and 159.4 eV are associated with the Bi(V) states. The analysis of the O 1s spectrum,
as depicted in Figure 7.1e, was conducted by fitting it into three distinct peaks. The peak at
529.5 eV corresponds to lattice oxygen (Oratt), whereas the peak at 531.3 eV is attributed to
chemisorbed oxygen (Osurf)***#%. This differentiation supports the formation of a Bi2O4
interphase, incorporating both Bi(IIl) and Bi(V) and characterized by the presence of oxygen
vacancies. Literature suggests that such oxygen deficiencies are conducive to enhancing the
charge transfer process*’®. Lastly, the peak at 533.6 eV is identified with hydroxyl
groups*?!423424 " Thus, binding energies are consistent with the expected values for the
oxidation states of the elements in Bi2O3 and MnOz, suggesting that the Bi2O3 coating layer is
chemically bonded to the MnO: surface. This is critical, as it implies not only a physical
coating but also potential changes in the electrochemical properties due to the interaction
between Bi and MnOz. Furthermore, to validate the superiority of the coating material Bi2O3
over other metal oxides, we also synthesized Al2O3- (AMO) and TiO2-modified (TMO)
cathode materials concurrently. The morphology, elemental analysis and composition, and

crystallinity of these materials are presented in Figure D1, Figure D2 and Figure D3.
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Figure 7.1. a) Morphology and EDS elemental mapping of Bi-coated MnO2 nanowires. Scale
bar: 5 um. b) XRD patterns of Bi-coated MnO2 nanowires. Bismuth trioxide (Bi2O3, PDF#97-
003-8436), B-MnO2 (PDF# 04-005-4881). XPS spectra of the BMO sample: ¢) a survey
spectrum, d) Bi 4f and e) O 1s.

7.3.2. Coin-type cell electrochemical performance

Figure 7.2a presents a comparative analysis of the electrochemical cycling behavior of
B-MnO2 and Bi-coated (BMO) cathodes at 0.2 C. Notably, the mass loading of the active
material on these cathodes employed for coin-type battery testing exceeded 9 mg cm™, which
is considerably higher than the typical 1-3 mg cm™. The B-MnO: cathode, denoted by orange
markers, manifests a discernible decay in capacity after a mere 10 cycles. Conversely, the
BMO cathode, indicated by blue markers, consistently sustains a specific capacity exceeding
200 mAh g! within 50 cycles, underlining the bolstered stability and electrochemical
efficiency attributable to the Bi2Os3 coating layer. Post-initial fluctuations, the Coulombic
efficiency of the BMO cathode converges towards stability, a phenomenon frequently

observed as electrochemical systems undergo conditioning in the initial cycles at a lower
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current density. Distinctive electrochemical behaviors between the B-MnO: and BMO
cathodes are further delineated in Figure 7.2c and Figure 7.2d. Specifically, the B-MnO2
cathode showcases voltage plateaus that undergo a pronounced decline within 50 cycles,
suggestive of the electrode's structural deterioration. In stark contrast, the BMO cathode
exhibits significantly sustained discharge plateaus, thereby demonstrating excellent capacity
retention over repeated cycles. Under the stress of an elevated current rate of 1 C (Figure
7.2b), the BMO cathode maintains superlative cycling performance, retaining a specific
capacity markedly superior to that of the B-MnO: cathode, and demonstrating minimal
capacity degradation over 150 cycles. Furthermore, the BMO cathode consistently exhibits a
Coulombic efficiency nearing 99.5%, indicative of the high reversibility of its electrochemical
reactions through consecutive charging and discharging processes. In addition, the CV profile
of the B-MnO:z cathode in Figure D4a elucidates broadened redox peaks alongside diminished
response currents, indicating sluggish electrochemical kinetics and compromised reversibility
inherent to the redox processes. This observation aligns with the reduced specific capacity and
the downward trend in Coulombic efficiency presented in Figure 7.2a. Conversely, the BMO
cathode displays well-defined and symmetrical peaks, signifying enhanced reversibility in the

electrochemical reactions, which is congruent with its consistent Coulombic efficiency.

To substantiate the electrochemical preeminence of the Bi2O3 coating relative to
alternative metal oxides, cathode materials modified with Al2O3 (AMO) and TiO2 (TMO)
coatings were also synthesized and evaluated. As illustrated in Figure D4b, the AMO cathode
exhibits less defined and asymmetric peaks, suggesting that this cathode material undergoes a
poor electrochemical performance. The TMO cathode, on the other hand, exhibits more
conspicuous and symmetric redox peaks, reflecting a higher degree of electrochemical
reactivity and reversibility in the preliminary cycles. However, the subsequent cycling tests in
Figure D4c indicate that the TMO cathode, despite an initially high capacity, then suffers a
rapid capacity decline, culminating in complete failure after 20 cycles. This phenomenon was
replicated across multiple cells composed with the TMO cathode, and its deficient cycling

performance at 1 C (Figure D4d) suggests that the electrochemical stability of TMO cathodes
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is inferior to that of BMO cathodes. Therefore, these results demonstrates that the application
of Bi203 as a coating material substantially elevates the electrochemical properties of MnO2
cathode materials, surpassing other metal oxide coatings by engendering improved charge-

discharge reversibility.
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Figure 7.2. Cycling performance of f-MnO2 and BMO cathodes in 2 M ZnSO4/0.2 M MnSO4
electrolyte at a) 0.2 C and b) 1 C. The active material mass loading is around 9 mg cm™. The
charging/discharging plateaus of ¢) f-MnO: cathode and d) BMO cathode in 2 M ZnS04/0.2
M MnSOs4 electrolyte at 0.2 C.

The cycling stability of cathodes is additionally reflected in the integrated area under their
CV curves. In Figure 7.3a, the B-MnO2 cathode exhibits a notable peak broadening coupled
with a decline in response current as the cycles progress. Such phenomena may be ascribed to
the dissolution of the active material and the concomitant formation of by-products (e.g.,
Znx(MnOz2)y nanoplates) on the cathode surface, which is due to repeated electrochemical
reactions, thereby precipitating capacity decay. In comparison, the CV profiles of the BMO

cathode (Figure 7.3b) maintain a commendable consistency in peak shape and integral area
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over multiple cycles, indicating a superior electrochemical stability. The minimal alterations
in peak response currents and the relative constancy of peak positions underscore a transition
towards a more reversible electrochemical process, with concomitantly lower degradation of
the electrode material. These observations postulate that the Bi2O3 coating serves as a
protective barrier, mitigating the irreversible transition of the active material and facilitating
more effective electron transfer pathways during redox process. After 100 cycles, a slight
weakening of the response current was observed. This alteration could stem from the
formation of new substances on the cathode surface or a phase transition that affects the
migration of ions. Nyquist plots provide further information for a comprehensive
understanding of the electrochemical behavior of cathode materials in aqueous batteries,
imperative for elucidating their electrochemical attributes. For the B-MnOz cathode, as seen in
Figure 7.3c, the Rt incrementally expands throughout cycling, originating at 16.7 Q in the
10th cycle and surging to 147 Q by the 200th cycle (Table D1). This substantial rise indicates
a degradation in electrochemical kinetics, possibly due to the formation of Znx(MnO2)y
nanoplates on the cathode, thus impeding charge transfer processes. In contrast, the BMO
cathode (Figure 7.3d) maintains notable stability in Ret within cycles from 10th to 200th,
implying a consistent charge transfer capabilities throughout cycling. Noteworthy is the BMO
cathode's display of an additional semicircle within the Nyquist plot, suggestive of interfacial
impedance (Ri). This feature, when integrated with findings from XPS results (Figure 7.1),
intimates the existence of a distinct coating layer or interface which modulates charge transfer
dynamics. The stable nature of the BMO cathode's interphase, alongside its consistent Ri
values, implies an intact interfacial structure that facilitates reliable cycling performance.
Conversely, the AMO cathode, as shown in Figure D5a, reveals the vanishing of the Ri as
early as the 50th cycle, presumably implicating the deterioration or compromise of the Al2O3
coating. This implies that the Al2O3 coating exhibits electrochemical instability within a
limited cycling regime, potentially exacerbating the cathode material's direct exposure to the
electrolyte, which could hasten material dissolution and irreversible phase transitions, thereby

