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Abstract 

A study for designing cost-efficient and 

high-energy density aqueous 

rechargeable battery 

Lee, Myeong Hwan 

Department of Materials Science and Engineering 

College of Engineering 

The Graduate School 

Seoul National University 
 

 The surging requirements for eco-friendly and sustainable energy storage 

systems have significantly boosted and advanced the mass production of 

rechargeable lithium-ion batteries (LIBs) in the current energy market. Despite the 

promising outlook for conventional LIBs, many obstacles to their use for such large-

scale applications have yet to be overcome, including rising costs stemming from the 

limited abundance of raw materials and safety concerns arising from the use of 

highly flammable organic electrolytes. As an alternative safer chemistry, the batteries 

that employ aqueous electrolytes have been investigated. However, traditional 

aqueous electrolytes provide a narrow electrochemical stability window of ~ 1.23 V 

due to occurring the thermodynamic water decomposition outside this window. This 

narrow stability window inevitably yields a limited energy density for aqueous 

systems, which make them unfit for practical application. To improving the energy 
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density of aqueous battery system, recent invention of highly concentrated aqueous 

electrolyte systems has paved a way toward the high-voltage aqueous batteries, 

which have wide electrochemical stability window by forming the stable solid-

electrolyte interphase (SEI) layer with salt decomposition and preventing the water 

splitting. Although, super-concentrated electrolyte systems enable high-energy 

density of aqueous batteries, it still has major obstacle for their commercialization 

due to the need for generally high-cost organic solutes in the high-concentration 

electrolyte. In this thesis, I present a design strategy for developing a low-cost and 

high-energy density aqueous battery system, particularly using on high-

concentration NaClO4 aqueous electrolyte-based battery and the organic aqueous 

battery systems. 

In Chapter 2, all the commonly used low-cost solutes for high-concentration 

aqueous electrolyte system are revisited. Finally, it is discovered that the use of 

NaClO4 solute effectively results in a wide electrochemical stability window by 

suppressing water decomposition and induces stable solid-electrolyte interphase 

(SEI) layer formation without involving the reduction of salt anions. The SEI layer, 

composed of Na2CO3 and Na–O compounds including NaOH, guarantees the 

excellent electrochemical storage stability of the full-cell composed of 

Na4Fe3(PO4)2(P2O7) cathode and NaTi2(PO4)3 anode for the extended period of time. 

This new-class of electrolyte systems provides remarkable cycle stability and a 

coulombic efficiency, which outperforms the state-of-the-art super-concentrated 

systems based on NaCF3SO3. This chapter will provide an important guidance for 
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the realization of low-cost high-voltage aqueous batteries. 

 In Chapter 3, the facility of low-cost high-concentration NaClO4 electrolyte is 

broadened by employing the multi-electron-redox phenazine molecule (i.e., 5,10-

dihydro-5,10-dimethyl phenazine, DMPZ), one of the most promising p-type organic 

cathode materials. It is presented that novel approaches to facilitate the complete 

utilization of the capacity and drastically improve the cycle durability by employing 

an electrolyte that is the most compatible with a DMPZ electrode. With the aid of 

deep learning and experimental validation, an aqueous solution is adopted as the 

most suitable electrolyte owing to the low solubility of the DMPZ molecule, 

resulting in enhanced capacity retention, which contrasts with the poor cycling 

performance in non-aqueous electrolytes. In addition, to further suppress the 

dissolution and water decomposition, a high-concentration electrolyte strategy is 

applied. Thereby, the DMPZ with high-concentration aqueous electrolyte 

successfully provide significantly improved capacity retention with outstanding 

long-life durability. This chapter will provide a deep understanding about the 

compatibility between organic electrode materials and electrolytes, which is a key 

factor toward the successful implementation of rechargeable organic batteries with 

high-energy density and long cycle life. 

 I believe that the deep study in this thesis on low-cost high-concentration aqueous 

system offer two major key aspects: 1) designing strategy for exploration of a new 

salts for high-concentration aqueous electrolytes, which could be widened the 

electrochemical stability window by suppressing water decomposition and robust 
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surface layer formation without salt decomposition, and 2) deep understanding and 

facilitating the full utilization of a organic molecule electrode by employing the most 

appropriate electrolyte that provides low solubility of DMPZ. It will provide 

important guidance for the realization of low-cost high-energy density aqueous 

batteries. 

 

Keywords: Electrochemistry, Secondary batteries, Aqueous batteries, High-

concentration electrolyte 
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Chapter 1. Introduction 

1.1 Research motivation and objectives 

With the ever-increasing carbon dioxide gas levels in the atmosphere by using of 

fossil fuel combustion for producing large-scale of electricity, which causing a 

greenhouse effect with global warming, rechargeable batteries have received 

extensive attention for use in grid-scale energy storage systems (ESSs) owing to their 

high energy density, compactness, versatility, low maintenance, and high round-trip 

efficiency1-3. The surging requirements for the eco-friendly and sustainable energy 

storage systems have significantly boosted and advanced the mass production of the 

rechargeable lithium-ion batteries (LIBs) in the current energy market4-6. Although 

the LIBs lie in the frontline deployment for green energy technologies, it still poses 

many hurdles to be addressed for large-scale energy storage application such as the 

high-cost from limited resources and intrinsic safety issues4,7-9. The conventional 

cathodes of LIBs rely on the electrode chemistry based on heavy transition-metals 

(TM), and it is clear that the limited resources continuously bring about the cost 

issues10-12. Moreover, limited design versatility and reaching theoretical capacity 

have retarded further advances for greener and sustainable energy storage in grid-

scale energy market. Thus, despite the promising outlook for conventional lithium-

ion batteries, many obstacles to their use for such large-scale applications have yet 

to be overcome, including rising costs stemming from the limited abundance of raw 

materials and safety concerns arising from the use of highly flammable organic 
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electrolytes7,8,13-16. 

As an alternative safer chemistry, the batteries that employ aqueous electrolytes or 

solid-state electrolyte have been investigated owing to their non-flammability. 

However, the solid-state electrolyte also has lots of obstacles to their use for practical 

large-scale applications due to its low ionic conductivity, surface degradation, and 

high-cost. Therefore, the aqueous electrolyte system more attractive for large-scale 

energy storage system owing to their non-toxicity and low-cost with non-

flammability. However, traditional aqueous electrolytes provide a narrow 

electrochemical stability window of ~ 1.23 V; thermodynamic water decomposition, 

such as hydrogen and oxygen evolution, occurs outside this window. This narrow 

stability window inevitably serves as a bottleneck for the selection of electrode 

materials, yielding limited energy density for aqueous systems, which make them 

unfit for practical application15,17-19. 

