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Abstrakt (Czech) 

Vodné elektrolyty nabízejí vysokou bezpečnost, vysokou iontovou vodivost a nízké náklady, 

což je činí velmi atraktivními pro systémy skladování elektrochemické energie. Nicméně jejich 

největším úskalím je velmi úzké potenciálové okno elektrochemické stability vody (1,23 V), 

mimo které se voda začne rozkládat na vodík a kyslík. To omezuje výběr vhodných 

elektrodových materiálů a dosažitelnou energetickou hustotu v těchto vodných systémech. 

Například vodné multivalentní baterie na bázi hliníku a zinku, které slibují vysokou hustotu 

energie díky multivalentní redoxním reakcím kovových iontů (Al3+, Zn2+), v reálu vykazují 

mnohem nižší hustotu energie kvůli malému potenciálovému oknu vodných elektrolytů, které 

neumožňuje použití vysokonapěťových katod. 

V této dizertační práci jsou studovány vodné elektrolyty založené na konceptu voda v soli 

(WiSE) a řešena problematika nízkého elektrochemického potenciálového okna ve vodných 

elektrolytech v multivalentních kovových bateriích. V práci je ukázáno, že ve WiSE 

elektrolytech dochází k výrazné modifikaci struktury vody a rozšíření potenciálového okna v 

důsledku minimalizace obsahu volných molekul v těchto roztocích. Jsou studovány též 

vlastnosti aniontů při expanzi potenciálového okna s ohledem jejich umístění v Hofmeisterově 

řadě, která třídí anionty dle jejich vlivu na strukturu vody. Tato práce demonstruje, že 

chaotropní (hydrofobní) anionty rozšiřují elektrochemické potenciálové okno v důsledku 

omezení molekul vody v solvatačních obalech kationtů. Na druhou stranu kosmotropní 

(hydrofilní) anionty mají negativní dopad na potenciálové okno, protože narušují solvatační 

obal protikationtů. V důsledku toho jevu mají WiSE elektrolyty založené na vysoké 

koncentraci chaotropních chloristanových aniontů široké potenciálové okno, které je 4 V pro 

elektrolyty na bázi Al a 2,8 V pro elektrolyty na bázi hliníku, čímž překonávají výrazně 

termodynamický limit pro rozklad vody. Široké potenciálové okno WiSE elektrolytů má též 

výhodu, že umožňuje použít vysokonapěťové grafitové katodové materiály, což není možné s 

konvenčními vodnými elektrolyty. 

V práci byla zkonstruována a prozkoumána vysokonapěťová Zn-grafitová duální iontová 

(ZnG-DIB) baterie využívající WiSE elektrolyt na bázi Zn(ClO4)2. V rámci baterie bylo 

ukázáno, že dochází k reverzibilní elektrochemickému pozinkování a odleptání při minimálním 

přepětí a reverzibilní interkalaci chloristanových aniontů do grafitu s vysokou coulombickou 

účinností. ZnG-DIB baterie poskytuje vysoké napětí 1,95 V, vybíjecí kapacitu 45 mAh g-1 při 



 

100 mA g-1 a živssotnost po více než 500 cyklů. Výsledky této práce přináší nové poznatky, 

které pomohou při vývoj systémů pro ukládání elektrochemické energie, zejména pro vývoj 

levných, bezpečných a vysokonapěťových duálních iontových baterií. 

Klíčová slova:. elektrolyt voda v soli; duální iontové baterie, interkalace aniontů, chaotropní 

aniont 

 

 

 

 

  



 

 



 

Abstract 

Aqueous electrolytes offer high intrinsic safety, high ionic conductivity, and low costs, which 

makes them very attractive for electrochemical energy storage systems (EESS). Nevertheless, 

their biggest bottleneck is the narrow electrochemical stability window (ESW) of water of 

1.23V, beyond which water undergoes hydrogen and oxygen evolution reactions. This restricts 

the choice of electrode materials within the H2 and O2 evolution potentials and limits the 

achievable energy and power densities of aqueous-based EESS. For instance, aqueous 

multivalent aluminum- and zinc-based batteries promise high energy density due to the 

multivalent redox chemistry of metal-ions (Al3+, Zn2+), but they exhibit much lower energy 

density owing to the small ESW of the aqueous electrolytes, which does not allow using high-

voltage cathodes.  

In this thesis, the issue of the narrow ESW for these multivalent batteries has been addressed 

by using the concept of “water-in-salt” electrolytes (WiSE). This concept is based on using 

high concentrations of salts in aqueous electrolytes, which results in strong modifications of 

the water structure and widening of the ESW by restricting the free water content in WiSE. 

More importantly, the role of anion in the expansion of ESW has been investigated based on 

the Hofmeister series, which sorts different anions according to their effect on the water 

structure. The present thesis demonstrates that the chaotropic (hydrophobic) anions increase 

the ESW by confining the water molecules in the solvation shells of the cations. On the other 

hand, kosmotropic (hydrophilic) anions have a negative impact on the ESW by disturbing the 

solvation shell of the counter-cations. Consequently, Al- and Zn-based WiSE containing highly 

chaotropic ClO4ˉ anion demonstrated wide ESW of 4 V and 2.8 V, respectively, which are way 

beyond the thermodynamic limit of water decomposition. The expanded ESW enabled using 

high-voltage graphite cathodes in the WiSE systems, which has not been possible with the 

conventional aqueous electrolytes.  

A high voltage Zn-graphite dual-ion battery (ZnG-DIB) based on Zn(ClO4)2  WiSE has been 

constructed and investigated. The battery demonstrates a reversible Zn plating/striping with 

minimum overpotential, and ClO4ˉ anion intercalation into the graphite with high stability and 

high Coulombic efficiency.  The ZnG-DIB has delivered a discharge capacity of 45 mAh g-1 at 

100 mA g-1 with a high mean discharge voltage of 1.95 V and a cycle life of over 500 cycles. 



 

This has significant implications for the development of electrochemical energy storage 

systems, particularly for low-cost, safe, and high-voltage DIBs. 

Key Words: water-in-salt electrolytes; dual-ion batteries; anion-intercalation; chaotropic anion 
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1 Aims and structure of the thesis 

This work was done within the doctoral program at the Faculty of Science, Charles University 

in Prague, and conducted at the FZU – Institute of the Physics of the Czech Academy of 

Sciences in Prague.  

The present thesis aims to design and investigate safe, non-flammable, and low-cost 

electrolytes with a wide electrochemical stability window for aqueous dual-ion batteries. It 

investigates fundamental electrochemical processes in highly concentrated aqueous 

electrolytes. Furthermore, it studies the interactions, electrochemical kinetics and charge-

storage mechanisms of high voltage electrodes in the electrolytes and dual-ion batteries by 

means of electrochemical, ex-situ, and operando-spectroscopic techniques.  

The text of this thesis is organized into an introduction, results and discussions, conclusions, 

and appendices. The chapter on results and discussions is based on the original findings of the 

author, which are based on articles either authored or co-authored by the author of this thesis. 

Each section of this chapter begins with a brief overview of the main results, followed by the 

enclosed as-published publications embedded in the Appendices.  

Chapter 2 presents the introduction of the present thesis. It provides an overview of the dual-

ion batteries, their working principle, and a historical overview of their development. It 

summarizes important components of DIBs, including electrodes and electrolytes.  

Chapter 3 presents a summary of the key-results of the author's publications. The chapter has 

been divided into 3 main sections. Section 3.1 presents the electrochemical and physical 

properties of the Zn and Al-based water-in-salt electrolytes (WiSEs). Section 3.2 showcases 

the results of the half-cell studies of the graphite-based materials in an Al-based WiSE. Section 

3.2 demonstrates the results of the stripping/plating of Zn and a zinc-graphite dual-ion battery 

(ZnG-DIBs) based on Zn-perchlorate WiSE. 

Chapter 4 provides a conclusion to the experimental findings of this work and suggests 

prospects of the work. 

Appendices provide the published articles on which the present thesis is based, a list of the 

publications, patents, and conference, and finally a complete curriculum vitae of the author is 

provided.
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2   Introduction 

The energy transition from fossil fuels to intermittent renewable resources involves 

indispensable component – batteries – for its storage and utilization in modern-life applications, 

such as electric vehicles (EVs) and energy storage systems (ESS) 1. Rechargeable batteries 

have been proven to be the most feasible and efficient due to the success of Li-ion batteries 

(LIBs) which were first commercialized by SONY in 1991 2. These batteries are widely used 

in portable electronic devices, EVs, and ESS due to their high energy density, low self-

discharge, and long lifespan 3. However, LIBs can also be dangerous if not handled properly 

and have been known to catch fire or explode if damaged or overcharged. The main culprit 

involved in the fire hazard of LIBs is the organic electrolytes 4, 5. Furthermore, current LIBs 

utilize critical materials like cobalt, nickel, and lithium itself which are geographically less 

distributed, hard to recycle, toxic, prone to environmental hazards, and involve exploitation of 

labor 6-10. The electrochemical energy storage demand is forecasted to exponential growth, 

whereby 2022 demand levels are expected to double by 2050 11, 12. Further, uneven distribution 

of critical battery raw materials can critically affect the supply chain due to different 

geopolitical conflicts, for instance, Russia’s war in Ukraine. Prices of raw materials such as 

cobalt, lithium, and nickel have surged seven times higher than at the start of 2021 12. This 

means a battery based on non-sustainable and less abundant elements will not be able to cope 

with future energy storage demands. Therefore, electrochemical energy storage systems based 

on sustainable materials with global abundance and safety would be an appropriate substitute 

to current LIBs.  