shortening the cycle life and degrading the performance of the electrode. For the TMO
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cathode (Figure D5b), an initial constancy in Ri is observed within the first 50 cycles.
Nevertheless, a considerable increase in Ri is detected at 100th cycle. This change likely
signifies an alteration in the TiO2 coating, possibly due to the attenuation in its structure. Such
evolution eventually results in the disappearance of the interface layer and a significant
growth in the Ret by the 200th cycle, reflecting a compromise of the TiO:2 coating layer, which
is critical in preserving the integrity and conductivity of the electrode. Therefore, the Bi2O3
coating layer coating layer exemplifies unparalleled endurance and electrochemical stability,
which corroborates sustained operational performance and extended lifespan, underpinned by

a consistent charge transfer resistance and robust interface.
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Figure 7.3. CV profiles of a) B-MnO2 and b) BMO cathodes at determined cycle numbers,
with a scan rate of 0.5 mV s™'. Nyquist plots of ¢) p-MnO2 and d) BMO cathodes in 2 M
ZnS04/0.2 M MnSOs4 electrolyte over the frequency range of 100 mHz-1 MHz at selected
cycles. Inset is the corresponding equivalent circuit diagram.

The depiction of cycling performance accompanied by standard deviation, as illustrated

in Figure 7.4a and Figure 7.4b, offers quantifiable insights into the reproducibility and
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reliability of cells outfitted with BMO cathodes. These standard deviations were calculated
based on three cells under identical test conditions. At a current rate of 1 C, the cells exhibit a
slight decrease in specific capacity during the initial cycles, thereafter maintaining the specific
capacity of over 130 mAh g after 200 cycles, and the average capacity deviation is
approximately +6.50 mAh g' which underscores an excellent battery reproducibility.
Concurrently, the average Coulombic efficiency is maintained around 99.4%, indicating
efficient charge-discharge processes and minimal propensity for irreversible capacity loss of
the BMO cathode. In addition, a plateau in capacity is observed subsequent to the initial tens
of cycles at 2 C, insinuating that the cathode structure attains an equilibrium state promptly,
even under the stress of doubled current load. Despite the initial drop in capacity, the material
exhibits a capacity retention surpassing 80% after 1000 cycles, which is a positive indicator
for long-term use. The Coulombic efficiency at 2 C also merits attention; despite exhibiting
some fluctuations during the initial 20 to 30 cycles, it predominantly remains above 99% with
an average over 1000 cycles noted at 99.8+0.2%. The data points and average values for
specific capacities and Coulombic efficiency of the Zn-BMO cells are detailed in Figure D6
and Table D2. This is a salient consideration for practical applications of RAZBs, as higher
mass loadings correlate to higher energy densities, making the material more suitable for real-
world energy storage solutions. The exceptional cycling reproducibility and elevated
Coulombic efficiency at such significant mass loadings reinforce the potentiality of the BMO
cathode for industrial-scale battery applications. When compared with other recently reported
Zn-MnO:2 batteries as shown in Figure 7.4c, our battery delivers a relatively large capacity
(1.94 mAh) at a higher mass loading. Moreover, our cells demonstrate endurance over 1000
cycles under a comparable current density (2 C), equating to 1.43 times the longevity of
comparative batteries. This underscores the efficacy of the Bi2Os coating in preserving
cathode integrity through repeated cycling, synonymous with reduced capacity loss and
bolstered long-term stability, which are desirable attributes for battery materials in practical

applications.
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Figure 7.4. Cycling performance of BMO cathode in 2 M ZnSO4/0.2 M MnSOs4 electrolyte at
a) 1 C and b) 2 C. The standard deviations in these plots are calculated based on three cells. c)
The comparison of cell cycle number, active material mass loading with recently reported
coin-type Zn-MnO:z2 batteries. More details are listed in Table D3.

7.3.3. Large cell electrochemical performance

Large batteries (Figure 7.5a) are indispensable for practical applications, the necessity of
which stems from the demand for batteries that are not only capable of high energy storage
but also exhibit stable and durable performance. Hence, evaluating the performance of
cathode materials in large batteries or iron-plate batteries is critical for advancing the field of
aqueous battery technology. In an effort to validate the viability of BMO cathodes for large-
scale energy storage, a series of electrochemical evaluations were performed using BMO and
B-MnO: cathodes with a 2 M ZnS04/0.2 M MnSOs4 electrolyte. As illustrated in Figure D7,
the BMO cathode displays excellent stability with a specific capacity of 401.8 mAh g! at 0.2
C, achieving a capacity retention of 93.0% after 70 cycles. It is paramount to note that these
tests were executed with material mass loadings in excess of 9 mg cm™, with the active

material on the cathode surpassing 65 mg—a sextuple increment relative to the mass
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employed in previous electrochemical assessments using button-type cells. The relatively
stable cycling performance of the BMO cathode, particularly in comparison to the f-MnO2
cathode, implies that the Bi2O3 coating technology has the potential to be scaled up. This is
particularly evident when considering the battery calendar life (Figure 7.5b), where the Zn-
BMO cell demonstrates a superior cell capacity of over 20 mAh after a 50-day operational
period, highlighting the protective efficacy of the Bi2O3 coating in the preservation of cathode
material. This layer proves instrumental not merely in mitigating material dissolution but also
in the effective suppression of detrimental side reactions, thus augmenting the overall
performance and longevity of the battery. Charge/discharge profiles (Figure 7.5c) further
corroborate the BMO cathode's ability to maintain the electrochemical plateaus, indicative of
robust reversibility and electrochemical stability, both of which are vital for long-term battery
operation. Remarkably, even with a material mass loading amplified to over 16 mg cm™, the
BMO cathode sustains a commendable capacity over prolonged cycling (Figure 7.5d). With
an active material mass exceeding 120 mg, the cell exhibits a capacity retention of 72.7% over
60 days (equivalent to 330 cycles), thereby showcasing the practicability of employing BMO
cathodes with elevated mass loading without considerable degradation in capacity retention.
Such findings solidify the prospective integration of BMO cathodes into high-demand energy

storage systems.
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Figure 7.5. a) Internal view of the large battery. b) Cycling performance of B-MnO: and
BMO cathodes in 2 M ZnS04/0.2 M MnSOs4 electrolyte at 0.2 C. The active material mass
loading >9 mg cm?. c¢) The corresponding charging/discharging plateaus. d) Cycling
performance of the BMO cathode in 2 M ZnS04/0.2 M MnSO4 electrolyte at 0.2 C. The active
material mass loading >16 mg cm™. ) The comparison of cell calendar life, active material
mass loading and cell capacity with recently reported zinc-ion batteries. More details are
listed in Table D4.