The aim of this research is to develop low-cost and sustainable aqueous battery with 

high-energy density by addressing limitations induced by narrow electrochemical 

stability nature of water. Main strategy is to drive a new low-cost aqueous battery 

system by introducing high-concentration aqueous electrolyte. 
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1.2 Introduction to aqueous battery 

From the first beginning of the aqueous battery in 1994 by Dahn and co-workers, 

water has been considered as an electrolyte for large-scale energy storage20-22. The 

aqueous electrolytes are promising alternatives from the use of highly flammable 

organic ones, owing to their non-flammable safe chemistry, non-toxicity, and low-

cost13,15,17,18,23,24. The successful working of aqueous system necessitates various 

electrolyte properties such as high ionic conductivity, chemical and electrochemical 

stability, safety, low-cost, and environmental beingness, which are common for both 

aqueous and non-aqueous electrolytes15,18,24. However, since aqueous electrolyte 

particularly suffers from strictly narrow electrochemical stability window despite 

other potential advantages, pushing the limits of cathodic and anodic stability against 

HER and OER, respectively, has been a major concern of the fields. While suitable 

electrode design could, to some extent, retard the HER or OER, for such a 

performance improvement in a given cell configuration, the feasibly tunable 

components in aqueous electrolyte itself are the type and concentration of salts (or 

solutes). Therefore, the research efforts on an aqueous electrolyte have generally 

been related to the optimizations of utilizing conditions of salts and discoveries of 

new salts. 

In regards to the classical aqueous electrolyte, most researches were placed on 

identifying the compatible electrode chemistry for aqueous electrolytes15,18. 

Nevertheless, there have been noteworthy results concerning the optimizations of the 

aqueous electrolytes with respect to salt species and the pH to improve the kinetics 
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and tailor the HER and OER limit. In conventional systems, the most commonly 

selected salts include inorganics such as sulfate (SO4
2-), nitrate (NO3

-), chloride (Cl-), 

hydroxide (OH-), and perchlorate (ClO4
-) due to their low cost and decent 

electrochemical properties15,24-28. A few studies have reported organic salts, most of 

which addressed lithium bis(trifluoromethane sulfonyl)imide (LiTFSI)29-31. To 

leverage the effect of cations in conjunction with that of salt anions, W. Zuo et al. 

systematically evaluated the electrochemical kinetics and found that the hydration 

energy of cations and anions plays an important role in determining the kinetics of 

the electrochemical system. In the study, series of aqueous cells were constructed 

employing Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, and Al3+ for cations and Cl-, NO3-, 

and SO4
2- for anions, respectively32. They observed a clear linear correlation between 

the hydration energy of ions and the overpotential observed for the cell. It was 

speculated that stronger ionic hydration energy of cations and anions are beneficial 

for the fast-redox reactions, possibly because a stronger binding between water and 

ions makes a more favorable chemical environment to the redox of electrodes. 

The pH value of aqueous electrolyte has also served as a tool to regulate the relative 

spontaneity of HER and OER to improve the stability of the system. In principle, the 

decrease of proton activity (i.e. pH increases) lowers the HER and OER potential 

concomitantly. Therefore, the potential of voltage window determined from pH 

value has been used as a guideline for selecting viable electrode materials, and some 

works have attempted to stabilize the interfacial reactions at the electrode by 

tailoring pH value to allow voltage window to encompass the redox potential of the 
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electrode21,22,33-40. To widen cathodic and anodic limit simultaneously, Chen et al. 

applied different pH conditions for aqueous electrolytes at the positive and negative 

electrode side, respectively39. To this end, a ceramic Li-ion exchange membrane 

(Li1+x+yAlxTi2-xSiyP3-yO12) was inserted in the electrolyte to separate the acidic 

electrolyte at the cathode side and the alkaline electrolyte at the anode side. As a 

consequence of increased OER potential and decreased OER potential, a wide 

voltage window (~3 V) were obtained for a Zn/KMnO4 aqueous cell. However, the 

use of Li-ion exchange membrane can lead to the other limitations related with ionic 

conductivity and the stability of ceramic membrane, and without this electrolyte 

separation, the gap between OER and HER is fixed to 1.23 V irrespective pH value. 

In addition, even at the strongly alkaline conditions (pH=14), the cathodic limit still 

remains 2.213 V vs. Li.41, implying that the adjustment of pH is only marginally 

effective42. Besides pH conditions of aqueous electrolyte, the presence of gaseous 

species dissolved was found to exhibit a significant effect on the stability of the 

system. Residual O2 or CO2 in the aqueous electrolyte could trigger side reactions 

on the surface of the anode during the discharge process involving water molecules, 

severely deteriorating the cycling capability of the electrochemical cell43. 

Ever since the pioneering work by Li et al. reported the stable electrochemical 

performances of lithium aqueous batteries exploiting 5 M LiNO3·0.001 M LiOH 

aqueous electrolyte and intercalation compounds, many researchers have dedicated 

to understanding the working mechanism of concentrated salt electrolytes20-22,44. 

While intercalation compounds were generally unstable in pure water, it could be 
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stabilized in an aqueous system containing concentrated lithium salts, since the 

chemical potential of lithium in solution increases with the concentrations. More 

systematic studies on the effect of the concentrations were carried out by Yushin 

group45,46. They attempted to precisely examine the compatibility of LiNO3 and 

Li2SO4 based aqueous electrolytes with typical cathodes such as LiFePO4
45 and 

LiCoO2
46. Interestingly, for both electrodes, the more improved capacity retention 

was obtained with the concentration increase, representing the optimal properties at 

the respective saturation points. Authors suggested that a higher concentration leads 

to a less amount of free water molecules, thereby more effectively suppressing the 

parasitic reactions between free water and electrode interfaces. This implies the 

presence of an optimum salt concentration for aqueous electrolyte, which contrasts 

with conventional non-aqueous electrolyte, where the optimum value has been 

regarded near 1.0 M (M = mol L-1) because of the highest ionic conductivity at this 

point13. In the case of aqueous electrolyte whose primary bottleneck lies in the poor 

cycling stability rather than ionic conductivity, the high concentration that aided in 

the stability enhancement could have been more desirable despite the reduced ionic 

conductivity arising from relatively high viscosity. Indeed, recent theoretical 

investigation proposed the mechanism by which above a certain concentration, the 

aqueous electrolyte can attain a decent overall ionic conductivity irrespective of the 

viscosity, supporting the necessity of higher concentration of aqueous electrolyte for 

better performance47. 
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1.3 Emerging the super-concentrated aqueous electrolyte for 

high-energy density aqueous battery system 

Recently, highly concentrated electrolytes have emerged as a potential game 

changer in the battery market for both aqueous and non-aqueous systems because of 

their remarkable characteristics, which are distinct from those of conventional 

electrolyte systems, including low flammability, low solvent activity, and high 

chemical stability that suppress side reactions19,48-65. The works on “water-in-salt” 

electrolyte (WiSE) by Xu group have opened a new avenue toward the high-

concentration aqueous electrolytes with the remarkably expanded electrochemical 

window52,55,57,64,66. Series of studies regarding WiSE showed that it benefits from (i) 

the formation of anion-derived passivation films (or SEI layer) at the anode 

interfaces and (ii) water solvation structure, retarding the HER and OER, 

respectively67,68. It was claimed that, to obtain sufficient protection from the SEI 

layer, WiSE should meet two prerequisites41. First, during the SEI formation, salt 

anions are predominantly decomposed in competitions with water molecules and gas 

species. Second, the formed SEI should be sufficiently dense and 

chemically/electrochemically stable in the electrolyte to maintain its protective role. 