Rechargeable multivalent metal batteries, such as those using Zn, Ca, or Al, meet these merits 

for the development of high-energy-density and sustainable EESS 13, 14. However, practical 

applications of these batteries are hindered by several issues, such as low electrochemical 

reversibility, dendrite growth, sluggish multivalent-ion kinetics, and gas-evolution in 

(non)aqueous electrolytes 15. Dual-ion battery (DIB) concepts that employ different 

combinations of multivalent metal and non-metal ions to overcome these challenges can be a 

viable option 16. Furthermore, the development of safe batteries is also impeded by the 

flammability of organic solvent-based electrolytes. Ionic liquids and solid-state electrolytes are 

considered to mitigate the issues of flammability, low stability window, and dendrites, 

however, each of these has its own drawback. For instance, ionic liquids are costly and often 

toxic, while solid-state electrolytes have low ionic conductivity at ambient temperatures 17. 
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Aqueous electrolytes offer high safety and ionic conductivity but suffer from low operating 

voltages due to the narrow electrochemical stability window of water 18. Therefore, it is crucial 

to develop new, improved non-flammable electrolytes that do not possess these issues and offer 

a wide-electrochemical stability window.  

The present thesis is focused on non-flammable and low-cost electrolytes for beyond-Li 

secondary batteries, specifically on multivalent DIBs. In the next section, an overview of DIB 

concepts will be presented along with their components, like electrolyte and cathodes, their 

status, and prospects. Chapter 3 will showcase the summaries of the main results, which have 

been published in peer-reviewed scientific articles provided in Appendices I-IV. Finally, the 

conclusion of the thesis will be given along with the prospects of the current study.  

2.1 Dual-ion batteries (DIBs): An overview   

The batteries that can be recharged by applying electrical current to reverse the chemical 

reactions that occur during discharge are known as secondary batteries or rechargeable 

batteries. On the other hand, primary batteries can only be used once and then discarded. Some 

common examples of secondary batteries include nickel-cadmium batteries, lead-acid batteries, 

and LIBs 19.  

LIBs use lithium ions (Li+) as the charge-carrying particles. LIBs, like all other batteries, 

consist of a positive electrode, a negative electrode separated by a dielectric material (an 

electronic insulator but ionic conductor material), and an electrolyte. They work by using the 

migration of Li+ ions, also known as the “rocking-chair mechanism” between the electrodes 

through the electrolytes to store and supply energy 20, 21. Currently, rechargeable LIBs do not 

contain lithium metal, due to dendrite formation that makes Li metal not safe as an anode 22. 

However, in recent years tremendous efforts have been made to use Li metal as an anode in 

batteries because of its high specific capacity (3862 mAh g–1), and lowest reduction potential 

(-3.04 vs SHE) 23. Alternatively, graphite as an anode is used in commercial LIBs as it forms a 

reversible Li+ intercalated compound (LiC6) with a theoretical maximum capacity of 372 mAh 

g–1 24. On the cathode side, Li+ ions are (de)intercalated from layered metal oxides, for instance, 

LiCoO2, or others 24, 25.  

In contrast to LIBs, DIBs can avoid the use of critical materials which are precious, 

environmentally harmful, or difficult to recycle, such as nickel and cobalt. DIBs use two 

different types of ions to store and release electrical energy 21, 26. This allows the development 
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of more advanced battery systems with improved performance and safety characteristics. 

Principally, DIBs differ from the “rocking-chair” LIBs and others involving similar 

mechanisms like sodium and potassium-ion batteries. Figure 2.1 displays the difference 

between traditional LIBs and DIBs. In DIBs, one type of ion is used for the positive electrode, 

and another type of ion is used for the negative electrode 4, 27. Further, the electrolyte serves as 

an active material in DIBs, and both cations and anions of the electrolyte participate in energy 

storage and supply 15. Briefly, during the charging, both the cations and anions from the 

electrolyte incorporate into the anode and cathode, respectively. They are released from the 

electrodes into the electrolyte during discharge. Therefore, electrolytes are the key components 

in DIBs. 

The term “dual-ion battery” was first proposed by Winter et al. in 2012 and is inspired by dual-

graphite batteries (DCBs) where both positive and negative electrodes are based on graphite 3, 

28. Such batteries are based on the concept of graphite intercalation compounds (GICs), which 

will be described in detail in section 2.4. The history of DIBs can be traced back to the 

discovery of GICs of the acceptor type 29. In 1938, Rudolf and Hofmann investigated the 

process of intercalation of anions into graphite using a concentrated sulfuric acid electrolyte 30. 

In the 1970s, Armand and Touzain conducted a systematic study of the electrochemical 

properties of acceptor-type GICs, paving the way for their later use in DIBs 31.Around the same 

time, Dunning et al. successfully achieved reversible intercalation of anions such as ClO4ˉ, 

BF4ˉ, and CF3SO3ˉ into graphite using a Li/graphite cell 32, 33 . The inception of the concept of 

utilizing GICs in a non-aqueous electrolyte for battery applications was first proposed by 

McCullough et al. in their patent of 1989 28. The feasibility of this idea was later demonstrated 

by Carlin et al. in 1994, utilizing a molten salt electrolyte and graphite as the positive and 

negative electrodes 34. In recent years, there has been a surge in interest in DIBs among 

researchers, owing to their potential advantages over traditional LIBs and the possibility of 

combining multiple ionic chemistries 35. In 2014, a liquid electrolyte-based DIB was 

successfully developed, showcasing stable cycling 36, 37, and in 2015, Dai et al. reported the use 

of an ionic-liquid (IL) electrolyte in an Al-graphite DIB, which exhibited reversible 

intercalation of AlCl4ˉ anions at the graphite cathode 38.  

Recently, the working concept of DIBs has been applied to other abundant metals including 

Na, K, Zn, Al, Mg, etc.39-49. However, most of the reported work is based on non-aqueous 

electrolytes 50, 51. More recently, aqueous-based dual-ion systems have been developed such as 
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anion conversion-based and reverse DIB, and from our group Al- and Zn-based aqueous dual-

ion battery systems 15, 18, 52, 53. 

 

Figure 2.1 Schematic working mechanism of dual-ion batteries vs. conventional "rocking-chair" batteries, 27. 

2.2 Electrolytes for DIBs  

Designing electrolytes for DIBs is a critical aspect, as the electrolyte supplies active ions for 

energy storage and serves as the charge transfer medium during operation. The electrolyte's 

stability at high oxidizing potentials is the most significant contributing factor, as such stability 

is intrinsic to the solvent or achieved through electrolyte engineering 54. The electrochemical 

stability window (ESW) is defined as the difference between the highest occupied and lowest 

unoccupied molecular orbitals of the electrolyte, as illustrated in Figure 2.2. The electrolyte is 

oxidized when the cathode's electrochemical potential is below the highest occupied molecular 

orbital (HOMO), and the electrolyte is reduced when the anode's electrochemical potential is 

above the lowest unoccupied molecular orbital (LUMO) of the electrolyte 55, 56.  
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Figure 2.2. Electrolyte stability window, illustrating the ranges for electrolyte reduction at negative potentials and 

oxidation at positive potentials 56, 57. 

Electrolyte composition requires careful consideration when designing DIBs, given that the 

electrolyte supplies the active ions for energy storage whilst simultaneously serving as the 

charge migration medium during operation. The main contributing factor is the stability of the 

electrolyte at high oxidizing potentials (> 4.5 V vs. Li+/Li) for anion intercalation at cathodes 

(for instance, graphite), such high oxidative stability is imperative and can be intrinsic to the 

solvent or achieved through the electrolyte design as mentioned earlier. 

A plethora of solvents, salts, and additives are available for DIBs to withstand high voltage and 

ensure stable electrochemical behavior with graphite-and other positive electrodes 58, 59. The 

high working potential of both DIBs and conventional LIBs presents a challenge for electrolyte 

compatibility. Electrolytes and additives have been extensively studied that are compatible 

with these high potentials in conventional LIBs 60. This research can serve as a reference for 

selecting appropriate electrolytes for reversible cyclic processes in DIBs. Strategies such as 

highly concentrated electrolytes IL electrolytes can be utilized to create a wide 

electrochemically stable range for DIBs. Below is provided a summary of different electrolytes 

systems utilized in (non)aqueous DIBs.  

Organic solvents and additives-based electrolytes: 

Organic solvents are a practical and feasible option for commercializing DIBs due to their long 

history of use in LIBs, variety, low cost, comparatively high ionic conductivity, and ability to 
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form an SEI layer for protection 4, 61. However, using organic solvents in DIBs faces a major 

challenge of stability under high oxidizing potentials for anion uptake into the positive 

electrodes. This potential exceeds the upper limit of frequently used electrolytes in LIBs, 

causing the electrolyte to oxidize and decompose 62. Additionally, other factors, such as the 

stability of the decomposition interphase layer on electrode surfaces, electrolyte ionic 

conductivity, wettability with electrodes and separator, and thermal stability, also affect cell 

performance 63. To improve performance and ensure good cyclic stability/reversibility 

solvent/additive compositions are being explored extensively. Several solvents and additives 

have been tested to improve the stability and cyclic performance of DIBs 58, 64, 65. Examples of 

these include propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), 

ethyl methanesulfonate (EMS), ethyl methyl carbonate (EMC), methyl propionate (MP), and 

fluoroethylene carbonate (FEC), sulfolane (SL), etc 62, 63, 66. Among them, EMC is a promising 

solvent due to its high stability towards reduction and low viscosity, making it suitable for the 

smooth intercalation of anions (PF6ˉ) into graphite. However, EMC has a compatibility issue 

with BF4ˉ anions, which exhibit sluggish mobility and high initial intercalation voltage into the 

graphite electrode 4, 67.  

To improve cyclic stability, highly concentrated electrolytes are used to enhance anodic and 

cathodic stability, improve the uniformity of the electrode-electrolyte interface layers, and 

suppress the corrosion of current collectors 68. Although this approach results in a loss of ionic 

conductivity and increased costs, it has shown good performance 69. For instance, using a high 

concentration of 2 M LiPF6/EMC: SL (1:4, V:V) as the electrolyte and graphite as both 

electrodes, over 94% of the initial capacity was retained after 1000 cycles at a high rate of 5C 

70. Furthermore, higher oxidization stability by using highly concentrated electrolytes allows 

higher working potential and higher salt concentration could improve the specific capacity to 

some extent, contributing to the higher energy density of cells 60. 