A comparative evaluation with existing zinc-ion battery technologies brings the
exceptional attributes of the BMO cathode to the fore, showcasing its superior cell capacity
and exceptional calendar life. This performance is markedly evident under conditions of
increased mass loadings, as illustrated in Figure 7.5e. The minimal standard deviation in
cycling performance for multiple cells in Figure 7.6 demonstrates the reproducibility and
reliability of this BMO cathode, factors which are imperative for its commercialization and
practical application. Moreover, the Coulombic efficiency of these cells (Figure D8b) not

only consistently remains at an elevated level but also exhibits a progressive improvement
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during operation, highlighting the electrochemical capability of the cells and signifying a

pronounced mitigation of side reactions.
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Figure 7.6. The standard deviations of a) cycling performance and b) Coulombic efficiency
of BMO cathodes in 2 M ZnS04/0.2 M MnSOs electrolyte at 0.2 C. The active material mass
loading >16 mg cm™. These plots are calculated based on three cells.

Building upon these advancements, we have extended this modification technique to
other polymorphs of MnO: (e.g., e-MnOz), which also shown significant improvements in
cycling performance. As demonstrated in Figure 7.7a, the e-MnO: cathode material modified
with Bi2O3 coating (denoted as BMO (g)) maintains a discharge specific capacity of about 160
mAh g after 100 cycles in a coin-type cell. Moreover, in Figure D9, the cycling results of
multiple cells exhibit excellent consistency with a small capacity deviation of £6.00 mAh g.
In a large battery, it reaches a cell capacity of 26.6 mAh when tested at 0.5 C with a
considerable mass loading of over 20 mg cm™, and achieves a capacity retention of over 80%
after 400 cycles (Figure 7.7b). Notably, further increasing the current rate to 2 C and 5 C
resulted in batteries showing 90% capacity retention (1200 cycles, Figure 7.7c) and 70%

capacity retention (2700 cycles, Figure 7.7d), respectively.

The adoption of BMO cathodes engenders the creation of batteries boasting the
amplified energy storage capacities requisite for more exigent applications, which could
contribute to the broader acceptance of aqueous batteries in sectors that demand resilient
energy solutions, including grid storage, electric vehicles, and portable electronic devices.
Furthermore, our research has the potential to energize continued research into cathode

designs with high mass loading, thereby fostering the transition toward aqueous battery
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systems that offer a more sustainable and safer alternative to conventional lithium-ion

counterparts.
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7.4. Conclusion

In this study, we employ a straightforward in situ encapsulation technique to adeptly
fabricate Bi20s-coated MnO:2 cathode materials, thereby significantly increasing the mass
loading of cathode material from the typical 1-3 mg cm? to 9 mg cm™. Electrochemical
assessments conducted on coin-type cells reveal that the BMO cathode material demonstrates
exceptional electrochemical performance, particularly in terms of cycle stability and
Coulombic efficiency—key indicators of viability for high-energy-density battery
applications. To further investigate the high mass loading characteristics of the BMO cathode,
we assess the cycling performance of BMO cathodes in larger battery configurations,
enhancing the mass loading to a surprising 16 mg cm™. This progression to larger batteries is
crucial, offering a more realistic approximation of the operational conditions faced by energy
storage systems. The BMO cathode maintains its superior electrochemical properties
observed in the smaller coin cells and exhibits an exceptional capacity to endure the
heightened demands of increased mass loadings. Specifically, it displays a notable capacity
retention of 72.7% over 330 cycles (equivalent to a 60-day operational calendar life),
underscoring its potential to operate effectively under the high-energy demands typical of

industrial-scale applications.

These findings highlight the promising potential of BMO cathodes in advancing aqueous
Zn-MnO:z battery technology. The cathode's ability to uphold high specific capacities and its
electrochemical and structural integrity at increased mass loadings heralds a new era in the
development of high-performance aqueous zinc-ion batteries. Such batteries, enhanced with
BMO cathodes, are well-positioned to meet the escalating demands for sustainable and
dependable energy storage solutions, particularly in areas where energy density and durability
are critical. Moreover, the significance and utility of reproducibility experiments in this
context cannot be overstated. These experiments are instrumental in validating the
consistency, reliability, and scalability of the Bi2Os3 coating technology. By demonstrating

reproducible results in multiple tests, it not only affirms the feasibility of the Bi2O3 coating
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approach, but also strengthens confidence in the potential for commercialization and
widespread application of this technology. This commitment to reproducibility lays a solid
foundation for the advancement of aqueous battery systems and signifies a meaningful step

towards influencing the future of sustainable energy storage solutions.

To further demonstrate the great potential of this surface modification technique, we plan
to extend its application to other MnOz polycrystals, including a-MnOz2, y-MnO2, and 8-MnOx.
We will conduct a series of electrochemical performance evaluations using coin-type batteries,

large batteries, and pouch batteries to showcase the superiority of BMO cathode materials.
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Chapter 8. Conclusion and Future Work

8.1. Conclusion

In this thesis, we present a comprehensive exploration of innovative strategies aimed at
enhancing the performance and stability of vanadium-based and manganese-based cathode
materials. Each project delves into the synthesis, characterization, and optimization of cathode
materials for aqueous zinc-ion batteries. Through these studies, we not only achieve
significant improvements in battery capacity and cycling stability but also offer new insights

into the underlying mechanisms influencing ion transport and electrode interactions.

The research in Chapter 4 pioneers the development of a robust rechargeable Zn-
vanadium battery system, featuring a highly reversible Zn?>*/Na" co-intercalation mechanism
within vanadium-based cathodes, specifically Zno.3Nao43V20s (ZNVO). By addressing the
longstanding issue of cathode material dissolution, our work significantly enhances battery
stability. The synthesis of ZNVO cathodes employs a pre-intercalation technique, yielding an
optimized material that demonstrates an exceptional discharge capacity of 350 mAh g' at 1 C
rate, significantly outperforming existing vanadium-based counterparts. Utilizing a 1 M
ZnS0O4/1 M NazSOs electrolyte, the system achieves dual-ion intercalation, which is essential
for superior electrochemical performance. Electrochemical assessments reveal a sequential
intercalation and de-intercalation process of Na“ and Zn** ions, maintaining over 90%
capacity after 4000 cycles as well as achieving a discharge capacity of 209 mAh g at 5 C.
This co-intercalation strategy, applicable to various vanadium oxides, demonstrates scalability
and potential for high-capacity energy storage applications, evidenced by the successful

fabrication and testing of larger 9 mAh cells.

In Chapter 5, we illuminate the intricate dynamics of ionic crosstalk of Mn?" and Zn?*
ions within the aqueous Zn-MnO:2 battery system, elucidating a previously underexplored
mechanism critical to battery performance. Through a multifaceted analytical approach,

including in situ optical visualization and XRD, we reveal how Mn?" migration from the
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MnO:2 cathode to the Zn anode influences zinc deposition and promotes dendritic growth.
This Mn?" ionic crosstalk exacerbates anode corrosion, deteriorates anode surface morphology,
and increases the risk of internal short-circuiting of the battery. In addition, we discover a
rapid formation of zinc sulfate hydroxide (ZSH) on the cathode driven by Zn?>" ions stripped
from the anode, which continues to crosstalk the cathode and results in an irreversible phase
transition in the cathode material. This research highlights the profound effect of Zn?*/Mn**
ionic crosstalk on the counterpart electrodes' electrochemical performance, offering
significant insights into overcoming the challenges hindering its advancement towards

practical energy storage solutions.