Mechanistic investigations revealed that what is essential in satisfying both 

requirements are the ‘super-concentration’ condition itself41,52. In this respect, many 

following works have considered the saturation points of salts as a primary criterion 

of salt selection, and have explored highly soluble salts such as LiTFSI, lithium 

trifluoromethane sulfonate (LiOTf), and lithium bis(pentafluoroethane 
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sulfonyl)imide (LiBETI) for WiSE52,57,66. These findings have also invoked the 

extensive research efforts to identify the viable positive electrodes53,56,60, negative 

electrodes58,60, and current collectors for the given WiSE54,66. In the similar context, 

two major determinants of solubility were often considered for the search of new 

salts with higher solubility; the lattice energy required to dissociate salts, and energy 

gains upon hydration of ions69. For example, compared with NaTFSI salts, sodium 

bis(fluorosulfonyl)imide (NaFSI) whose lattice and hydration energies were 

predicted be lower and higher, respectively, could exhibit remarkably increased 

maximum solubility69. Meanwhile, the mixing of two distinct salts could also be an 

effective strategy to increase the overall concentration because it was found that a 

saturated electrolyte could still dissolve another unhydrated salt with similar 

chemical structures. In this regard, Suo et al. dissolved two salts with similar 

fluorinated structures up to their respective saturation points (7m LiOTf and 21 m 

LiTFSI) to form “water-in-bisalt” electrolyte with 28 m Li+57. In a similar vein, 

Yamada et al. introduced the concept of hydrate-melt electrolyte exemplifying 

Li(TFSI)0.7(BETI)0.3ᆞ 2H2O electrolyte66. The hydrate-melt electrolyte indicates the 

eutectic molten salt which contains the negligible amount of free water molecules 

because of low water concentration but retains fluidity benefiting from the 

exploration of eutectic systems. 
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1.4 Purpose of this research 

Despite the validations of WiSE systems with the widened electrochemical 

window, their real-world deployment has been delayed by the excessive use of 

expensive and toxic organic imide salts (eg. LiTFSI), which inevitably compromises 

the original merits of the aqueous system62,70,71. Therefore, the discovery of low-cost 

salts has been of recent interest of many researchers. Moreover, the demands of the 

greener and more sustainable aqueous battery system with high-energy density was 

increased. Thus, sustainable and low-cost aqueous battery system with high-energy 

density should to be investigated. 

 Chapter 2 unveiled that the high-concentrated NaClO4 aqueous electrolyte is a 

promising candidate for a low-cost high-voltage sodium aqueous electrolyte. This 

study comprehensively revisited the applicability of low-cost salts such as SO4
2-, 

NO3
-, and ClO4

- for both Li- and Na- high-concentration aqueous systems. The 

overall trend of solubility was found to be identical with the prediction based on 

Hofmeister series71,72, which ranks the water solvation strength of solutes. Among 

the candidate salts, NaClO4 was identified as the most soluble and effective salts. 

Unlike the conventional WiSE systems, it was observed that a stable SEI layer was 

formed, which is composed of a reduction compound of dissolved gases during the 

electrochemical cycling, not from byproducts of anion salt decomposition, 

suggesting an alternative route to stabilize the electrode against HER. It was 

proposed that the high-concentration of NaClO4 aids in preventing the dissolution of 

the SEI layer by reducing the presence of free water. 
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 Chapter 3 suggest novel approaches to facilitate the complete utilization of the 

capacity and drastically improve the cycle durability by employing an electrolyte 

that is the most compatible with a DMPZ electrode. For fully utilizing the DMPZ 

electrode, high-concentration aqueous electrolyte (NaClO4) strategy was applied to 

further suppress the dissolution and water decomposition, thereby achieving 

significantly improved capacity retention of ~87% over 200 cycles (over 1,000 hours) 

at 0.2C with a discharge capacity of 231 mAh g−1. Even after 1,000 cycles at 1C 

(over 1,630 hours), outstanding long-life durability with a cycle degradation rate of 

below 0.5% per day is achieved, corresponding to a capacity retention of ~81%, with 

a discharge capacity of 221 mAh g-1. 

 The findings in this research on the new inorganic solutes suitable for the high-

concentration aqueous electrolytes broaden our understanding on this new class of 

electrolyte systems and provide important guidance for the realization of low-cost 

high-voltage aqueous batteries. Moreover, understandings of the compatibility 

between ROMs and electrolytes is a key factor toward the successful implementation 

of rechargeable organic aqueous batteries with high-energy density and long cycle 

life 
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Chapter 2. Toward a low-cost high-voltage sodium 

aqueous rechargeable battery 

2.1 Research background 

(The essence of this chapter has been published in Materials Today. Reproduced with 

permission from [Lee, M. H.† and Kim, S. J.† et al., Mater. Today 2019, 29, 26-36] 

Copyright (2019) Elsevier) 

 In continuously growing greener and sustainable energy demand, grid-scale energy 

storage systems (ESSs) using Lithium-ion batteries (LIBs) have received enormous 

attention over many years owing to their high energy density, compactness, 

versatility, low maintenance, and high round-trip efficiency1-4. Despite its promising 

outlook, such a large-scale application has yet to overcome many obstacles including 

costs from limited abundance of raw materials and safety concerns from highly 

flammable organic electrolytes5-10. In this regard, aqueous electrolytes emerge as a 

potential game changer in LIB market due to its non-flammability, non-toxicity, and 

low-cost resources. However, aqueous electrolytes give a narrow electrochemical 

stability window of ~1.23 V away from which gives rise to thermodynamic water 

decomposition such as hydrogen and oxygen evolution. Inevitably, this acts as a 

bottleneck for the limited choice of electrode materials that in turn provide a limited 

energy density for the aqueous system, making it unfit for practical application11-13. 