Ionic liquids-based electrolytes: 

Ionic liquids (ILs) are a promising alternative to organic solvents for use in high-voltage DIBs 

due to their wide ESW range and other advantageous properties, such as excellent thermal 

stability, non-flammability, low volatility, and a broad liquid range with ionic conductivity 

comparable to that of organic solvents 59, 71. However, the use of ILs in DIBs requires 

addressing compatibility issues with graphite-negative electrodes due to the formation of a 

thinner SEI layer compared to organic solvent-based electrolytes 37. One solution is to add 
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electrolyte additives, such as vinylene carbonate (VC), vinyl ethylene carbonate (VEC), 

fluoroethylene carbonate (FEC), chlorethylene carbonate (CEC), and ethylene sulfite (ES), etc., 

which assist in the formation of a thicker SEI layer on the negative electrode surface via 

electrochemical reduction-polymerization 72. A DIB based on IL electrolyte was reported in 

2014 with stable cycling 36, 37. Further, IL based electrolytes have extensively been reported for 

Al-graphite based batteries since 2015 73-76. However, the use of ILs brings up issues related to 

cost and sustainability. 

Aqueous electrolytes: 

Non-aqueous electrolytes, specifically organic and ILs electrolytes, are utilized in DIBs and 

LIBs due to their wide ESW. However, the drawbacks of these electrolytes, including slow ion 

diffusion, high cost, safety concerns, and environmental pollution, necessitate the development 

of new and improved electrolytes 35. Aqueous electrolytes, on the other hand, are a promising 

alternative due to their low cost, ease of handling, and high ionic conductivity 77, 78. However, 

the narrow ESW of aqueous electrolytes is a major limitation, resulting from the low 

thermodynamic decomposition potential of water (1.23 V), Figure 2.3 79. Although the 

overpotential for redox-process and adding salts to a diluted solution can extend the stability 

window to ~1.5 V, aqueous systems still fall short when compared to organic electrolytes 80. 

Therefore, the Li-aqueous batteries introduced by Dahn in 1994 have not been commercialized 

81.  

Another approach to address this limitation is to reduce the working potential of anion-hosting 

materials, such as alternative positive electrode materials like metal-organic frameworks 

(MOF), polycyclic aromatic hydrocarbons (PAH), and p-type organic materials that exhibit 

lower working potentials than graphite 82. However, this approach sacrifices working voltage 

and potential for increased energy density 83. To address the limitations of aqueous electrolytes, 

Suo et al. proposed the use of superconcentrated aqueous electrolytes with a salt concentration 

of 21 mol kg-1, known as water-in-salt electrolytes- (WiSE), in 2015 84. WiSE are high-

concentration salt solutions in water used in batteries to increase their efficiency and safety. 

This approach allowed for an expansion of the operating potential window to 3 V while 

maintaining ionic conductivity similar to that of conventional organic electrolytes 

(approximately 10 mS cm-1). The authors demonstrated the feasibility of this approach by 

creating a 2.3 V battery with Mo6S8 and LiMn2O4 as the negative and positive electrodes, 

respectively, Figure 2.4. 
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Figure 2.3. Pourbaix diagram for water showing pH values of aqueous electrolytes and their corresponding 

potentials (V vs SHE) on the y-axis, with upper and lower thermodynamically stable potentials represented by 

orange and blue lines. Areas above and below the lines indicate overpotentials for water oxidation and reduction, 
80.  

Building on this work, Yamada et al. later reported that combining two organic lithium salts to 

form a water-in-bisalt electrolyte (WiBS) could enable the assembly of aqueous batteries with 

a working potential as high as 3.1 V 85. However, the limited energy density resulting from the 

low working potential of electrodes and electrolytes remains a significant obstacle to the further 

development and widespread application of aqueous electrolytes. To use the high voltage of 

graphite, Wang et al. developed a WiBS electrolyte containing 21 mol kg-1 LiTFSI and 7 mol 

kg-1 LiOTf dissolved in water. They used a composite of lithium halide salts (LiBr and LiCl) 

and graphite with a mass ratio of 2:1:2 as the positive electrode material. Both lithium halide 

salts in the electrode form a hydrated layer on the electrode surface, which supports the fast 

diffusion of Li+ and helps reserve anions within the electrodes. The Brˉ and Clˉ intercalate into 

graphite inter- layers in sequence during charging and de-intercalate in reverse sequence during 

discharging with an average potential of 4.2 V 86. 

 In summary, to achieve stable and reversible cycling in DIBs using graphite as a positive 

electrode, it is important to find electrolytes that can withstand high working potential and 

develop well-engineered high-voltage electrodes. Further, it is crucial to find a balance between 

the amount of excess salt added and the performance output, as adding an excessive amount of  
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Figure 2.4. Illustration of the expanded electrochemical stability window achieved by WiSE, demonstrated by 

LiMn2O4 cathode and Mo6S8 anode,84. 

salt can lower the energy density of the cell and ionic-conductivity and increase the cost of the 

electrolyte.Aqueous electrolytes are a promising option because they allow anions intercalation 

at relatively low voltage and have advantages like high conductivity, sustainability, and low 

cost. However, a major disadvantage of aqueous electrolytes is their narrow ESW, which limits 

their energy and power capabilities. This issue still needs to be well-addressed for attaining 

practical high-energy density aqueous batteries 87.  

2.3 Electrodes for DIBs 

As described, in DIBs both anions and cations are involved in the energy storage process. The 

choice of anode and cathode materials depends on the available charge-carrying ionic species 

in electrolytes and properties of electrolytes, for instance, ESW, ionic conductivity, etc. 24.  The 

reductive (cathodic) stability of the electrolyte and available cations determines if a particular 

material can be used as an anode or not. For instance, lithium metal can be used as an anode if 

the available cation is either Li+ or can form reversible alloy or plating/striping at or close to 

the reduction potential of Li+/Li (-3.04 V vs SHE). Similarly, the electrolyte should also not 

decompose at such low potentials.  

The electrochemical performance of DIBs is strongly influenced by the anode material used, 

such as energy density, rate capability, and cycling stability 88. Alkali and alkaline earth metals 

or materials that can reversibly store cations (Li+, Na+, K+, Mg2+, Ca2+, Al3+, etc.) and can be 
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utilized as anodes in DIBs. The reaction mechanism of anodes in DIBs is quite similar to that 

of traditional “rocking-chair” batteries such as LIBs. However, given the unique anion-

intercalation process in the cathode and different electrolyte requirements 88. Other 

mechanisms, such as alloying, conversion, based anode materials for DIBs are depicted in 

Figure 2.5. Ideally, an anode should have high capacity and the lowest reduction potential with 

fast kinetics. However, the choice highly depends on the type of electrolytes, as mentioned 

earlier, as anode material must also be compatible with the electrolyte. For instance, in the case 

of aqueous electrolytes alkali and alkaline earth metals (Li+, Na+, K+, Mg2+, Ca2+) cannot be 

used directly due to their abrupt side reactions with water and hydrogen evolution 89.  

On the other hand, the capacity and relatively high voltage in DIBs are attributed to the 

intercalation/insertion of the anions into cathode materials 90. Anion intercalation and 

deintercalation are strongly affected by the structural and chemical properties of the cathode 

materials 91. Therefore, the electrochemical performance of DIBs is significantly determined 

by choice of the cathode material and involved anion in the charge storage mechanism. As a 

result, a thorough knowledge of anionic intercalation in cathodes, especially in graphitic 

cathodes, is essential for improving and understanding the kinetics of anions intercalation in 

DIBs. The schematic in Figure 2.5 summarizes the reported cathode materials for DIBs. Most 

reported cathode materials in DIBs are carbon-based due to the ease of intercalation of anions. 

However, other layered materials such as metal chalcogenides, oxides, Mxenes, and organic 

materials have recently been reported in DIBs 27, 55, 92-94 

 

Figure 2.5. Schematic presentation of the reported anode/cathode materials for DIBs 26. 
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It is also worth noting that major work on DIBs has been done in non-aqueous electrolytes, 

including organic and IL-based electrolytes 4, 6, 14, 38, 43, 83. There are limited reports of DIBs 

using graphite as a cathode in aqueous electrolytes due to the formation of GICs at high 

potentials ~1.5 - 1.7 V vs Ag/AgCl, which is beyond the oxidative stability of conventional 

aqueous electrolytes 15, 16.  

2.4 Graphite and Graphite Intercalation Compounds (GICs) 

Graphite has been the preferred anode material in LIBs since their inception, due to its 

advantageous combination of low cost, abundant availability, high energy density, and power 

density 2, 21, 31. To this day, graphite remains a widely used material for negative electrodes in 

LIBs. For the same reasons and its attractive properties, graphite has been extensively utilized 

in DIBs, where it can be used both as a negative and positive electrode 36, 37, 72. 