To address the ionic crosstalk phenomenon, in Chapter 6, we adopt a porous membrane
(PM) based on PVDF-HFP for ion-controlled release and elucidate its key role in mitigating
the ionic crosstalk and improving the performance of aqueous Zn-MnQO: batteries. The PM,
characterized by its hierarchical porous structure and fluorinated functional groups, enables
ion flux regulation and ensures uniform distribution of Zn** and Mn?* ions in the vicinity of
the electrode. This not only counters the detrimental effects of ionic crosstalk at electrodes but
also promotes uniform zinc deposition on the anode and targeted reactive Znx(MnOz)y
nanosheets (ZMO-S) generation on the cathode. The incorporation of PM results in a battery
that delivers an exceptional specific capacity of 187.7 mAh g at 2 C, with a capacity

retention of 97% and Coulombic efficiency of over 99.8% after 1000 cycles.

In Chapter 7, we introduce a novel in situ encapsulation strategy for fabricating Bi2O3-
coated MnO2 (BMO) cathode materials, achieving an unprecedented mass loading of up to 9
mg cm, far exceeding the typical 1-3 mg cm™. Our electrochemical evaluation in coin-type
and larger battery configurations showcases the BMO cathode's exceptional electrochemical
performance, including excellent cycle stability and Coulombic efficiency. Notably, in large
battery testing, the BMO cathode exhibits 72.7% capacity retention after 330 cycles
(equivalent to a calendar life of 60 days) with a mass loading of 16 mg cm™. This significant

enhancement in mass loading capacity without compromising electrochemical stability or
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performance underscores the BMO cathode's potential for high-energy-density aqueous Zn-
MnO: battery applications. Furthermore, rigorous reproducibility experiments confirm the
consistency and reliability of this surface modification technique, bolstering the feasibility of
scaling up this technology for industrial applications. Such advancement represents a critical
step towards meeting the growing demand for sustainable, high-performance energy storage

solutions.

Throughout my PhD research, I have explored two distinct cathode materials, each with
its own unique set of challenges and breakthroughs. However, it is the manganese-based
cathode materials that stand out as the most significant contribution of my work. The
advancements made in understanding and optimizing manganese-based electrodes have not
only demonstrated superior performance characteristics but also provided valuable insights
into the underlying crosstalk mechanisms. This work has the potential to significantly impact

the development of more efficient and sustainable battery technologies.

8.2. Future Work

In practical applications, identifying cathode materials that exhibit both prolonged cycle
life and consistent performance remains a significant challenge. Rechargeable aqueous zinc-
ion batteries (RAZBs) face several obstacles in their adoption for large-scale energy storage

applications:

(1) The discharge voltage platform for RAZBs typically ranges between 0.6-1.8 V,
considerably lower than the 3.2-5.0 V range observed in lithium-ion batteries, and a narrow
electrochemical window (~1.23 V) which significantly impacts the energy density (unit: Wh

kg!) that can be achieved.

(2) The energy density of RAZBs, at 70-140 Wh kg, is substantially below that of lithium-
ion batteries (200-300 Wh kg! for commercial use), limiting their competitiveness in energy-

intensive applications.
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(3) Another significant drawback of RAZB is their poor performance at low temperatures.
The low-temperature performance of RAZB is primarily compromised by the reduced ionic
conductivity of the electrolyte at lower temperatures, leading to slower ion migration and
impaired electrochemical reactions. Consequently, the capacity and power output of aqueous

batteries are diminished at lower temperatures, leading to reduced efficiency and performance.

(4) Side reactions on electrodes are a critical issue that severely affects the battery
performance. The occurrence of hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) in RAZBs leads to the depletion of aqueous electrolytes, further affecting the

battery's efficiency and operational lifespan.

Despite these limitations, RAZBs hold significant promise for sustainable energy storage
solutions. Their use of water-based electrolytes makes them inherently safer and more
environmentally friendly compared to organic solvents used in many conventional batteries.
Moreover, the abundant and low-cost materials used in aqueous batteries contribute to their
overall sustainability. To advance the development of RAZBs, several next steps are essential.
Firstly, improving the operating voltage range and energy density of RAZBs through the
development of novel electrolytes and advanced electrode materials. Enhancing the low-
temperature performance by exploring new additives or modifications to the electrolyte can
also improve their practical usability in diverse environmental conditions. Additionally,
addressing issues related to electrolyte stability and anode corrosion through innovative
design and protective coatings will further enhance the longevity and reliability of these
batteries. Future research should focus on optimizing these aspects to make aqueous batteries
a viable alternative to conventional energy storage systems. By overcoming these challenges,

aqueous batteries can contribute to more sustainable and efficient energy storage solutions.
8.2.1. Vanadium-based cathode materials

The role of pre-intercalated crystal water
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To enhance the structural stability of the cathode material during the repeated insertion
and extraction of Zn*" ions, we have incorporated structural pillars within the interlayer to
fortify the crystal structure. Beyond the employment of metal ions, the integration of pre-
intercalated crystal water has been identified as a pivotal element in reinforcing the structure
of vanadium-based cathodes. Some studies have proposed that the crystal water functions not
only as a "water lubricant" to facilitate the swift movement of Zn?" ions during the battery's
charge-discharge cycles, but also serves as a charge-shielding medium to diminish the
electrostatic forces between the intercalated Zn?* ions and the active material. This dual role is
hypothesized to enhance the kinetics of Zn*' ion transport, facilitating a more efficient
exchange between the electrolyte and the electrode. Given these premises, our future efforts
need to further refine the reaction mechanism of vanadium-based materials, dissect and
understand the operational dynamics of these interlayer pillars and the role of pre-intercalated
water. We also need to reveal the specific interactions and effects these elements on the
overall battery performance, aiming to optimize the structural and electrochemical properties

of the cathode materials for enhanced battery technologies.
Surface modification and crystal structure engineering

The efficiency of the cathode’s cycling process is frequently compromised by a
multitude of side reactions and phase changes, leading to the deterioration of the crystal
lattice and a subsequent reduction in cycling performance. In response to these challenges, the
application of negatively charged functional groups (e.g., carboxylic groups) to modify the
cathode surface presents a viable route to mitigate these detrimental effects. Such functional
groups can repulse negatively charged hydroxyl radicals, thereby preventing their
accumulation on the electrode surface and consequently bolstering the material's structural
integrity. Therefore, future work will concentrate on the systematic development and
empirical assessment of electrode surface modifications through the incorporation of
negatively charged functional groups. This endeavor will include a comprehensive evaluation

of the functional groups' impact on the electrochemical stability and durability of the
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electrode materials. Concurrently, efforts will be directed towards refining interface design
and executing crystallographic alterations to optimize the lattice structure for improved Zn>*
ion accommodation and mobility. These investigations will aim to elucidate the mechanistic
underpinnings of enhanced zinc ion storage and retrieval within vanadium-based cathodes,

ultimately contributing to the development of more efficient and durable battery systems.
A focus on water dynamics in cathode