Recently, highly concentrated electrolytes have attracted a tremendous interest for 
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both aqueous and non-aqueous systems owing to their remarkable characteristics 

distinct from dilute electrolytes, which include low solvent activity, low flammability, 

and ability to suppress side reactions14-20. Especially, super-concentrated electrolytes 

in an aqueous electrolyte system, with “water-in-salt” and “hydrate-melt” prototypes 

have already outperformed conventional electrolytes by suppressing water activity 

and thus expanding its stability window of electrochemical operation21-33. These 

newly proposed concentrated electrolytes enable high voltage operation of an 

aqueous battery with wide-range of electrode choice. However, there exists a 

significant economic concern especially regarding the use of expensive organic salts 

like imide organic salts that delays the market use of the aqueous battery. For instance, 

the price of aqueous electrolyte solution of 21 molal (21 m) lithium 

bis(trifluoromethanesulfony)imide (LiTFSI), which is the most well-known high-

concentration aqueous electrolyte, is about 18 times that of conventional non-

aqueous electrolytes (i.e. 1 M LiPF6)31 and about 6 times higher than that of 9.26 m 

NaCF3SO3, which is widely studied for sodium-based high-concentration aqueous 

electrolyte system (see Table 2.1 for the price comparison of various saturated 

aqueous electrolyte systems), bringing up an urgent need for low-cost high voltage 

aqueous electrolytes. 

Historically, lithium- and sodium-based salts consist of sulfate (SO4), nitrate (NO3), 

and perchlorate (ClO4) have been used as solutes for aqueous electrolytes owing to 

their anion stability within the operating voltage window and low cost11-13, 34-37. 

Unfortunately, these inorganic salts have received relatively less attention in highly 
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concentrated aqueous battery than organic counterparts specially known for their 

ability to form a protective SEI layer by anion decomposition21-24,27-29,32,33,38,39. 

Nevertheless, they are still competitive in terms of low price and the ability to change 

water solvation structure, because the ability to change the water solvation structure 

and their solvating behaviors in the aqueous systems have been relatively well 

evaluated and investigated in the previous literatures34-37. In addition, the solvation 

interaction between water molecules and inorganic salt ions dissolved in water has 

been studied mainly in dilute condition, over many years34-37. The summary of their 

behaviors is well presented in Hofmeister series, which predicts the effects of 

inorganic salts on solvation structure in dilute aqueous solution by rank-ordering 

anions according to their strength of water solvation and dividing them into water 

structure-making and –breaking groups40. According to this series, water solvation 

power in all commonly used anion of inorganic salts can be ordered, SO4
2- > NO3

- > 

ClO4
-, implying ClO4

- salts having tendency to break water structure for high 

solubility and probability of changing solvation structures with ion 

aggregations36,37,41. Although the Hofmeister series is basically used for examining 

the influence of the salts on the solubility of proteins in aqueous solution and has 

been studied in the dilute conditions, it could be extended to predict the effects of 

inorganic salts on the solvation structure in the aqueous solution. Moreover, rank-

ordering of various anions and dividing them into water-structure-making and -

breaking groups from the series might offer the guidelines in the selection of the 

proper solutes in high-concentration aqueous electrolytes. Anion salts that have a 
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strong tendency to break the water structure would be correlated with the solubility 

and the probability of changing solvation structures with ion aggregations36,37,41. 

Recent molecular dynamics (MD) simulations also support that this would be more 

pronounced in the case of highly concentrated aqueous solutions42-47. This theoretical 

study provides an important evidence that high-concentration water structure-

breaking salts tend to exhibit ion aggregated networking with water, enhancing the 

possibility of expanding the stability voltage window of aqueous electrolytes. Hence, 

this inspires a great need to revisit and examine all the commonly used inorganic 

salts in super-concentrated aqueous electrolytes. 

 Here, we demonstrated all the saturated aqueous solutions dissolved commonly 

used low-cost inorganic solutes and revisited their chemistry in the high-

concentrated aqueous sodium rechargeable batteries. Water-structure-modifying 

effect of the salts was probed for saturated aqueous solutions in which lithium- or 

sodium- sulfate (SO4), nitrate (NO3), and perchlorate (ClO4) solutes were dissolved 

and was compared with those of already reported super-concentrated electrolytes 

using organic salts such as LiTFSI and NaCF3SO3. We find the saturated NaClO4 (17 

m) solution can be a promising candidate for low-cost high-voltage sodium aqueous 

electrolyte with electrochemical stability window up to 2.7 V. With this new-class 

electrolyte, we successfully developed a 2 V Na-ion full-cell with high coulombic 

efficiency (up to 99 %) and cycle stability up to 200 cycles at 1 C rate. In addition, 

we also first-time discovered that highly concentrated electrolyte composed of 

inorganic salts forms a super stable SEI layer without anion decomposition with the 
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extraordinary OCV stability over 890 hours. 
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2.2 Experimental method 

2.2.1 Preparation of aqueous electrolyte and electrode materials 

Aqueous electrolytes including NaClO4 solution were prepared in various 

concentrations according to molality (mol of salt in kg of solvent, denoted by m). 

Na4Fe3(PO4)2(P2O7) was synthesized via a conventional solid-state method. A 

stoichiometric quantity of Na4P2O7 (95 %, Aldrich), FeC2O4∙2H2O (99 %, Aldrich), 

and NH4H2PO4 (98 %, Aldrich) was mixed using high-energy ball milling 

(Pulverisette 5, FRITSCH) at 400 rpm for 12 hours. The mixture was calcined at 

300 °C for 6 hours under flowing Argon (Ar) before being pelletized manually under 

200 kg cm-2 pressure using a disk-shaped mold. This sample was then sintered again 

at 550 °C for 12 hours under flowing Ar. For enhancing the electrical conductivity 

of an electrode, pyromellitic acid (PA) (C10H6O2, 96 %, Alfa Aesar) was added during 

ball-milling (weight ratio of the active material : PA = 95 : 5). 

Similarly, NaTi2(PO4)3 anode was synthesized by mixing stoichiometric amounts 

of Na2CO3 (98 %, Aldrich), TiO2 (99.7 %, anatase phase, Aldrich), and (NH4)2HPO4 

(98 %, Aldrich) via ball-milling in acetone for 24 hours before evaporating it at 

70 °C for 12 hours. A homogeneously mixed powder was sintered at 300 °C for 6 

hours under flowing Ar. The calcined powder was pelletized manually under 200 kg 

cm-2 pressure using a disk-shaped mold. This sample was then heated again at 
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900 °C for 24 hours in air. The carbon-coated NaTi2(PO4)3 was prepared via high-

energy ball milling at 400 rpm for 2 hours with PA (weight ratio of the active 

materials : PA = 95 : 5). The mixture was annealed at 800 °C for 2 hours under a Ar 

flow. 