Carbon exists in two main forms in nature: diamond and graphite. These forms are associated 

with two different hybridization states, sp3 (as in diamond) and sp2 (as in graphite) 95. In the 

case of graphite, the basal planes are usually parallel to the graphene layer, while the edge 

planes expose the end of the graphene layer. As a result, the edge planes exhibit higher 

reactivity to intercalation and deintercalation compared to the basal planes. This difference 

results in the anisotropy of graphite, impacting its electronic, mechanical, and other 

physicochemical properties 96. The graphene layers in graphite are stacked in three distinct 

modes: hexagonal (AA-stacking), Bernal (ABA-stacking), and rhombohedral (ABC-stacking), 

as illustrated in Figure 2.6 (a-c) 97. The distance between the layers is 3.35 Å 1, 20. The unit 

cells are represented by dark shadows for the three structures, where the symbols 𝛼, 𝛽 and γ 

indicate the interlayer and intralayer hopping integrals 96. The sp2 hybridized graphene layers 

in graphite are held together by weak van der-Waals forces from the delocalized electron 

orbitals. The "2pz" orbitals perpendicular to the graphene plane hybridize to form a partially 

filled, delocalized band structure that allows for high electron mobility (approximately 200,000 

cm2 V-1 s-1) 98. This property also accounts for the redox amphoteric nature of graphite, enabling 

it to function as both the negative and positive electrodes in DIBs 99, 100. This is achieved 

through the stabilization of excess electrons in its antibonding π*-band, forming donor-type 

GICs, or stabilization of extra holes in its bonding π-band, forming acceptor-type GICs, due to 

delocalization 100. A variety of cations and anions (such as cations like Na+ and Li+, or Pyr14+, 

anions, like PF6ˉ and BF4ˉ, AlCl4ˉ, ClO4ˉ, FSI ˉ, TFSI ˉ, etc.) can overcome the weak van der 

Waals forces between graphene sheets when charged to specific potentials 24, 99, 101, 102,103. 
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However, recent studies have explored the correlation between graphitic carbon cathode 

characteristics and corresponding electrochemical performance for anion intercalation, 

including reversible capacity and Coulombic efficiency 104-106.  

On the basis of the reported literature, the current understanding of carbon-based cathodes for 

anion intercalation from both aqueous and non-aqueous electrolytes suggests that a high degree 

of graphitization (DoG) is necessary for reversible anion intercalation/deintercalation. 

Increasing DoG can enhance specific discharge capacity 107. This is schematically shown in 

Figure 2.6 (d). Furthermore, the crystallite height (Lc) has only a minor impact on capacity. 

Brunauer-Emmett-Teller (BET)-specific surface area and the 'non-basal plane' surface area of 

graphite particles and surfaces strongly affect capacity and rate performance for anion 

intercalation, and smaller particle sizes and/or higher surface areas can enhance performance 

3. Other than the graphite’s structural properties, the anion (de)intercalation depends on various 

factors, such as the type of anion, electrolyte composition, the cut-off potential of the graphite 

cathode, charge rate, and operation temperature 2, 103, 108. 

 

Figure 2.6. Structures of (a) AA, (b) AB, (c) ABC-stacked graphite 95, and (d) show the effect of heat-treatment 

on the degree of graphitization, and its effect on anion intercalation capacity 107, 109.   
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Limitations of Graphite in DIBS 

Although graphite-based DIBs offer higher operation voltage than LIBs, there are still some 

limitations to graphite cathodes. One of the limitations is the severe volume expansion of the 

cathode (>130%) caused by the intercalation of anions with large sizes, which may lead to 

graphite exfoliation and capacity loss 109. Additionally, solvent molecules may co-intercalate 

into the cathode during the anion intercalation process, which can accelerate structural collapse 

and capacity loss 109, 110. Another limitation is that graphite can only store anions via 

intercalation, which limits its theoretical capacity. For instance, in the case of the intercalation 

of PF6ˉ anion, the theoretical capacity for stage 1 C16PF6 is 140 mAh g–1 111, 112. To overcome 

these limitations and improve DIB performance, modifications and optimizations of the 

graphite cathode structure and properties and the introduction of new anion storage 

mechanisms are necessary. 

Staging Phenomenon 

The concept of GICs was demonstrated as early as 1840 113. Graphite's weak van der Waals 

forces between its graphene layers and the ability to expand its interlayer distance make it 

possible for the intercalation of ionic and molecular species. This process usually leads to a 

restacking of the graphene layers and the formation of a well-arranged structure that enables 

the reversible insertion and removal of charge carriers 113, 114. The insertion of ions into the 

layers of graphite occurs in a specific sequence rather than all at once. This phenomenon, 

referred to as "staging," was first documented by Rüdorff and Hofmann in 1940 115-117. It is 

believed that the intercalant gradually fills the interlayer spaces of the graphene without causing 

any structural disruptions to the graphene layer. The stage number in GICs is a measure of the 

number of graphene layers separating the intercalated layers. The original staging model 

proposed by Rüdorff and Hofmann in 1940 suggested that anions insert into the graphene layers 

sequentially, without inducing any structural distortions in the graphene layer. However, this 

model oversimplifies the process, and later in 1969, Daumas and Hérold proposed a more 

realistic model, in which ions insert simultaneously into the graphene layers and then deform 

the layers around them 114, 117. This allows for subsequent diffusion of the intercalant ions, 

which is more accessible compared to diffusion along the c-axis in the Rüdorff model. This 

model also explains the coexistence of domains with different stages in the same crystallite. 

Figure 2.7 presents a schematic illustration of Rüdorff and Daumas–Hérold models for the 

staging mechanism of ion intercalation into graphite 118. 
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Figure 2.7. Schematic illustration of Rüdorff and Daumas–Hérold models for the staging mechanism of ion 

intercalation into graphite, 118. 

Observation of stagging phenomenon in GICs 

Galvanostatic charging/discharging can provide insight into the intercalation and 

deintercalation processes of GICs, but it can be challenging to quantify the stages using this 

method 119. X-ray diffraction (XRD) and Raman spectroscopy are more explicit in identifying 

the stage value of GICs 15, 118. These methods provide structural information about the 

intercalated species and the arrangement of graphene layers, allowing for a more accurate 

determination of the staging process. XRD can determine the interlayer spacing and the degree 

of ordering in GICs, while Raman spectroscopy can provide information on the degree of 

electronic interaction between the graphene layers and the intercalant 120. Both XRD and 

Raman spectroscopy are non-destructive techniques 121, making them valuable tools for 

studying the properties of GICs. In this thesis, XRD is also used for In-situ/Operando XRD 

measurements during the charging and discharging processes.  

X-ray diffraction (XRD) 

X-ray (Powder) Diffraction (XRD), especially in an Operando mode, is an effective and fast 

measurement tool to characterize crystalline material, for instance, GICs. It provides 

information on unit cell dimensions, where crystal lattice planar spacing (d-spacing) is used for 

sample identification and characterization. The d-spacing is defined through the wavelength of 



44 

 

 

the incident X-rays (λ) and the angle of incidence (θ). The general relationship is known as 

Bragg's law expressed as 122,  

𝑛𝜆 = 2dsin 𝜃 

X-ray -Diffraction of GICs  

XRD patterns of graphite electrodes show an initial independent peak at 26.5° (002), which 

belongs to pristine graphite. Upon anion intercalation, this peak disappears, and new peaks 

emerge at lower angles for (00(n+1)) reflections and higher angles for (00(n+2)) reflections, 

where 𝑛 represents the dominant stage number. The intensity order is commonly I(00(n+1)) > 

I(00(n+2)) >I (all other reflections). The appearance of these peaks indicates the successful 

intercalation of anions into the graphene sheets, leading to the lattice expansion of graphite 122. 

Schmuelling et al. studied this phenomenon for TFSI intercalation and determined the 

dominant stage (𝑛), gallery height (𝑑𝑖), and experimentally obtained capacity correlated with 

theoretical specific discharge capacities for different graphite stages 18. The spacing of (00n) 

planes (𝑑00𝑛) can be determined using the equation below. In the case of graphite, this equation 

can be used to derive other parameters, such as periodic repeating distance (𝐼𝑐), gallery 

expansion (∆𝑑), intercalant gallery height (𝑑𝑖), and dominant stage number (𝑛), where 𝑙 

represents the index of (00𝑙) planes in the stacking direction and dobs are the observed distance 

between two adjacent graphene planes 18, 123. 

𝑑00𝑛 =
𝐼𝑐

𝑛
=

𝜆

2𝑑𝑆𝑖𝑛Ɵ00𝑛
 

𝐼𝑐 = 𝑑𝑖 + 3.35Å · (𝑛 − 1) = ∆𝑑 + 3.35 Å · 𝑛 = 𝑙 · 𝑑𝑜𝑏𝑠 

As the voltage consistently increases, the peak at the lower angle shifts to the left, and the peak 

at the higher angle shifts to the right. When anion deintercalation starts, the (00(n+2)) peak 

shifts to lower 2θ values, and the (00(n+1)) peak shifts to higher 2θ values. When the graphite 

electrode is discharged to a certain potential, the newly emerged peaks do not disappear 

completely, and the pristine peak decreases in intensity and becomes wider. This is due to the 

presence of remaining anions between the graphene sheets, which causes a decrease in long-

range order and a broader peak 24. 
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3 Results and discussion 

3.1 Al- and Zn- perchlorate-based WiSE  

Multivalent zinc and aluminum perchlorate-based WiSE are the focus of the present thesis. 

These metals are abundant, low-cost, and safe for use in energy storage systems. Further, the 

physical and chemical properties of the electrolytes, such as solvation structure, transport 

property of ions, and viscosity, have been linked with the anion’s nature 124. The Hofmeister 

series ranks the relative influence of ions on the behavior of aqueous solutions 125,15. The 

Hofmeister series has been well-studied, with ions classified as either kosmotropes or 

chaotropes. Kosmotropic ions, such as SO4
2-, PO4

3-, Al3+, and Zn2+, have a high charge density 

and strengthen the hydrogen-bonding network of water molecules, while chaotropic ions, like 

NH4
+, SCNˉ, and ClO4ˉ

 , have a low charge density and break the network 125, 126. Notably, 

recent studies have shown that the position of an anion in the Hofmeister series has a strong 

correlation with the resulting ESW of highly concentrated electrolytes 15, 127. The kosmotropic 

or chaotropic nature has been linked with the interaction energy between water and ions, and 

it has been elucidated that the ions for which interaction energy (function of the ions charge 

density) with water is stronger than water-water interaction (-24.48 kJ mol-1) are hydrophilic 

(kosomotropic). Whereas the ions are considered hydrophobic (chaotropic) if the interaction 

energy between the ion and one water molecule is more positive than -24.48 kJ mol-1 124. 