While the co-intercalation mechanism of Zn?>*/Na* has been identified in this thesis, the
concurrent H' insertion/extraction process presents a significant ambiguity, particularly
regarding its relationship with the crystal structure and electrode performance. Furthermore,
given the predominant origin of H" ions from aqueous electrolyte (i.e., water), elucidating
water's role during the charge/discharge cycles stands as a critical challenge for the
development of vanadium-based cathodes. Water in vanadium-based RAZBs typically
manifests in three distinct states: as crystalline water, solvated water, and chemisorbed water
molecules on the electrode surface. Addressing this complexity necessitates the application of
in situ characterization along with isotopic labeling techniques to track the behavior of H20
molecules within the electrolyte. Future research endeavors will aim at providing a deeper
understanding of water's role and will focus on elucidating the intricate relationships between
H" insertion, water states, vacancy defects, and their collective impact on the electrochemical
performance of the cathode. Through these advanced analytical approaches, we aim to
uncover the fundamental mechanisms in vanadium-based cathodes, thereby paving the way

for the design of more efficient and robust RAZB systems.
Optimizing vanadium cathodes for commercial goals

Vanadium-based cathode materials confront several challenges, including limited
operating voltages, volumetric energy density, and material loading capabilities. Typically,
the operating voltage of vanadium-based compounds is less than 1 V, thus further
advancements are required to bolster energy density. Some studies suggested to incorporate

anion groups with strong electron-withdrawing ability (e.g., F~ and PO4*") into V20s, which
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could elevate the average operating voltage to 1.1 V, or even 1.6 V. This approach raises the
operating voltage but sacrifices capacity, thus future research efforts should focus on
investigating the effects of these introduced groups on the crystal structure and operational
voltage of vanadium-based cathodes. Enhancing voltage should be conducted with a
definitive structure-performance relationship, not pursued indiscriminately. Moreover, the
inherently low volumetric energy density of vanadium-based cathodes underscores the need
for innovative design strategies. It is imperative to design and synthesize vanadium-based
cathodes that feature specialized nanostructures, particularly layered ones, to significantly
increase volumetric energy density through improved ion/electron transfer efficiencies.
Furthermore, there exists a crucial requirement to develop innovative processing techniques
aimed at elevating the mass loading of vanadium-based cathode material without
compromising capacity. Such advancements are essential for ensuring a balance between the
capacities of anode and cathode materials, ultimately contributing to the advancement of the

overall performance of energy storage devices.

In addition, the practical application of vanadium-based cathodes in ZIBs requires
consideration of the complex preparation process of vanadium oxides and their toxicity.
These factors also play a crucial role in determining the feasibility and viability of vanadium-

based cathodes in practical applications.
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8.2.2. Manganese-based cathode materials
Advancements in coating technologies for electrochemical enhancement

The development of innovative coating materials presents a promising pathway to
significantly enhance the electrochemical performance of electrodes. Specifically, polymer
materials endowed with homogenous active sites, superior conductivity, and hydrophilic
characteristics are poised to markedly improve electrode functionalities. Moreover, the
exploration of synergistic interactions among multi-component coating materials merits
rigorous investigation. For example, a dual-layer coating, integrating both electronic and ionic
conducting layers, has been shown to effectively mitigate surface side reactions while
simultaneously boosting the conductivity of manganese-based oxide cathode materials.
Furthermore, these coating layers play a pivotal role in establishing a uniform electric field,
thereby preventing the dendritic growth observed in zinc anodes. Future research should
concentrate on the systematic exploration and characterization of novel coating materials,
emphasizing the identification and synthesis of polymers with optimized electronic properties
and surface interactions. Such investigations should include the development of bilayer
coatings that combine electronic and ionic conductive properties, tailored specifically for
MnO: cathodes and Zn anodes. It is also important to evaluate the impact of these coatings on
suppressing undesired side reactions and dendritic growth, alongside their ability to enhance

overall battery performance.
Innovative approaches in electrolyte additive research

The exploration of novel electrolyte additives represents a vital avenue for enhancing the
performance of energy storage systems. These additives are crucial for modulating Zn** ion
deposition on the zinc anode surface and influencing the cathode interface to improve the
cathodic material's cyclic stability. The development of hydrophilic electrolyte additives (e.g.,
silk protein sericin) emerges as a particularly promising strategy, capable of effectively
immobilizing free water molecules, thereby mitigating undesired surface side reactions. Given

the inherent limitations of individual electrolyte additives, a synergistic approach that
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leverages the combined effects of multiple additives may offer a pathway to achieve superior
battery performance. Broadly speaking, future efforts in this domain should focus on the
meticulous design and synthesis of multifunctional electrolyte additives, along with an in-
depth understanding of the complex interactions between these additives and the
electrochemical system. This will involve comprehensive electrochemical testing and analysis
to ascertain the optimal combinations of additives that lead to enhanced performance metrics.
In addition, the impact of these additives on the overall electrolyte composition, electrode
interface stability, and battery longevity needs thorough investigation. By pursuing these

focused areas of research, we can unlock new potentials in electrolyte additive formulations.
Elucidating the role of byproducts and intermediates in electrochemical processes

The formation of by-products and intermediate products on the cathode surface during
electrochemical reactions is a phenomenon that significantly influences battery performance.
These substances can impede the transfer of electrons and ions, restrict the battery's capacity,
and potentially alter the fundamental reaction mechanisms. Despite their critical impact, there
still remains a lack of consensus regarding the nature, structure, and factors influencing the
formation of these intermediates. Future research endeavors must therefore prioritize the
comprehensive investigation of by-products and intermediate products arising during

electrochemical reactions. This entails:

(1) Identifying and characterizing the types and structures of these intermediates and by-
products, utilizing advanced analytical techniques to ascertain their composition and

formation mechanisms.

(2) Exploring the impact of these compounds on battery performance, including their role in

electron and ion transfer processes, capacity limitations, and alterations to reaction pathways.

(3) Developing methodologies to mitigate the adverse effects of these substances, which may
involve the synthesis of novel materials designed to resist by-product formation or the

formulation of additives that can neutralize detrimental intermediates.
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(4) Establishing a systematic understanding of the factors that promote the formation of these
intermediates, ranging from electrolyte composition to operational conditions, in order to

devise strategies that can minimize their impact.

By addressing these focal points, future research can bridge the current knowledge gap
regarding the influence of by-products and intermediates on electrochemical systems,

ultimately leading to the development of more robust and efficient battery technologies.

Advancing multi-strategy modifications for Mn-based cathodes: synergies, applications,

and economic viability

While individual modification strategies offer distinct advantages for enhancing the
performance of cathode materials, relying on a singular approach often falls short in
concurrently optimizing structural stability, energy density, and rate performance. The
exploration of synergistic effects stemming from combined modification strategies on the
electrochemical behaviors of cathode materials remains an under investigated area. Achieving
a comprehensive understanding of these synergistic mechanisms is crucial for harnessing the

full potential of cathode enhancements.

For Mn-based cathodes to transition from theoretical models to practical application, a
holistic optimization strategy encompassing the entire battery system is imperative. This
involves the iterative refinement of various battery components, such as the development of
functional electrolytes, the introduction of multifunctional separators, and the innovation of
zinc anode, ensuring that each element contributes to the overall performance improvement of
the battery. Moreover, the economic aspects, including a thorough cost-benefit analysis, must
be incorporated into the development process to evaluate the financial feasibility of these
advanced cathode materials. Understanding the economic implications is vital for assessing
the potential for commercialization and large-scale adoption. Furthermore, elucidating the
specific storage mechanisms of such advanced cathode material is essential. This detailed
understanding will facilitate the targeted design of modifications and the prediction of their

effects on battery performance. Future research should focus on:
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(1) Systematically investigating the synergistic effects of multiple modification strategies on
Mn-based oxide cathodes, utilizing advanced analytical techniques to unravel the underlying

mechanisms.