 

2.2.2 Electrochemical measurements 

The Na4Fe3(PO4)2(P2O7) electrode was fabricated by compressing active materials, 

super P carbon black, and polytetrafluoroethylene (PTFE) binder with mass ratio of 

7:2:1 against a stainless steel grid. Similarly, the NaTi2(PO4)3 electrode was 

fabricated with mass ratio of 8:1:1 also on a stainless steel grid. Cyclic voltammetry 

(CV) was measured using a three-electrode system at a scan rate of 1 mV s-1 with a 

gold electrode (area of 0.126 cm2) as a working electrode, a standard calomel 

electrode (SCE) as a reference electrode, and a Pt wire as a counter electrode. For 

galvanostatic measurements, the half-cell of each electrode was assembled via three 

electrode configurations with active electrode as a working electrode, activated 

carbon as a counter electrode, and standard calomel electrode (SCE) as a reference 

electrode. The full-cell was assembled in a coin-cell (CR2032, Wellcos). 

Galvanostatic measurements of the half-cell and full-cell were conducted using a 

multichannel potentio-glavanostat (WBCS-3000, Wonatech, Korea) at 25 °C. All 

preparation above was performed in a nitrogen-filled glove box. 
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2.2.2 Materials characterization 

The Raman spectroscopy (LabRAM HR Evolution, Horiba) was conducted using 

capillary tubes (inner diameter of 1.1 – 1.2 mm) with continuous-wave linearly 

polarized laser wavelengths of 532 nm. The surface analysis of NaTi2(PO4)3 was 

performed using a transmission electron microscope (TEM, JEM-2100F, JEOL) 

equipped with electron energy loss spectroscopy mapping (EELS, Quantum 963, 

Gatan, Inc, USA). The x-ray photoelectron spectroscopy (XPS) analysis was 

performed using a monochromatic Al Kα X-ray source (1486.6 eV) generated by the 

acceleration voltage of 15 kV (PHI 5000 VersaProbe, ULVAC-PHI). The XPS 

spectra of all electrodes were obtained with the raster size of 2 x 2 mm2, after etching 

them by Ar+-sputtering of 2 kV acceleration voltage within 5 nm. The overall XPS 

peaks are arranged based on a reference C-C bond at 248.4 eV.  

 The soft x-ray absorption spectroscopy (sXAS) measurement, taken at the 10D 

KIST bending magnet beamline of Pohang Light Source-II (PLS-II), was performed 

at room temperature under a base pressure of 3 x 10-10 torr. The spectra of C and O 

K-edges were obtained in surface-sensitive total electron yield (TEY) mode detected 

at the penetration depth of < 10 nm and normalized to the incident photon flux at the 

energy resolution of 0.1 eV. Before measurement, all electrode samples were washed 

by dimethoxyethane (DME) for many times and then dried under 70 °C vacuum 

chamber for 12 hours. 
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2.3 Result and discussion 

2.3.1 Selection guideline for the low-cost high-concentration 

aqueous electrolyte and their chemistry for electrochemical 

stability in rechargeable aqueous batteries 

Based on previous studies, important criteria for super-concentrated aqueous 

electrolytes are the following: 1) high solubility that enables a cation/water ratio to 

be over 0.3 to eliminate free water, 2) wide availability with potentially low-cost, 

and 3) ability to change a cation-anion-water molecule solvation structure at high 

salt concentration with ion aggregated structure, from which translates into low 

water activity and stable SEI layer formation21,22,24,26,27,38,39. In search of aqueous 

electrolytes that satisfy those criteria, we referred to Hofmeister series that consider 

the thermodynamic properties of inorganic salts commonly used in highly saturated 

aqueous solution to better comprehend the correlation between their aqueous 

solubility and influence on water solvation structure. As a result, we came up with a 

list of commonly used salts including sulfate (SO4), nitrate (NO3), and perchlorate 

(ClO4) -based sodium salts as tabulated in Table 2.1. According to the series, the 

relative ability to destabilize the bulk water structure for these representative 

inorganic salt anions is SO4
2− < NO3

− < ClO4
−, implying that ClO4

− salts have a strong 

tendency to break the water structure, indicating the probability of changing 

solvation structures with ion aggregations36,37,40,41,46,47. Furthermore, the solubility of 

inorganic salts follows the rank-order of series about water-structure breaking 
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strength for these salts (i.e., SO4
2- < NO3

- < ClO4
- groups), as depicted in Table 2.1. 

Upon reaching solubility limits in water, the water-breaking ions (i.e. ClO4
-) that 

constitute the higher end of rank-order, are predicted to be extremely capable of 

forming complex ion networks with water structure, disrupting their hydrogen 

bonding networks46,47. 

In order to verify this, Raman spectroscopy was employed as a facile tool capable 

of identifying unique fingerprints from changes in the solvation structure of various 

electrolyte candidates depending on salt concentration. Figure 2.1.a, b, and 2.2 

present the Raman spectra of the O-H stretching vibration modes of water molecules 

in various lithium and sodium aqueous electrolytes at different salt concentrations in 

the band range of 2,700-4,000 cm-1. In the case of de-ionized water and low 

concentration electrolytes, both symmetric (near 3,200 cm-1) and asymmetric (near 

3,400 cm-1) vibration modes of water molecules exhibit a broad Raman band owing 

to their diverse hydrogen bonding environments21,24,48,49. The broad band of water 

clusters maintains its shape at different salt concentrations of conventional aqueous 

electrolytes, Li2SO4, LiNO3, LiClO4, Na2SO4, and NaNO3, as shown in Figure 2.2, 

indicating the presence of free water. Even at the saturated concentrations of these 

salts in the electrolyte, the broad nature of the band did not notably change in contrast 

to the behavior of well-known super-concentrated salts of NaCF3SO3 and LiTFSI in 

Figure 2.1.a. On the other hand, it was found that NaClO4 exhibit hydration 

characteristics that are distinct from those of other conventional electrolytes and are 

similar to those of NaCF3SO3 and LiTFSI. Figure 2.1.b illustrates that, with 
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increasing salt concentration of NaClO4, the O–H stretching vibration bands are 

significantly altered, with gradual disappearance of the broad band followed by the 

rise of a sharp peak near 3,550 cm−1, which resembles the characteristics of “water-

in-salt”21,24,50. Moreover, NaClO4 showed the most pronounced blue shift of the 

Raman band, even close to that of LiTFSI, which has been reported as one of the 

most effective salts in stabilizing the water in the electrochemical system24,39. 