Therefore, the chaotropic strength of the counter anion is a crucial factor in selecting suitable 

zinc or aluminum salts for WiSE, as a high-voltage WiSE should have a strong chaotropic 

anion to reduce hydrolysis and attain a wide ESW. The perchlorate anion, which is one of the 

most chaotropic ions in the Hofmeister series (Figure 3.1) and has been found to form 

reversible intercalation compounds with graphite, is a promising candidate for developing 

high-voltage WiSE electrolytes and graphite-based dual-ion batteries 102, 128s. Therefore, zinc 

and aluminum perchlorates have been chosen as model systems for the investigation in this 

thesis.  

 

Figure 3.1. Hofmeister Series of anions and cations.   



46 

 

 

3.1.1 Characterization of WiSE  

a) Determination of ESW  

All electrolytes used in the present thesis were prepared by mixing the respective quantities of 

the aluminum- and zinc- salts (perchlorates and sulfates) and deionized water (conductivity < 

0.26 µScm-1) under continuous stirring to obtain dilute (0.5 m) and concentrated (5 m, 8 m and 

15 m (mol/kg)) aqueous electrolytes. It is worth mentioning that the 15 m and 8 m electrolytes 

of Al(ClO4)3.9H2O and Zn(ClO4)2.6H2O were supersaturated and named Al- and Zn-WiSE, 

respectively. The ESW of the as-prepared electrolytes was evaluated by linear cyclic 

voltammetry (LSV) using a glassy carbon working electrode, platinum counter electrode, and 

Ag/AgCl reference electrode. The LSV results of Al(ClO4)3 and Zn(ClO4)2-based WiSEs are 

presented in Figure 3.2. 

Figure 3.2 (a) compares the electrochemical stability of the Al-WiSE (15 m) to other 

concentrations (0.5 m, and 5 m) of the same salt at a scan rate of 5 mVs−1. The Al(ClO4)3-based 

WiSE demonstrated a stable and wide ESW in the voltage range of 2.0 to -2.0 V vs. Ag/AgCl. 

The electrochemical window of the 15 m WiSE was found to be approximately double the 

window obtained with the diluted aqueous electrolyte (0.5 m), which is a function of the 

increasing salt concentration. Similarly, the ESW of differently concentrated Zn-based 

electrolytes was also determined by LSV in a 3-electrode electrolytic cell, as given in Figure 

3.2 (b). The LSV spectra of the Zn(ClO4)2-based WiSE showed a wide ESW of 2.8 V, which 

is wider than the electrochemical window of the 0.5 m Zn(ClO4)2 electrolyte. In contrast, the 

ZnSO4-based WiSE 

 

Figure 3.2. ESW of (a) Al(ClO4)3-WISE, and (b) Zn(ClO4)2-WiSE compared to diluted aqueous electrolytes. 
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showed a narrower ESW, which was attributed to the presence of the kosmotropic sulfate anion 

that disrupted the solvation shell of the Zn2+ ions and increased the possibility of hydrolysis 

reactions. Nevertheless, the reductive stability window reduces for perchlorate-based Zn-WiSE 

as the overpotential for Zn-plating shifts towards the standard reduction potential of Zn (-0.76 

V vs SHE). 

The interaction (hydration) energies (∆Gint) of ions with water can help in interpreting the 

kosmotropic (hydrophilic) or chaotropic (hydrophobic) nature of anions and their effect on the 

water-structure. Recently, Han et al. performed DFT simulations to achieve a better 

understanding of the molecular interactions of water and ions based on ionic charge densities 

124. The hydration energy increases sharply with the ion charge density, as presented in Figure 

3.3. Based on the ∆Gint, hydrophilic or hydrophobic ions can be identified by comparing the 

∆Gint between one ion and one water molecule with the ∆Gint between two water molecules (-

24.48 kJ mol-1, red dotted line in Figure. 3.3). 

 

Figure 3.3 "Water-ion interaction energy as a function of the ions charge density" - A graph displaying the 
relationship between water-ion interaction energy and the charge density of ions, with anions depicted as blue 

diamonds and cations as red circles. The dashed grey line represents an exponential fit, with the equation and 

parameters shown, while the red dotted line represents the water-water interaction energy 124. 

Therefore, an ion is hydrophobic (chaotropic) if the ∆Gint between the ion and one water 

molecule is higher than -24.48kJ mol-1, otherwise it is hydrophilic (kosmotropic). Hence, the 

effect of ClO4ˉ and SO4
2- on ESW in Zn-WiSE can be assigned to their chaotropic and 
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kosmotropic natures, as ∆Gint  of ClO4ˉ anion is much higher ( -7.02 kJ mol-1) than water-water 

-24.48 kJ mol-1 and SO4
2-  anion (-34.7564 kJ mol-1). The results are in line with the Hofmeister 

series (Figure 3.1). These results indicate that the choice of counter anion is critical for 

achieving a wide ESW in WiSEs. On the other hand, Al and Zn are highly kosmotropic in 

nature, which suggests they interact strongly with water molecules and trap them in their 

solvation shells.  

Raman spectroscopy was used to examine the hydration of Zn2+ and Al3+ cations in the WiSE 

in Figure 3.4 (a-b). Raman spectra OH-stretching vibrations region of pure water, dilute 

electrolytes and ZnSO4-WiSE with the kosmotropic SO4
2- anion demonstrate wide peaks at 

3530 cm−1. In contrast, a narrow peak is observed for the chaotropic ClO4ˉ based Al and Zn-

WiSE. This suggests that water molecules are primarily located within the solvation sheath of 

Zn2+ cations in the concentrated WISE system 129.  

 

Figure 3.4 Raman spectra OH-stretching vibrations region of pure water vs (a) Al(ClO4)3 WiSE, and (b) Zn(ClO4) 

2 WiSE, the dilute electrolyte of Zn(ClO4) 2 and ZnSO4-WiSE, and (c) illustration water-ions solvation of dilute 

(salt-in-water) and, (d) concentrated electrolyte (WiSE). 
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The chaotropic anion modifies the hydrogen-bonding network of water and forces water 

molecules toward the cation. This results in a decrease of free water in the WiSE and the 

widening of the ESW. Figure 3.4 (c & d) illustrates the water-cation solvation shells and free 

water in the diluted electrolytes and WiSE, respectively. Water molecules are bounded within 

the solvation shells of the cations in WiSE. A similar phenomenon has also been observed by 

other research groups in other WiSE systems 125. In summary, the wide ESW in Al- and Zn-

based WiSE is attributed to the high salt concentrations and the interplay between ion-water 

interactions between multivalent kosmotropic (hydrophilic) cations and strong chaotropic 

(hydrophobic) ClO4
ˉ anions.   

b) Ionic conductivity measurements of WiSE 

Ionic conductivity is a crucial property of electrolytes and their potential use in energy storage 

systems. To measure the ionic conductivity of the as-prepared WiSEs, electrochemical 

impedance spectroscopy (EIS) was employed. The electrolyte resistance (𝑅𝑠) was measured in 

an electrolytic tank with two symmetric Pt electrodes of a specific surface area and a fixed 

distance (𝐿) between them, over a frequency range of 0.1-105 Hz. Ionic conductivity (σ, mS 

cm−1) was calculated using  

𝜎 = 𝐿
(𝑅𝑠 ∗ 𝐴)⁄  

where A is the area of the platinum electrode immersed in the electrolyte. To calibrate the 

conductivity measurement system, standard conductivity calibration solutions of 12,880 μS 

cm−1 and 80,000 μS cm−1 (Atlas Scientific, LLC) were used. Figure 3.5 (a) and (b) displays 

the temperature-dependent ionic conductivity of 15 m Al(ClO4)3 and 8 m Zn(ClO4)2 WiSE in 

the range of -30 to 60 °C and -45°C to 60°C, respectively. Both electrolytes have a significantly 

higher ionic conductivity than ionic liquids. At room temperature, the Al(ClO4)3-based WiSE 

has a ionic conductivity of 25.5 ± 0.07 mS cm−1, and the Zn(ClO4)2-based WiSE has 32.5 

(±0.07 mS cm-1). Remarkably, the ionic conductivity of the WiSEs remains high even at 

extremely low temperatures, making them suitable for energy storage applications in cold 

climates. A comparison of the ionic conductivity and stability window of the Al(ClO4)3-WiSE 

with previously reported WiSE systems is presented in Appendix I (Figure 1 (c)). 
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Figure 3.5 Temperature dependence of ionic-conductivity of (a) Al(ClO4)3-WiSE, and (b) Zn(ClO4)2-WiSE. 

3.2 Half-cell studies of perchlorate anion intercalation into graphitic 

materials from Aluminum-WiSE 

a) Highly Oriented Pyrolytic Graphite (HOPG)  

To investigate electrochemical anion intercalation into graphite, HOPG was first utilized as a 

positive electrode material due to its well-defined ordered crystal structure and high purity 128, 

130. To avoid the disintegration of the bulk HOPG upon anion intercalation, a uniform HOPG 

slurry was prepared and used as the working electrode. Initially, HOPG was exfoliated by tip-

ultrasonication (Hielscher UP200S, 24 kHz, Germany) in N-methyl-2-pyrrolidone (NMP) 

(ROTH®, Germany), at 80% power for 6 hours, using 30 mg of HOPG flakes in 60 ml of NMP. 

The exfoliated HOPG flakes were separated by centrifugation, and NMP was washed with 

ethanol. Subsequently, the HOPG flakes were mixed with conductive carbon and 

polyvinylidene fluoride (PVDF) binder dissolved in an NMP disperser to form a homogenous 

slurry. The resulting HOPG slurry was pasted onto a polytetrafluoroethylene (PTFE) treated 

hydrophobic carbon paper current collector and dried in air at 80 °C overnight prior to the 

electrochemical measurements. The active mass density of the resulting HOPG electrodes was 

approximately 2.5 mg cm−2.  