(2) Conducting comprehensive optimizations at the whole battery level, which entails not
only improving the cathode material but also enhancing related battery components for

superior overall performance.

(3) Integrating economic evaluations early in the research process to ensure that proposed

solutions are not only technically viable but also economically feasible.

(4) Deepening the understanding of the storage mechanisms inherent to Mn-based materials
of various crystalline types (e.g., a-, B-, y-, €-, etc.), which is pivotal for guiding future

modifications and applications.

Addressing these areas will pave the way for the development of Mn-based oxide cathodes
with superior performance, cost-effectiveness, and practical applicability, marking significant

progress in the field of advanced energy storage technologies.
Cathode design for enhanced performance in low-temperature environments

Given the drastic climatic shifts observed globally, the imperative for energy storage
systems capable of operating in extremely low temperatures has never been more critical. In
such environments, mild RAZBs face not only the challenge of aqueous solution freezing but
also the significantly reduced diffusion kinetics of Zn?>* ions. The defect engineering, doping
and hybridization with conductive materials are all possible strategies to improve the low
temperature performance of RAZB. However, the implementation of these methods requires a
detailed understanding of the structural and electrochemical properties of the materials at low
temperatures. Therefore, in-depth studies involving cryogenic temperature testing, advanced
microscopy, and in situ spectroscopy techniques to analyze the cathode's behavior in low-

temperature conditions are essential. Moreover, computational modeling and simulations
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could offer valuable insights into the mechanisms at guiding the experimental design and

optimization of cathode materials for low-temperature applications.

By addressing these key areas, the research aims to unlock new possibilities for the
development of robust RAZBs, ensuring their effective performance in cold climates and

expanding their applicability across a wider range of environmental conditions.
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Appendices

Appendix A: Supplementary Information for Chapter 4
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Figure Al. a) Morphology of HVO nanowires. Scale bar: 2 um. b) XRD pattern of HVO
nanowires. Hydrogen vanadium bronze (HxV20s, PDF#45-0429).

Figure A2. Morphology of ZNVO cathode in ZnSO4/Na2SO4 electrolyte at 200th cycles.
Scale bar: 1 um.
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Figure A3. Long-term galvanostatic cycling of Zn-Zn symmetric cells at a current density of
5 mA cm? with an areal capacity of 1.0 mAh cm™2.
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Figure A4. a) Morphology and elemental mapping of NVO nanowires. Scale bar: 2 pm. b)
XRD pattern of NVO nanowires. Sodium vanadium oxide (Nao33V20s, PDF#48-0382).
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Figure A8. The self-discharge profile of Zn-ZNVO battery in a) 2 M ZnSOs electrolyte and b)
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Table Al. Electrochemical performances of recently reported vanadium-based cathode

materials for zinc-ion battery.

Electrode material Electrolyte Current density Capacity retention Ref
o1
Agi2V30g 2 M ZnSOy4 1Ag! 83%/100 cycles
322
Na,V0,-0.3H,0 2 M ZnSOq4 1Ag! 74%/2000 cycles
86
Ki11V30g4 3 M ZnSOq4 2A g'1 93.5%/1000 cycles
. 24A¢g" 81%/1000 cycles 2
Z025V20s 1H:0 I M ZnS0s 45A¢g" 82%/1000 cycles
98
Sl’l1‘5V207(OH)2'3.3H20 1 M ZnSO4 1A g'1 98%/200 cycles
427
MnxV10024~nH20@V2CTX 1M Zn(CF3SO3)z 1A g'1 93.5%/300 cycles
323
V;501,2-6H,0 3 M Zn(CF;S0s), 2Ag! 94%/1000 cycles
97
Alp2V20s 3 M Zn(CF3S0s)» 5Ag! 61.4%/5000 cycles
104
CuV,06 micro-belts 3 M Zn(CF5S0;3), 5Ag! 55.5%/3000 cycles
324
MgV,06-1.7H,0 3 M Zn(CF3S0s3), 1Ag! 94%/500 cycles
428
Cao‘o4V205' 1.74H20 3M Zn(CF3SO3)z 4 A g'1 100%/1000 cycles
. 1Ag! 82.8%/100 cycles 429
Cr-doped V,05-nH,0O 3 M Zn(CF3S0s3), 4A g 58.1%/500 cycles
296
NaCa6Vs016-3H,0 3 M Zn(CF;S03), 2Ag! 94%/2000 cycles
This work 1 M ZnSO4+1 M 1Ag!'(50) 90.9%/4000 cycles *
Na,SO;4 2Ag'(10C) 85%/3000 cycles

Table A2. Cycling performance (within 2000 cycles) of different electrodes in 1 M ZnSO4/1
M Na2SOselectrolyte at 5 C.

Electrodes

HVO

ZNVO

NVO

Number of cells

W N = W N = W ==

Average specific
capacity (mAh g!)

154.861+15.008

160.268+13.128
152.156£7.919
194.360+4.960
191.869+4.589
186.748+6.988
131.338+9.588
126.566+6.906
131.151+6.263

Average Coulombic

efficiency (%)
99.850+0.368
99.679+0.619
99.997+4.779
99.992+0.840
99.993+2.845
99.856+1.334

100.331£15.055
100.007£1.310
99.987+0.415
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Appendix B: Supplementary Information for Chapter 5
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Figure B1. Galvanostatic cycling performance of Zn-Zn symmetric cells in different
electrolytes at a current density of 0.5 mA cm 2 and an areal capacity of 0.5 mAh cm™.
Enlarged images: detailed voltage profiles at specific cycling times.

0.3 L 2.2M ZnSO,
2M ZnS0,/0.2M MnSO, 2 mA cm?
0.2 )
—_ ) 1 mA cm”
2 01 2 0.5mA cm®
- r 0.2mAcm
w
0.0
01 |}
L L L L L L L 1 L
0 20 40 60 80 100 120 140 160 180
Time (h)

Figure B2. Rate performances for Zn-Zn symmetric cells at various current densities under an
areal capacity of 0.5 mAh cm™2.
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Figure B3. Morphology evolution of the MnO: cathode in the discharged state at selected
cycle numbers in 2 M ZnS04/0.2 M MnSOs electrolyte. Scale bar: 2 pm.

Figure B4. Elemental mapping images of MnO:2 cathode in 2 M ZnS04/0.2 M MnSO4
electrolyte at 10th discharge and 300th discharge. Scale bar: 2 pm.
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Appendix C: Supplementary Information for Chapter 6
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Figure C1. Nyquist plots of MnOz cathodes covered by PMs prepared with different solution
ratios (0.2:1, 0.5:1 and 1:1) in 2 M ZnS0O4/0.2 M MnSOs4 electrolyte. Insets are the enlarged
profiles and equivalent circuit diagram.
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Figure C2. a) Cycling performance and b) Coulombic efficiency of MnOz cathodes covered
by PMs prepared with different solution ratios (0.2:1, 0.5:1 and 1:1) in 2 M ZnS04/0.2 M
MnSO4s4 electrolyte. The current density is 1 C.
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Figure C3. In situ optical visualization observations of Zn electrodes paired with a) bare
MnO: and b) PM-MnO: electrodes in 2 M ZnS04/0.2 M MnSOs4 electrolyte within transparent
electrochemical cells at various deposition times. Scale bar: 200 pm.