According to the literatures, this new sharp peak near 3,550 cm−1 was attributed to 

the signature of crystalline hydrates, where most water molecules participate in ion 

coordination with cations and anions of the salt with negligible hydrogen bonding 

among them, giving rise to a unique solvation structure. Hence, this peak can indeed 

be a clear indicator to determine a new-class electrolyte with a unique solvation 

structure. 

Inspired by this observation, we examined more carefully the aggregation behavior 

of the NaClO4 salts in the electrolyte at various concentrations based on the change 

in the ClO4
− stretching bands in Raman spectra as depicted in Figure 2.3a. A blue 

shift of overall band spectra, with increasing salt concentration from 1 m to 17 m, 

reveals the drastic change in the cation-anion coordination environment (light blue 

lines with open circles in Figure 2.3a). The band can be deconvoluted into three 

components: free anion (FA: 932.6 cm-1
, red dashed line), solvent-separated ion pairs 

(SSIP: 934.6 cm-1, blue dashed line), and contact ion pairs (CIP)/aggregated cation-

anion pairs (AGG: 941.7 cm-1, green dashed line) (Figure 2.3a and Figure 2.3b)51. 

The FAs fraction, about 77 % at 1 m salt concentration, drastically drops to 20 % at 
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5 m before it reaches 0 % at 10 m. On the other hand, the SSIPs fraction increases 

from 22.8 % at 1 m to 79.9 % at 5 m concentration. However, above 10 m 

concentration, the fraction drops to 42.9 % at 17 m concentration with the majority 

of ion species (above 57 %) exist as CIP/AGG. Based on both O-H stretching and 

ClO4
- stretching band spectra of 17 m NaClO4 electrolyte, the solvation structure of 

the high concentrated aqueous NaClO4 solution transforms to a highly ion 

aggregated state with the low free water content (Table 2.1). Such conclusion is in 

line with the result from previously reported density functional theory (DFT) 

calculation, which predicted a significant increase in the number of large sized ion 

aggregates breaking hydrogen bonding of water by infiltrating into its percolating 

structure in a form of an intertwined network46,47. 

The reduced water activity expected from this unique solvation chemistry can most 

likely be translated into widening of an electrochemical stability window. Hence, 

cyclic voltammetry (CV) on gold electrodes at a scan rate of 1 mV s-1 was performed 

as shown in Figure 2.4. The overall stability window of 17 m NaClO4 electrolytes 

widens to 2.7 V with cathodic and anodic limits at ~1.7 V and ~4.4 V vs. Na/Na+, 

respectively. In the enlarged anodic region in Figure 2.4b, the oxygen evolution 

reaction (OER) becomes suppressed with increasing salt concentration from 1 m to 

17 m, as the onset potential of OER shifts from 4.0 V to 4.4 V vs. Na/Na+. This 

finding provides the reduced water activity in the high-concentration aqueous 

electrolyte systems resulting from the changes in the solvation structure21-24,26,27. In 

addition, the cathodic side also pushes its limit from ~2.2 V to ~1.7 V upon a same 
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concentration change, effectively suppressing hydrogen evolution reaction (HER) as 

shown in Figure 2.4a. Referring the previous literature, this is likely attributed to 

the formation of a passivation layer from reduction of salt aggregates21,22,24,27,28,38,39. 

However, considering the difficulty associated with ClO4
- reduction, this point needs 

further scrutiny and will be discussed chapter 2.3.452. 
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Table 2.1. Properties of conventional non-aqueous electrolyte (1 M LiPF6) vs. 

aqueous electrolyte salts13. The cost from Sigma-Aldrich with an assay above 99% 

was used. The ionic conductivity was measured at 25 °C. 
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Figure 2.1. (a) Raman spectra of water molecules in various aqueous solutions, 

namely, saturated 1.3 m Na2SO4, saturated 10.7 m NaNO3, saturated 21 m LiTFSI, 

saturated 9.26 m NaCF3SO3, and saturated 17 m NaClO4 in water. The broadening 

of the spectra between the two black dashed lines in the range of 2,900–3,800 cm−1 

is attributed to O–H stretching modes of clustered water molecules with diverse 

hydrogen bonding. The sharp peak marked by the orange line near 3,550 cm−1 is 

attributed to cation-solvated water molecules that are free of hydrogen bonding. (b) 

Raman spectra of NaClO4 electrolyte at various salt concentrations in the range of 

2,700–4,000 cm−1 showing O–H stretching modes of water molecules. 
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Figure 2.2. Raman spectra of conventional aqueous electrolytes in various salt 

concentrations. 
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Figure 2.3. ( a ) ClO4 stretching modes in Raman spectra for NaClO4 electrolytes of 

different salt concentrations (1 m, 5 m, 10 m, and 17 m). (b) Deconvolution fitting 

results of Vs (ClO4
−) stretching mode in Raman spectra. 
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Figure 2.4. ( c ) Overall electrochemical stability window and (a and b) enlarged 

regions near the cathodic (HER) and anodic (OER) limits of 17 m NaClO4 electrolyte 

determined from CV measurements between −1.55 and 1.65 V vs. SCE at 1 mV s−1 

on gold working electrodes. The potential was converted to a Na/Na+ reference for 

convenience. The bump near 2.1 V vs. Na/Na+ in (a and c) is attributed to bubble 

formation on a gold electrode. 
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2.3.2 Electrochemical performance of rechargeable aqueous 

sodium battery in highly concentrated NaClO4 aqueous electrolyte 

system 

Based on initial assessment of the electrochemical stability window of NaClO4 

electrolytes using CV, the electrochemical properties of both cathode and anode were 

further evaluated accordingly. Na4Fe3(PO4)2(P2O7) was chosen as a cathode material 

due to its promising rate capability and capacity (theoretical capacity of 129 mAh g-

1 in organic electrolytes) and its average redox potential of 3.2 V vs. Na/Na+ suitable 

for aqueous system53-55. At the counter, NaTi2(PO4)3 was chosen as an anode material 

for its long cyclability, high theoretical capacity (~133 mAh g-1), and average 

potential of 2.1 V vs. Na/Na+ also appropriate for an anodic regime of aqueous 

system56-59. The structures and morphologies of both pristine Na4Fe3(PO4)2(P2O7) 

and NaTi2(PO4)3 powders were examined using X-ray diffraction (XRD) and 

scanning electron microscope (SEM), as shown in Figure 2.5. A comparative study 

of Na4Fe3(PO4)2(P2O7) half-cell and NaTi2(PO4)3 half-cell was conducted in 1 m and 

17 m NaClO4 electrolytes, with the results shown respectively in Figures 2.6a and 

b. The first charge/discharge profiles of a Na4Fe3(PO4)2(P2O7) cathode at 1 C under 

both 1 m and 17 m conditions show discharge capacity of 90–100 mAh g-1 with an 

average redox voltage of ~ 3.2 V vs. Na/Na+, which is similar to that using organic 

electrolytes (see Figure 2.6a). However, charging the cathode to 4.2 V, higher than 

the theoretical oxygen evolution potential (3.527 V vs. Na/Na+ at pH = 7), induces 

oxygen evolution at ~ 3.9 V vs. Na/Na+ in a 1 m condition, while having it suppressed 
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well in 17 m condition. As expected, the result agrees with CV measurement in 

Figure 2.4b. More dramatic difference could be found in the anodic performance. 