CV of a HOPG-based electrode and the bare current collector in the Al(ClO4)3-based WiSE at 

a scan rate of 10 mV s-1 is presented in Appendix I (Figure 2 (a)). The CV voltammogram for 

the HOPG electrode demonstrates two oxidation peaks (O and O') and two corresponding 

reduction peaks (R and R'). The oxidation peaks at around 1.48 V and 1.6 V vs. Ag/AgCl 
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correspond to the intercalation potentials of perchlorate anions into graphite, which is 

approximately 4.5 V to 5.0 V vs. Li+/Li, as reported previously in non-aqueous systems 131, 132. 

Once galvanostatic charge/discharge was performed, the maximum discharge capacity was 

achieved at a high cut-off potential of 1.64 V vs Ag/AgCl. The subsequent cycle life, stability, 

and Coulombic efficiency (C.E.) tests were performed under the same conditions of 200 mA 

g-1 current density and cut-off potential. The anion (de)intercalation into the graphite electrode 

in the WiSE demonstrated excellent stability for over 2000 cycles at the aforementioned current 

density, as shown Figure 3.6. The discharge capacity exhibited a slight improvement in the 

initial cycles, with a peak value of 35 mAhg-1 at the 50th cycle. The C.E. gradually improved 

throughout cycling, reaching a value of over 95% after 100 cycles. Even after 2000 cycles, the 

discharge capacity (26 mAh g-1) remained higher than the initial value of 22 mAh g-1, with a 

C.E. of approximately 98%.  

 

Figure 3.6. Long-cycling test up to 2000 cycles, at the cut-off potential of 1.64 V vs. Ag/AgCl at the current 

density of 200 mAg−1. 

Operando X-ray diffraction (XRD)  

Operando-XRD investigations were conducted during the charging and discharging of a 

custom-made three-electrode half-cell. To enable the penetration of an X-ray beam, the cell-

top was sealed with a KAPTON tape. The results of the operando-XRD measurements were 

presented using contour plots of the (002) and (004) characteristic reflections of graphite, as 

shown in Figure 3.7. The plots illustrate the reversible intercalation of ClO4
ˉ and structural 

changes of the HOPG electrode during the 4th and 5th (dis)charge cycles. The (002) 

characteristic peak position of HOPG exhibited a shift to lower and higher 2 theta angles with 
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reflection (00n+1) and (00n+2) during charging and discharging, respectively. However, the 

intensity of the (00n+2) reflection was observed to be very low. The splitting of the (004) 

reflection into two dominant peaks also signifies the intercalation of ClO4
ˉ in stages. Based on 

the ratio of the reflection peaks, a mixture of intercalation stages 4 and 5 was observed. This is 

between the theoretical values for stage 5 and stage 4. The gallery height (𝑑𝑖), which represents 

the distance between two graphite layers with an intercalant layer in between, was found to be 

7.08 Å, with a gallery expansion (∆𝑑) of 3.76 Å. The relationship between the observed values 

of 𝑑𝑖, ∆𝑑 and stages (𝑛), and the periodic repeat distance (𝐼𝑐), can be expressed by  

𝐼𝑐 = 𝑑𝑖 + 3.35Å · (𝑛 − 1) = ∆𝑑 + 3.35 Å · 𝑛 

By considering a mix of intercalation stages, the distance between two neighboring 

intercalation layers (𝐼𝑐) was found to be between 17.14 Å to 20.48 Å.  

 

Figure 3.7. Operando- XRD for the 4th and 5th (dis)charge cycle at the current density of 20 mAh g−1. 

To identify the stages, theoretical stoichiometric models with single [C18ClO4] and four 

intercalant sites [C72ClO4)4] were used, as previously reported 133. Theoretical capacities were 

calculated for stages 𝑛, (𝑛 =1 to 6) by using the following formula to determine which of the 

capacity contributions was closest to the experimental value 134, 

𝐹 · 𝑥𝐶𝑙𝑂4
−

3.6 ·  𝑚𝑐 ·  𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 · 𝑠𝑡𝑎𝑔𝑒 𝑛 
 

where 𝐹 is the Faraday constant, and 𝑚𝑐 is the molar mass of the carbon. The multiplier 3.6 is 

the unit conversion factor from As g-1 to mAh g-1. The calculated theoretical discharge 
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capacities for stage 4 of 31.02 mAh g-1 and stage 5 of 24.68 mAh g-1 closely match the 

experimental values of 35 mAh g-1 to 26 mAh g-1, as shown in Table 3.1. 

Table 3-1. The experimental and theoretical discharge capacities for different ClO4ˉ intercalated graphite stages. 

     

Experimental  
             Theoretical 

   

C18ClO4 

3 x 3 graphene sheet 

with 18 C-atoms 

C72(ClO4)4 

6 x 6 graphene sheet 

with 72 C-atoms 

Discharged capacity (mAh g-1)              Capacity (mAh g-1) 

1st cycle 22  Stage 1 124.08 124.08 

50th cycle  35  Stage 2 62.04 62.04 

1000th cycle 29  Stage 3 41.36 41.36 

  Stage 4  31.02  31.02  

  Stage 5 24.81 24.81 

  Stage 6 20.68 20.68 
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b) A case of natural graphite (NG) and kish graphite (KG) for ClO4ˉ anion intercalation   

As suggested in the literature, the degree of graphitization (DoG) can affect the anion 

intercalation into graphite 3, 107, 115. To investigate the role of crystallinity for the intercalation 

of ClO4ˉ anion, natural graphite (NG) and kish graphite (KG) were used as the positive 

electrode in Al(ClO4)3-based WiSE. The XRD was used to calculate the DoG of the considered 

materials. The XRD spectra of pristine NG and KG are shown in Appendix II (Figure 1 (e)), 

with the (002) reflection of NG and KG appearing at 26.53° and 26.54°, respectively, 

corresponding to interlayer spacings (d002) of 3.35(6) and 3.35(5) Å. The DoG, was calculated 

for the out-of-plane direction (i.e., along the c-axis) using the following formula: 

𝑔 (%) =
0.3440 − 𝑑002  

0.34440 − 0.3354
 𝑥100 

Where 0.3440 (nm) is for fully nongraphitized carbon, d002 (nm), is the interlayer spacing 

estimated from XRD measurements, and 0.3354 (nm) is the interlayer spacing of ideal graphite 

crystals. The degree of graphitization based on d002 was found to be 97.67% for NG and 98.84% 

for KG.  

Electrochemical kinetics of the ClO4ˉ anion intercalation 

CV kinetics of NG and KG were investigated to gain a deeper understanding of the charge 

storage process during cycling and the effect of DoG. The results of the electrochemical 

kinetics study are presented in Figure 3.8 (a-h). The analysis of the cyclic voltammograms 

involved separating the diffusion-controlled and surface-controlled electrochemical 

processes, following the methodology detailed in Appendices (I -IV) 104, 135, 136. The 

relationship between the peak current (𝑖) and scan rate (𝑣) was expressed as a power-law: 

𝑖 =  𝑎 𝑣𝑏  

The parameters 𝑎 and 𝑏 are adjustable in the power-law relationship between the peak current 

and the scan rate in CV. The slope of the log(𝑖) vs log(𝑣) plot provides the value of the 

parameter 𝑏, which is a measure of the dominant process controlling the charge/discharge 

process. A value of 𝑏 = 0.5 indicates that diffusion is the main process, while 𝑏 = 1 signifies a 

surface-controlled process. A value of 𝑏 between 0.5 to 1.0 indicates the presence of both 

surface and diffusion-controlled processes.  
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The cyclic voltammograms of NG reveal an increase in the currents associated with the redox 

peaks (OA, O⸍A, RC, and R⸍C) with an increase in the scan rate from 1mVs-1 to 7 mVs-1 

(Figure 3.8 (a)). A similar trend is observed in the cyclic voltammograms of KG shown in 

Figure 3.8 (b). In the case of NG (Figure 3.8 (c)), the fitted 𝑏 values of 0.79, 0.96, and 0.94 

for the oxidation peak OA and the reduction peaks RC and R⸍C, respectively, indicate the 

contribution of both ionic diffusion and surface-controlled processes. Similarly, there were 

fitted 𝑏 values of 0.74, 0.88, and 0.95 for KG (Figure 3.8 (d)) for the oxidation peak OA and 

the reduction peaks RC and R⸍C, respectively, which also demonstrate the presence of both 

ionic diffusion and surface-controlled processes.  

Since both surface and diffusion-controlled processes are present in NG and KG, their 

deconvolution can be performed from the cyclic voltammograms. Assuming the summation of 

purely surface and diffusion-controlled processes, the relation of the overall current and scan 

rate can be expressed as follows: 

𝑖 =  𝑘1𝑣 +  𝑘2 𝑣1/2  

where the adjustable parameters 𝑘1𝑣 and 𝑘2 𝑣1/2 represent the contributions of surface-

controlled and ionic diffusion processes, respectively. The values of 𝑘1 and 𝑘2 can be estimated 

by analyzing the 𝑖/𝑣1/2  vs. 𝑣1/2
 plot. By applying this approach, the deconvoluted currents 

arising solely from surface-controlled and ionic diffusion processes were obtained and 

overlapped with the experimentally recorded currents at a potential sweep rate of 1 mV s-1, 

Figure 3.8 (e-f). The analysis of different scan rates is presented in Figure 3.8 (g-h). At a slow 

scan rate, the charge storage mechanism for both NG and KG were predominantly diffusion-

controlled, with intercalation of ionic species in the interlayer spaces accounting for ~95% of 

the observed charge storage. However, at higher scan rates, the relative contributions of 

surface-controlled and diffusion-controlled processes changed. The drop in the contribution of 

the diffusion-controlled process from ~ 95% to ~ 38% with an increase in the sweep rate from 

1 to 7 mVs-1 indicates that the surface-controlled process dominates over the diffusion-

controlled process with an increase in scan rate. 