Figure C4. Cycled Zn anode surface paired with a) bare MnO2 and b) PM-MnO: cathodes in
2 M ZnS04/0.2 M MnSOs electrolyte. Scale bars: 50 pm and 20 um.

235



Q
(o

Bare
60.99 = PM
—_ (101) 60|
¢:v,i P (102) ¢
s (100) 41.49
> l A A J\/ PM| Ot
o 2560
] Bare 20
£ I 1237 1164
J Pristine Zn [ ] 7.30
| A A o —
30 40 50 60 70 80 (002) (100) (110)
26 (°) Miller index

Figure CS5. a) Ex situ XRD patterns of Zn anodes paired with bare and PM-MnO:z cathodes
after 300 cycles in 2 M ZnS04/0.2 M MnSO4 electrolyte. b) The RTC of Zn anodes paired
with bare and PM-MnOxz cathodes (300 cycles).
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Figure C6. Ex situ XRD patterns of PM-MnO: cathodes in 2 M ZnS04/0.2 M MnSO4
electrolyte at selected cycle numbers.
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Figure C7. XPS spectra of Mn 2p for PM-MnO: cathode at 300th cycle.
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Figure C8. a) Morphology evolution of the PM-MnO: cathode in the discharged state at
selected cycle numbers in 2 M ZnSO4/0.2 M MnSOs electrolyte. Scale bar: 2 um. Elemental
mapping images of PM-MnO2 cathode in 2 M ZnS04/0.2 M MnSOs4 electrolyte at 10th
discharge and 300th discharge. Scale bar: 2 um.
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Figure C9. GCD curves PM-MnO: cathode in 2 M ZnS0O4/0.2 M MnSOs electrolyte with
current density varying from 0.05to 1.5 A g™
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Table C1. Electrochemical performances of recently reported manganese-based cathode

materials with mild acidic electrolyte for aqueous Zn-ion battery.

Electrode material Electrolyte Curr?nt Cell. Capac'lty Ref
density capacity retention
1 M ZnS04/0.2 M 03Ag" 100%/150 cycles 43
&-MnO; MnSO. 09Ag" 0.300 mAh 55017500 cycles

0-MnO,@PPy M ZMniggo'l M 0.1Ag" 0375 mAh  65%/100 cycles %!

4
B-MnO,@C 3 /1;)/[ 123/1((1:&233)2 03Ag" 0.260 mAh  99%/400 cycles  **

. 4
2+ .

Cu pre'ér_‘ﬁffglfted M zMnigg:).z M 02Ag" 0420 mAh  94%/90 cycles ~ *¥
K-8-MnO; M Zﬁﬁggo'l M 03Ag' 0.405mAh  100%/100 cycles  **

4
NHCSs@MnO; M ZMnié)é)/Ol M 05Ag! 0.103 mAh  98.3%/650 cycles  **

4

. 3 M MnSO4/0.3 M

N"M“Offeg‘%carbo“ H,804/0.06 M 05Ag" 0.189 mAh  99%/450 cycles

NiSOq4
K-V>C@MnO, M z&i(;go.zs M 03Ag' 0.408 mAh  100%/180 cycles  *7

4
MnO/C@rGO 2 M ZnSOg4 0.5Ag! 0.170 mAh  99%/300 cycles 438
Mn;0s@C M ZMniggo'l M 05Ag" 0424 mAh  77.1%/200 cycles ¥

4

0.5M
LiMn,Os/GN/CNT  Zn(CH3CO0),/0.5 024 Ag! 0.232mAh  82.1%/600 cycles ~ **

M LiCH;COO

SnyMnO,/Sn0O; M Zl\‘/‘[rslg(“)/ 0.IM 03Ag' 0.240 mAh  100%/100cycles 441

4
ALLKMO M ZMni(S)S/O.l M 0.5Ag" 0.325mAh  91%/300 cycles

4
. 2MZnSO4/02M 025A¢g' (1C) 100%/400 cycles .

This work MnSO, 05Ag 2C) OO0 MAL 0501000 cycles

Table C2. Transference numbers of Zn?" were obtained by analysis of polarization

experiments.
AV (mV) Ry (2) R (©2) Io (nA) Is (nA) tzn2+
Bare 930 1607 5.14 3.50 0.81
PM 13833 14891 0.284 0.189 0.56
PP 9689 9945 0.108 0.0133 0.11
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Table C3. Transference numbers of Mn?>* were obtained by analysis of polarization

experiments.
AV (mV) Ry (£2) R (©2) Io (nA) Is (nA) tMn2+
Bare 10 2338 2832 3.48 2.06 0.26
PM 10 53803 155802 0.0312 0.0306 0.17

Table C4. Impedance results of bare and PM-MnO: cathodes in 2 M ZnS04/0.2 M MnSO4
electrolyte.

Bare MnQO;
R, (Q) Ret (Q)
50th 18.76 21.60
100th 13.51 38.21
200th 29.97 283.5
300th / /
PM-MnO;
R, (Q) Ret (Q)
50th 11.45 14.25
100th 9.960 15.57
200th 9.174 17.25
300th 14.24 21.90
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Appendix D: Supplementary Information for Chapter 7

Al-coated MnO,

Figure D1. Morphology and elemental mapping of a) Al-coated and b) Ti-coated MnO2
nanowires. Scale bar: 5 um.
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Figure D2. XRD patterns of a) Al-coated and b) Ti-coated MnO: nanowires. Aluminum
trioxide (Al203, PDF#97-017-3713), titanium dioxide (TiO2, PDF#97-000-9854), B-MnO2
(PDF# 04-005-4881).
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Figure D3. XPS survey spectra of a) AMO sample and b) TMO sample.
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Figure D4. a) CV profiles of f-MnO2 and BMO cathodes at 3rd cycle, with a scan rate of 0.5
mV s, b) CV profiles of BMO, AMO and TMO cathodes at 3rd cycle, with a scan rate of 0.5
mV s, Cycling performance of BMO, AMO and TMO cathodes in 2 M ZnS0O4/0.2 M MnSO4
electrolyte at the current density of ¢) 0.2 C and d) 1 C. The active material mass loading is
around 9 mg cm™.
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Figure D5. Nyquist plots of a) AMO and b) TMO cathodes in 2 M ZnSO4/0.2 M MnSO4
electrolyte over the frequency range of 100 mHz-1 MHz at selected cycles. Inset is the
equivalent circuit diagram.
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Figure D6. Cycling performance of BMO cathodes in 2 M ZnS0O4/0.2 M MnSOs4 electrolyte at
a)1 Candb)2C.
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Figure D7. Cycling performance of f-MnO2 and BMO cathodes in 2 M ZnS04/0.2 M MnSO4
electrolyte at 0.2 C. The active material mass loading >9 mg cm™.
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Figure D8. a) Cycling performance of BMO cathodes in 2 M ZnS04/0.2 M MnSOu4 electrolyte
at 0.2 C and b) the corresponding Coulombic efficiencies within a narrow y-axis scale.
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Figure D9. a) Cycling performance of BMO (g) cathodes with 2 M ZnS04/0.2 M MnSO4
electrolyte at 0.5 C in coin-type cells, and b) the corresponding Coulombic efficiencies within
a narrow y-axis scale.
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Table D1. Impedance results of B-MnO2, BMO, AMO and TMO cathodes in 2 M ZnS04/0.2
M MnSOs electrolyte.