The voltage profile of the NaTi2(PO4)3 anode in 1 m NaClO4 electrolytes indicates 

the serious HER near 2.0 V vs. Na/Na+ (Figure 2.6b). This is attributable to the HER 

potential (2.297 V vs. Na/Na+ at pH = 7) that is higher than the redox potential of 

NaTi2(PO4)3, driving hydrogen evolution to occur in the conventional aqueous 

electrolyte simultaneously with sodiation of NaTi2(PO4)3 near 2.1 V vs. Na/Na+. 

However, it is remarkable that the highly concentrated NaClO4 electrolyte could 

effectively suppress the hydrogen evolution and successfully deliver the discharge 

capacity of 113 mAh g−1 reversibly. Moreover, the capacity could be reversibly 

retained over 200 cycles in the 17 m NaClO4 electrolyte as shown in Figure 2.7. 

To further evaluate the practicality of NaClO4 electrolytes, 

Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cells were assembled and tested at different 

electrolyte concentrations. The negative-to-positive electrode mass ratio (NP ratio) 

was set to ~ 1.1:1, considering the specific capacity of Na4Fe3(PO4)2(P2O7) and 

NaTi2(PO4)3. Figures 2.8a and b present the galvanostatic charge/discharge profiles 

of the full-cell at 1C in 1 m and 17 m NaClO4 electrolytes, respectively, within the 

voltage range between 0.01 and 2.0 V. In both electrolytes, the full-cell exhibited a 

discharge capacity of ~ 44 mAh g−1 based on the total electrode mass (denoted as 

mAh g−1
tot) with an average redox voltage of 1.0 V, which is equivalent to an energy 

density of 36 Wh kg−1. However, similar to the observations in the half-cells, the full-

cell using the 1 m electrolyte exhibited irreversible capacity decay upon the first 
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cycle owing to water decomposition that occurs at approximately 1.8 V (Figure 

2.8a). The water decomposition is slightly suppressed for the 1 m electrolyte as 

compared with the half-cells, which is attributed to a relatively fast rate (above 1C), 

kinetically hindering the decomposition reaction27. On the other hand, significantly 

less degradation was observed when the 17 m NaClO4 electrolyte was used as shown 

in Figure 2.8b. In consistent with the half-cell results, no signature of the OER or 

HER was observed, leading to reversible charge and discharge reaction. CVs of the 

full-cells that were carried out at a slow scan rate (0.1 mV s−1) further confirm the 

difference in each electrolyte. The insets of Figures 2.8a and b illustrate that the 

irreversible reaction clearly occurred above 1.8 V in the 1 m electrolyte, whereas no 

detectable signature of the side reaction was observed at a similar voltage level for 

the 17 m electrolyte. 

The long-term cycle stability and coulombic efficiency of the 

Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell were examined in Figures 2.9. Figure 

2.9b present the galvanostatic charge/discharge profiles of the full-cell at 1C in 9.26 

m NaCF3SO3 electrolyte, which is previously reported one, within the voltage range 

between 0.01 and 2.0 V. It was found that the electrochemical performance of the 

full-cell in both 17 m NaClO4 and 9.26 m NaCF3SO3 electrolyte within initial 3 

cycles was comparable. The discharge capacity fading of the cell in 1 m NaClO4 

electrolyte was notably severe over repeated cycles, as the capacity decreases rapidly 

from 44 to 8 mAh g−1
tot (or equivalently from 87 to 17 mAh g−1 based on the cathode 

mass) within only 50 times of charge and discharge (Figure 2.9a). The coulombic 
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efficiency in 1 m electrolyte was also low (Figure 2.9c), starting at 87% for the first 

cycle before plummeting to 68%. However, notable improvements in both the 

capacity retention and columbic efficiency of the cell were observed in 17 m 

electrolyte, with their values eventually reaching 75% and 99% after 200 cycles, 

respectively. Unexpectedly, this performance is comparable to that of the previously 

reported “water-in-salt” NaCF3SO3 electrolyte (capacity retention and coulombic 

efficiency of 63% and 99%, respectively) as shown in Figures 2.9a and c. 

Additionally, we evaluated the rate capability of the full-cell in 17 m NaClO4 

electrolyte. Figure 2.9d presents the discharge profiles of the full-cell at 0.2C, 1C, 

5C and 10C after the first charge at 0.2C. The full-cell delivered capacities of 46, 44, 

39, and 34 mAh g−1
tot at 0.2C, 1C, 5C, and 10C, respectively. The acceptable rate 

capability of the full-cell is attributed to its high ionic conductivity of 108 mS cm−1 

measured at 25 °C. Even at extended high-rate cycle tests, the cell could retain the 

high capacity and power capability at 5C for more than 500 cycles as illustrated in 

the inset of Figure 2.9d. 
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Figure 2.5. (a and b) SEM images and (c) XRD pattern of the pristine 

Na4Fe3(PO4)2(P2O7) powder. (d and e) SEM images and (f) XRD pattern of the 

pristine NaTi2(PO4)3 powder. 
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Figure 2.6. Comparison of voltage profiles of (a) Na4Fe3(PO4)2(P2O7) electrode and 

(b) NaTi2(PO4)3 electrode in 1 m and 17 m NaClO4 electrolytes at constant current 

of 1C. The half-cell data in (a) and (b) were obtained from a three-electrode system 

consisting of Na4Fe3(PO4)2(P2O7) and NaTi2(PO4)3 as working electrodes, a SCE as 

the reference electrode, and activated carbon as the counter electrode. 
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Figure 2.7. Galvanostatic charge/discharge performance and cycle stability of a 

NaTi2(PO4)3 half-cell. 
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Figure 2.8. Galvanostatic profiles of the Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell 

in (a) 1 m and (b) 17 m NaClO4 electrolytes at 1C. The insets of (a) and (b) present 

CV curves of the Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell at a scan rate of 0.1 mV 

s−1 in (a) 1 m and (b) 17 m NaClO4 electrolytes. 
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Figure 2.9. (a) Cycle stability of Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell cycled at 

1C in different aqueous electrolytes: 1 m NaClO4, 9.26 m NaCF3SO3, and 17 m 

NaClO4. (b) Galvanostatic charge/discharge profiles of a 

Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell in 9.26 m NaCF3SO3 electrolyte at 1C. (c) 

Coulombic efficiency of a Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell cycled at 1C in 

different aqueous electrolytes: 1 m NaClO4, 9.26 m NaCF3SO3, and 17 m NaClO4. 