The different electrochemical performance of NG and KG can be attributed to the DoG, and 

the defect density of the graphitic structure. Higher defect density could limit the coherent 

length of the charge carriers and their mobility, thereby mitigating the electrochemical 

performance. On the other hand, the degree of crystallinity and flake size are other crucial 
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factors that might influence capacity and ionic intercalation in the graphitic structure. In the 

case of NG, the higher defect density with less structural order accounts for its lower specific 

capacity. In contrast, the higher structural order (DoG) of KG enhances the possibility of ClO4ˉ 

anion intercalation, resulting in more prominent CV redox peaks and a larger potential plateau 

and higher charge/discharge capacity compared to NG. The results of the charge/discharge 

analysis are presented in Appendix II (Figure 2 (b) and Figure 7). 

 

Figure 3.8 The CV kinetic analysis for ClO4ˉ (de-)intercalation into NG and KG. cyclic voltammograms of (a) 

NG and, (b) KG at different scan rates (1–7 mV s−1); a plot of log (𝑖) vs. log (ν) at the redox peaks for (c) NG, 

and (d) KG; the deconvolution of the surface and diffusion-controlled processes of charge storage in (e) NG, and 

(f) KG superimposed on the cyclic voltammogram recorded at a 1 mVs−1; and the relative contribution of the 

surface and diffusion-controlled processes of charge storage in NG and KG at various sweep rates (from 1 to 7 

mV s−1), (g) and (h), respectively. 
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c) Ultrasonicated natural graphite  

To address the low capacity and low cycling stability in NG and other graphitic materials, a 

simple ultrasound treatment was done to enhance the reversibility and stability of 

(de)intercalation of ClO4ˉ anions from Al(ClO4)3 system. The ultrasonication was done as 

described in detail in Appendix III and electrodes were prepared by the slurry method, as 

mentioned in section 3.2 above. The pristine NG sample is further referred to as “NG” and the 

ultrasonicated NG as “US-NG”. The ultrasound treatment of graphite leads to an increase of 

the interlayer spacing and a partial disintegration of the bulk crystallites to flakes of varying 

thickness and lateral dimensions. 

The electrochemical characteristics of the untreated and treated NG were studied in the same 

Al(ClO4)3 electrolyte. Figure 3.9 (a) shows the CV of NG and US-NG recorded at a sweep rate 

of 1 mV s−1. The CVs show two redox peaks in both the cathodic and anodic regions. The 

prominent difference between the two systems is the visible discharge plateaus at around ~1.4 

V vs Ag/AgCl (Figure 3.9 (b) for US-NG. This could be due to the relatively smaller lateral 

crystallite size and expanded graphite plains of the US-NG compared to pristine NG. It also 

shows that ultrasound treatment can improve the mean discharge voltage.  

 

Figure 3.9. CV and (dis)charge curves of NG and US-NG in concentrated Al(ClO4)3-electrolyte at 1 mV s-1 (a), 

and 250 mA g-1, (b).  



58 

 

 

3.3 Zn-graphite dual-ion battery based on Zn-perchlorate WiSE 

3.3.1 Stripping plating of Zn  

To assess the feasibility of Zn(ClO4)2-WiSE for use in a full-Zn-graphite dual-ion battery 

(ZnG-DIB), we carried out an investigation of Zn stripping/plating from/on a carbon and Cu 

substrate using a half cell. The results of this analysis are depicted in Figure 3.10 (a-c). To 

enable reversible Zn plating/stripping on and from a carbon substrate (120 Toray Carbon 

paper), CV was conducted at a scan rate of 10 mV s-1 in a 3-electrode electrochemical cell with 

Zn metal serving as both the counter and reference electrode. The obtained results show that 

the process of Zn plating and stripping in the WiSE takes place within a narrow potential range 

of -0.1 to 0.2 V vs. Zn2+/Zn. This range of Zn plating potential, which is close to 0 V vs. 

Zn2+/Zn, is highly desirable for Zn batteries, as it helps to reduce the charge voltage and 

minimizes the electrolyte decomposition via hydrogen evolution or reduction reactions 137. 

Similarly, the Zn stripping potential close to 0 V vs. Zn2+/Zn provides a low overpotential in 

the cell, making it possible to use a wide range of positive cathode materials without 

compromising on cell output voltages.  

To examine the deposited Zn morphology on the carbon substrate, the CV was stopped at -0.1 

V vs. Zn2+/Zn. The electrode surface was subsequently examined using SEM after washing 

with deionized water (D.I.) and drying in air. The morphology of the deposited Zn layer with 

a hydrangea flower-like morphology and Zn elemental mapping are presented in Figure 3.10 

(b), revealing a uniform distribution of Zn on the carbon substrate.  

Zn plating/stripping was also conducted on other substrates, including Cu, and in the dilute 0.5 

m electrolyte (Appendix IV). The morphologies of the deposited Zn were different on Cu and 

carbon substrates in the WiSE and diluted electrolytes. This could be attributed to several 

factors, including different effective surface areas, structure, architecture, surface chemistry of 

the substrates, and the different salt concentrations in the electrolyte. Previous studies have also 

suggested that the nucleation overpotential and wetting ability of plating metal can result in 

different morphologies, sizes, and shapes of the deposited metal on a substrate 138. Thus, all of 

these factors should be carefully evaluated and controlled to achieve uniform Zn plating 

without dendrite formation.  

A more rigorous analysis of Zn stripping/plating was performed in a Zn symmetric cell, Zn|8 

m Zn(ClO4)2-WiSE|Zn, to investigate the suitability of the Zn(ClO4)2-WiSE for the ZnG-DIB. 
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The galvanostatic (dis)charging was conducted for 1 hour, with upper and lower cut-off 

voltages of  

 

Figure 3.10.  Stripping/plating analysis of Zn2+/Zn from 8 m Zn(ClO4)2-WiSE: (a) CV of Zn plating-stripping on 

a carbon substrate (120 Toray paper) at a scan rate of 10 mVs-1, (b) SEM images showcasing the morphology of 

the original carbon substrate (left) and the Zn plated with a hydrangea flower-like structure (bottom right), and 

EDS mapping of Zn signals (bottom left), and (c) results of stripping-plating cycling and Coulombic efficiency of 

a Zn||Zn symmetric. 

2 V and -2 V, respectively, to allow for visualization of the overpotential during plating 

(charging) and stripping (discharging). The cell was first cycled at a high current density of 1 

mA cm-2 with an areal capacity of 1 mAh cm-2 for 140 hours, followed by a low current density 

of 0.1 mA cm-2 for another 80 hours. Further, a high C.E. of 99.995% was achieved with a very 

low overpotential of less than 0.05 V and 0.025 V when cycled at high (1 mA cm-2) and low 

(0.1 mAc m-2) current densities, as shown in Figure 3.10 (c).  

Notably, the observed overpotential in the WiSE is significantly lower than that in the diluted 

electrolyte (Appendix IV). This result is promising since the high C.E. and low overpotential 
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are crucial features for ensuring stable Zn stripping/plating and, consequently, the prolonged 

cycle life of the battery. In summary, the Zn(ClO4)2-based WiSE possesses key characteristics 

that should ensure stable Zn stripping/plating in a ZnG-DIB, improving the battery 

performance and extending the cycle life.  

3.3.2 Performance of full-cell 

A schematic illustration of the working mechanism of the ZnG-DIB during the (dis)charge 

processes is presented in Figure 3.11. During charging, Zn2+ ions in the electrolyte migrate to 

the Zn anode and deposit on it, while ClO4ˉ anions simultaneously migrate to the graphite paper 

(GP) cathode and intercalate between the graphite layers. Upon discharge, both ions are 

released back into the electrolyte.  

The electrochemical reactions during (dis)charging are proposed as follows. 

At anode: 

𝑍𝑛2+ +  2𝑒−  ↔ 𝑍𝑛  

At cathode: 

𝑛𝐶 +  𝑥𝐶𝑙𝑂4
−  ↔ 𝐶𝑛(𝐶𝑙𝑂4

−)𝑥 +  𝑥𝑒− 

 

Figure 3.11. Schematic of a Zn-graphite dual-ion battery working mechanism. 
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The as-assembled ZnG-DIB and a practical demonstration of powering a red 2 V LED with 

this battery are demonstrated in Appendix IV (Figure 3 (a)). The fabrication of this two-

electrode ZnG-DIB involved assembling a Zn metal anode, a GF/D glass microfiber separator, 

a low-cost and binder-free GP cathode, and an as-prepared zinc perchlorate WiSE. Detailed 

information on the experimental procedure is provided in the Experimental section in Appendix 

IV.  

To modify the surface of the pristine GP, a Kapton tape was used to peel off the surface, as 

shown in Appendix IV (Figure 3 (b)), which presents photos and SEM images of the pristine 

GP before and after the peeling. Before the peeling, the GP surface was glossy, resembling a 

metal sheet, whereas, after the surface modification, it exhibited a 3D surface structure 

consisting of multilayers of crumpled graphene sheets with a matte appearance. One notable 

advantage of this surface modification strategy is the improved wettability and fast electrolyte 

saturation of the GP, as evidenced by the low contact angle of the modified GP (approximately 

30°) compared to that of the pristine GP (approximately 60°). Due to the porous 3D surface 

and reduced hydrophobicity, a drop of the WiSE spread and was absorbed instantly on the 

surface of the modified GP. 