B-MnO:>
R (Q) Ri (Q) Ret (Q)
10th 7.32 / 16.7
50th 5.00 / 127
100th 6.01 / 129
200th 2.71 / 147
BMO
R (2) Ri (©2) Rt (2)
10th 12.5 4.15 8.62
50th 6.67 6.94 16.1
100th 7.45 4.51 13.7
200th 8.39 4.86 11.9
400th 17.5 3.28 10.2
AMO
Rs (©2) Ri (©2) Ret (©2)
10th 6.46 27.5 103
50th 10.8 / 66.6
100th 11.1 / 73.1
200th 38.8 / 78.8
TMO
R (Q) R(©Q R«(Q)
10th 1.82 16.6 17.5
50th 5.76 8.45 22.4
100th 9.91 493 21.0
200th 14.5 / 67.9
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Table D2. Cycling performance of BMO electrodes in 2 M ZnS0O4/0.2 M MnSOs4 electrolyte at
different current densities.

Current Number of cells Average specific Average Coulombic
density capacity (mAh g1) efficiency (%)
. 1 173.955 99.417
50?) (Cwétf:sl; 2 173.204 99.487

y 3 172.395 99.395

o ] 128.786 99.899
12030(?1311;2) 2 126.196 99.788
y 3 134.949 99.974

Table D3. Electrochemical performances of recently

materials for zinc-ion battery.

reported manganese-based cathode

Electrode material Electrolyte Mass loading  Capacity Current density  Capacity retention  Ref
SnMnOySn0, M Zl\‘/}rsl(sjgf'l Mo 08mgem? 027mAh  030Ag 100%/100 cycles w
d-MnO,@CC M Zl\‘/“hsl(s)gf" M imgem? 030mAh  025Ag" 100%/245 cycles B
K-V:c@Mn0, M z&slq(;gg.zs Mo omgem?  061mAh  030A g 100%/180 cycles ~ C
-MnO,@g-CsNy M Zl\‘/}iggf'l Mo 7mgem?  055mAh 050 A g 100%/225 cycles D
K-8-MnO; M Zl\‘/“hsl(s)gf" M o 0mgem? 063mAh  030Ag! 100%/100 cycles  E
MnO,@N M ZI\‘AE(S)(“)/?'S M o 0mgem?  039mAh  050A g 100%/500 cycles T
HP-Mn,05-YSMSs 2 M Zl\‘/}iggf‘l Mo 0mgem?  045mAh 050 A g 100%/200 cycles O
£-MnO; I'M Zl\‘/}rslggf'z M 30mgem? 066mAh  075Ag" 90.0%/500 cycles 1
B-MnO; M ZI\I/}rsl(S)é)/?'l M 40mgcem?  0.79 mAh 0.50 A g! 45.0%/700 cycles I
D-B-MnO; M Zﬁiggf'l M 40mgem?  1.10mAh  050A g 100%300 cycles
4-MnO; M Zﬁiggf'z M 40mgem? 090mAh  0.50A g $2.6%/100 cycles K
MnO»/rGO M Zl\‘/“hsl(s)gf" M S0mgem? 141mAh  040Ag! 82.0%/100 cycles &
MnO,/C M ZI\‘/}E(S)(“)/?‘S M Somgem? 1.64mAh  0.60A g 100%250 cycles ~ M°
S-MnO, M Zl\‘/}iggf'l M somgem? 181mAh  020A g 100%/100 cycles N
NMONVTCNTs 2 M Zl\‘/“hslggf'z M S0mgem? 185mAh  020Ag" 100%/120 cycles O
C@PODAMnO, M ZI\I/lli(S)é/:)‘l M 68mgem? 147mAh  050A g 100%/600 cycles T
LiMn:Os I'M fin;g‘;/ Mo o mgem?  061mAh 0.15A g 62.0%/500 cycles 2
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456
NCMO 2MZnSOJ02M 55 vem?  153mAh 075Ag! 100%/100 cycles R}
MnSO4
457
3D Ti3CTx@MnO; 1 M ZnSO4 8.0mgcm?  2.35mAh 0.50 A g'! 71.1%/600 cycles S
“soggy-sand”(2 M T458
MnO»/CNT ZnS04/0.1 M 10mgem? 271 mAh 0.50 A g! 100%/300 cycles
MnSO4/Al,03/S10,)
459
S-MnOOH M Zl\l/lli(s)é/?'l M 10 mgem?  1.22mAh 0.50 A g'! 100%/500 cycles u
460
MnO@MXene 0.5 M Zn(OTf)/TEP  10.5mgcm?  1.93 mAh 0.10A g 100%/100 cycles v
This work 2 M ZnS04/0.2 M 9.0 me cm> 2.54mAh  025Ag'(10) 80.1%/200 cycles *
MnSO, e 196mAh 050 Ag'(2C)  76.7%/1000 cycles

Table D4. Electrochemical performances of recently reported pouch-type Zn-ion batteries.

Battery systems

Zn-ZnVOH
Zn-LMO
3DGT@Zn-V,0s
Zn@MCFs-0-MnO,
PCu@Zn-LMO
7Zn-V,0s5
Zn-MnOx@Graphite
NGO@Zn-LMO
Zn@C-V,0s
Zn-MnO»
Zn-PANI
Zn-NVO
P-Zn-VO,
ZAP@Zn@Cu-
V5705
Zn-NH4V4019
SAM-Zn-NH4V 4019
Zn-NH4V401o
Zn-Vo-
MnO,@PEDOT

This work

ma tgi:r fnass Current density  Cell capacity

78.8 mg 1 mA cm? 20.7 mAh
100 mg 0.15A ¢! 12.5 mAh
42.8 mg 4 mA cm? 20.5 mAh
57.6 mg 1Ag! 11.5 mAh
104 mg 0.15A ¢! 10.0 mAh
21.0 mg 1Ag! 5.90 mAh
100 mg 2Ag! 8.50 mAh
80.6 mg 0.15A ¢! 10.0 mAh
25.5mg 1Ag! 7.65 mAh
18.0 mg 025A ¢! 3.60 mAh
16.48 mg 0.05A g’ 2.14 mAh
52.0 mg 05Ag! 6.32 mAh
5.84 mg 1Ag! 1.17 mAh
60.0 mg 0.5Ag! 12.0 mAh
45.0 mg 1Ag! 12.2 mAh
48.0 mg 2Ag! 10.1 mAh
52.5 mg 1Ag! 10.5 mAh
57.6 mg 02Ag! 17.8 mAh
121 mg 0.05Ag'(0.2C) 23.1mAh

Calendar life Ref

28 day/200 cycles A
33 day/400 cycles B#62
17 day/150 cycles i3
5.2 day/250 cycles
25 day/300 cycles E465
5.8 day/100 cycles 466

4.2 day/50 cycles G*7
15 day/180 cycles H*68
10 day/600 cycles J46
17 day/200 cycles J470

8.5 day/50 cycles K471
4.2 day/100 cycles L472

5.5 day/330 cycles M*73
6.7 day/200 cycles N474
17 day/1000 cycles 0%
8.3 day/200 cycles p476
10 day/600 cycles Q7

10 day/120 cycles R*78

60 day/330 cycles *
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