The electrochemical characterization of a ZnG-DIB using CV is presented in Appendix IV 

(Figure 3 (d)). The CV was conducted at different scan rates and in the voltage range of 0.5 to 

2.5 V vs. Zn2+/Zn to investigate the (de)intercalation of ClO4ˉ anions into and from the graphite 

cathode. There were observed three redox peaks in the CV, which were similar to the results 

in Figure 3.8. The oxidation peak (Ipa) at 2.45 V is related to the intercalation of ClO4ˉ anions 

into the graphite, while two reduction peaks Ipc (2.20 V) and Ipc` (2.0 V) are associated with the 

deintercalation of ClO4ˉ anions from graphite. The ClO4ˉ intercalation process appears to 

involve at least two steps, as suggested by the multiple reduction peaks observed. 

The galvanostatic charge discharge (GCD) analysis of ZnG-DIB was performed at different 

cut-off potentials in the range of 2.2 V to 2.6 V vs. Zn2+/Zn at 100 mA g-1. The GCD results 

are presented in Figure 3.12 (a). The optimum upper cut-off potential of 2.5 V was determined 

based on a comparative graph of upper cut-off voltage vs. discharged capacity and C.E., as 

shown in Appendix IV (Figure 4 (b)). All subsequent long-term cycling and rate-capability 

tests were performed at this cut-off voltage. During the cycling tests, the discharged capacity 

gradually increased from around 30 mAh g−1 at 100 mA g−1 to 45 mAh g−1 with an improved 

C.E., as shown in Figure 3.12 (c). The highest C.E. of over 90% was achieved at a current 
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density of 300 mA g−1 but at the cost of reduced capacity, which decreased to 20 mAh g−1. The 

battery showed a recoverable capacity profile and very small capacity decay when tested back 

at low current densities (300 to 100 mA g−1). The ZnG-DIB performed stably at the cut-off 

potential of 2.5 V for up to 500 cycles. The battery also demonstrated a high and stable mean-

discharge voltage of ∼1.95 V vs. Zn2+/Zn, which is higher than most reported Zn-ion batteries 

with conventional manganese and vanadium oxide cathodes and Li+ chemistry-free ZnG-DIBs 

15.  

 
Figure 3.12 Charge-discharge curves at different cut-off potentials at 100 mA g-1 (a), demonstration of the mean-

discharge voltage and charge-discharge profile (inset) of the ZnG-DIB at the cut-off potentials of 2.45 V (green) 

and 2.5 V (purple) vs. Zn2+/Zn. (b), and rate-capability and long-cycling tests at a cut-off voltage of 2.5 V vs. 

Zn2+/Zn (c). 

Operando-XRD  

Operando-XRD was utilized to investigate the (de)intercalation of ClO4ˉ anions into GP 

electrode. The tests were performed using a homemade 2-electrode cell, as described in Section 

3.2, and the results are presented in Figure 3.13. The operando-XRD findings were found to 

be consistent with those obtained from operando Raman spectroscopy in Appendix IV (Figure 

6 (a)). The 002 peak (26.7°) of the graphite cathode gradually splits and shifts towards a lower 

2θ angle (∼25.2°) upon charging but recovers after discharging. The peak becomes broader, 
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and its intensity decreases, indicating the intercalation of anions into graphite. However, the 

presence of the 002-reflection peak in the fully charged cathode indicates a partial intercalation 

process, suggesting the formation of GICs of higher-stages. These results are also consistent 

with the kinetic analysis in Appendix IV (Figure 3 (e-g)), which suggests that both diffusion 

and adsorption processes contribute to the capacity. A schematic of anion (de)intercalation 

(from)into graphite on (dis)charging and Operando-XRD results of a ZnG-DIB are presented 

in Figure 3.13. 

 

Figure 3.13. Schematic of anion (de)intercalation (from)into graphite on (dis)charging (a), and Operando-XRD 

results of a ZnG-DIB (b).
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4 Conclusions 

This thesis addresses the fundamental issue of a narrow electrochemical stability window in 

aqueous electrolytes and demonstrates a feasible strategy to widen it. Furthermore, it 

investigates the electrochemical energy storage mechanisms in high-voltage electrodes using 

water-in-salt electrolytes (WiSE). Finally, the thesis presents a high-voltage aqueous battery 

based on a Zn-metal anode and a high-voltage graphite cathode comprising a Zn-based WiSE. 

The results of the separate investigations are summarized in Section 3 of this thesis. 

Section 3.1 discusses multivalent zinc and aluminum perchlorate-based WiSE systems, their 

preparation and properties for energy storage applications. The electrochemical and physical 

properties of the WiSE, such as ESW and temperature dependence of ionic conductivity, are 

discussed. Both WiSE systems demonstrated high ionic conductivity in the wide temperature 

range of -30 to 60 °C. The WiSE based on aluminum- and zinc-perchlorate exhibited ESW of 

~ 4 V and 2.8 V, respectively. The wide ESWs are attributed to the strong chaotropic nature of 

ClO4ˉ anion and the localization of water at multivalent kosmotropic cations. Raman 

spectroscopy was used to examine the hydration of Zn2+ and Al3+ cations in the considered 

WiSE systems. It has been found that the chaotropic (hydrophobic) strength of the counter 

anion is a crucial factor in selecting suitable zinc or aluminum salts for WiSE to attain a wide 

electrochemical stability window (ESW). The study reveals that chaotropic ions in the 

Hofmeister series are promising candidates for developing high-voltage WiSE and graphite-

based dual-ion batteries.  

Section 3.2 presents the results of the anion (ClO4ˉ) intercalation into various graphitic 

materials, including HOPG, NG, KG, and US-NG, that possess high oxidation potentials. The 

high oxidative stability >1.65 vs. Ag/AgCl or >2.60 V vs. Zn2+/Zn in both Zn and Al-based 

WiSE enabled the anion intercalation into these graphitic materials, which was not feasible in 

dilute electrolytes due to their narrow ESW. Different electrochemical and operando-

spectroscopy techniques were used to study the reversibility and stability of anion-intercalation 

into the graphitic materials. Additionally, the mechanism of charge storage was also 

investigated by the CV kinetic analysis. It was concluded that the capacity contribution in all 

the graphitic materials from the WiSE systems contains a mixture of pseudocapacitive and 

diffusion mechanisms. Furthermore, the degree of graphitization (DoG) and the effects of 

structural defects and ultrasonication treatment were investigated on anion-intercalation 

processes in the graphitic materials. It was found that higher DoG supports the anion-
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intercalation (diffusion process) and helps to achieve a high-mean discharge voltage plateau. 

Additionally, ultrasonication helps in increasing the stability and long cycling in graphitic 

materials during the process of (de)intercalation. For instance, in the case of ultrasonicated 

highly crystallized HOPG (Appendix I), stable and reversible intercalation of perchlorate 

anions in a half-cell configuration was achieved in Al(ClO4)2-WiSE  for more than 2000 cycles, 

with a high Coulombic efficiency of over 95%.  

Section 3.3 demonstrates the realization of a high-voltage Zn-graphite dual-ion battery using 

chaotropic anion-based Zn(ClO4)2-WiSE, a Zn anode, and a low-cost free-standing and binder-

free graphite cathode. The WiSE with a wide electrochemical stability window of 2.80 V 

allowed for stable and reversible Zn plating/stripping with very low overpotentials and high 

Coulombic efficiency. Additionally, the high oxidative stability of the electrolyte supported the 

efficient (de)intercalation of ClO4ˉ anions into the graphite cathode at high potentials and 

allowed using a high upper cut-off potential of 2.5 V vs. Zn2+/Zn. The battery demonstrated a 

maximum discharged capacity of 45 mAh g-1 at 100 mAh g-1 and an average discharged 

capacity of 23.5 mA h g-1 for over 500 cycles, along with a high mean discharge voltage of 

approximately 1.95 V vs. Zn2+/Zn.  

In summary, WiSE based on chaotropic anion and multivalent metal cations offers a wide 

stability window and a suitable aqueous electrolyte system for designing high-voltage, non-

flammable, and low-cost metal-graphite batteries. The battery is not suitable for mobile 

applications but might be used in grid storage applications. Although further optimization and 

improvements are still required, for instance, improvement of capacity. Also, the Coulombic 

efficiency of the battery was relatively low in Zn perchlorate-based WiSE, which suggests 

parasitic reactions occurring at high potentials.  Another issue is the absence of the formation 

of stable SEI/CEI layers to prevent parasitic reactions on the electrode surfaces.  

The following suggestions are proposed to address these issues and further improve the battery 

performance. 

Capacity improvements:  Graphitic materials with a higher degree of graphitization containing 

a highly edged surface area, small lateral size flakes, or 3D structures can be tested to fasten 

the kinetics by reducing the diffusion paths and providing more intercalation sites. 

Furthermore, other anion-intercalation hosting materials with open 3D structures or layered 

structures by π-π stacking can be investigated, such as PAH, MOFs, and other organic electrode 

materials (OEMs), which offer higher capacity and faster kinetics, e.g., due to fast surface 
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coordination reactions to store ions. Another interesting strategy might be designing special 

hybrid materials based on, for instance, hybrid intercalation-type (graphite, etc.) or conversion-

type cathodes materials (sulfur, chalcogenides, etc.).  

Mitigation of parasitic reactions and improvements of Coulombic efficiency: One of the 

reasons why the demonstrated battery has a low capacity could be a parasitic reaction at high 

potentials. This could also be because the anion intercalation in graphite happens at very high 

potentials, which are already at the limits of the oxidative stability of the WiSE. Therefore, one 

way could be to extend the ESW of the WiSE electrolyte further either by employing quasi-

solid-state electrolytes (polymer-based), which can make water unavailable for decomposition. 

Another possibility might be designing in-situ or ex-situ SEI/CEI to prevent e-transfers from 

electrodes to the electrode to avoid its reduction at the anode side and oxidation at the cathode 

side. The formation of SEI/CEI can be achieved either through the sacrificial reduction of 

electrolyte additives or by physical means like molecular-layer deposition (MLD) or atomic-

layer deposition (ALD). 
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