(d) Rate performance of the Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell in 17 m 

electrolyte at 0.2C, 1C, 5C, and 10C. The inset of (f) presents the cycle stability and 

coulombic efficiency of the full-cell in 17 m electrolyte at 5C. The voltage of the 

full-cell ranges between 0.01 and 2.0 V.  
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2.3.3 Analysis of the surface protective layer formed in high-

concentration aqueous electrolyte 

As demonstrated thus far, the highly concentrated NaClO4 electrolyte suppresses 

water decomposition and enhances the performance of the aqueous cell, presumably 

due to the change in the ion solvation structure and reduced water activity. However, 

it is also worth noting how it influences the stability of the electrode surface, as it 

has been widely suggested that the formation of a SEI on an active anode occurs via 

reduction of salts and partially negates the hydrogen evolution21,22,24,27,28,38,39. In 

addition, the passivation layer acts as a critical component in maintaining the 

structural stability of a NaTi2(PO4)3 anode. Nevertheless, to the best of our 

knowledge, ClO4
− reduction from the NaClO4 electrolyte appears highly improbable 

within the voltage window tested here, as it requires high decomposition energy52. 

Hence, it is necessary to verify how the NaTi2(PO4)3 anode surface has been 

protected in our NaClO4 electrolytes. To examine the surface of the NaTi2(PO4)3 

anode, two samples of NaTi2(PO4)3 anodes before and after 20 cycles were prepared 

and probed using transmission electron microscopy (TEM). Figure 2.10a to f present 

representative TEM images of the NaTi2(PO4)3 electrode particles before and after 

20 cycles in 1 m and 17 m NaClO4 electrolytes. The pristine NaTi2(PO4)3 particles 

exhibited clean surfaces with a carbon coating layer thickness of less than 1 nm 

(Figure 2.10a and b). After cycles in 1 m NaClO4 electrolyte, no significant change 

or formation of additional protective surface film was observed on the surface of the 

electrode particles (after 20 cycles at 1C), as shown in Figures 2.10c and d. However, 
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for the sample cycled in 17 m NaClO4 electrolyte, a 5–10-nm-thick amorphous layer 

was observed on the NaTi2(PO4)3 surface (Figure 2.10e and f), indicating the 

formation of surface passivation film. The presence of the surface layer after the 

cycles is similar to what has been previously observed for the NaTi2(PO4)3 anode 

cycled in highly concentrated NaCF3SO3 electrolyte with the SEI layer on the surface 

(Figure 2.10g and h). According to the previous report, it has been suggested that 

the SEI layer forms due to the reduction of NaCF3SO3 salts, yielding to the 

byproducts such as crystalline NaF nanoparticles, which actively preserve the 

electrode surface from the HER reaction27. Nevertheless, in our extensive analysis 

of the surface film, we could not detect any component related with the byproducts 

from NaClO4 decomposition within the surface layer of the electrode after cycling 

in the saturated electrolyte system. Moreover, no sign of elements derived from salt 

reduction such as Cl could be detected. Figures 2.11a to f present the chemical 

composition analysis of the surface region performed for the NaTi2(PO4)3 anode 

cycled in 1 m and 17 m NaClO4 via EELS mapping. While a passivation layer is 

hardly detectable on the electrode cycled in 1 m NaClO4 electrolyte in Figure 2.11a, 

c, and e, even for the thick surface film on the electrode cycled in 17 m electrolyte 

(light yellow dashed region in Figure 2.11b), we were only able to detect carbon and 

oxygen K-edge signals as elements comprising the SEI layer, and other signature of 

salt reduction such as Cl could not be detected as illustrated in Figure 2.11e and f, 

and Figure 2.12. 

To support TEM results, XPS analysis was performed on the NaTi2(PO4)3 
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electrodes cycled in 1 m and 17 m NaClO4 electrolytes to obtain an in-depth chemical 

view of the surface layers. O 1s, Na 1s, and Cl 2p spectra of the surfaces of the 

pristine and cycled electrodes were obtained in Figures 2.13a-c. The figures show 

that O 1s and Na 1s spectra of the electrode cycled in 17 m NaClO4 electrolytes 

present generally red shifts compared with those of the pristine electrode and the 

electrode cycled in 1 m NaClO4 electrolyte. Peak deconvolution revealed that 

Na2CO3 (the peak at 531.5 eV in O 1s spectra and the peak at 1071.5 eV in Na 1s 

spectra; purple dashed line) and NaOH (the peak at 532.8 eV in the O 1s spectra, 

light blue dashed line) were present in the surface layer of the cycled electrode in the 

saturated NaClO4 electrolytes (Figures 2.13a and b). In addition, the Na Auger peak 

at 536 eV (green dashed line in Figure 2.13a) in the O 1s spectra was also detected 

for the electrode cycled in 17 m NaClO4 electrolytes. For possible production of the 

reduction products from NaClO4, Cl 2p spectra of the electrodes were examined in 

Figure 2.13c. It is apparent that no salt reduction occurred to generate known 

compounds such as NaCl from NaClO4 in consistent with the EELS results in Figure 

2.12. sXAS analysis was further employed to confirm the XPS results. In Figures 

2.13d and e, the surface of the NaTi2(PO4)3 electrode at the pristine and charged 

states after the first and after 5 cycles in 17 m electrolyte was examined for the carbon 

and oxygen K-edge signals in comparison with a reference Na2CO3 spectrum. Both 

the carbon and oxygen K-edge signals that newly appeared after the first charge 

agree with the characteristic signals of Na2CO3, indicating the formation of Na2CO3 

in 17 m NaClO4 system. It is also noted that the peak corresponding to Na2CO3 
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gradually increased until the fifth cycle, implying that the surface layer forms 

immediately during the first charge process and continues to grow to better protect 

the surface from the HER. In addition, the newly appeared signal after the fifth cycle 

in the oxygen K-edge spectrum corresponds to the characteristic signature from 

NaOH, suggesting its formation on the NTP surface in 17 m NaClO4 electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

Figure 2.10. TEM analysis of a NaTi2(PO4)3 anode surface. Low-magnification 

TEM images of (a) pristine NaTi2(PO4)3 and NaTi2(PO4)3 after 20 cycles in (c) 1 m 

and (e) 17 m NaClO4 electrolytes at 1C. (b), (d), and (f) high-magnification TEM 

images of (a), (c), and (e), respectively. (g) High-resolution TEM images of a 

NaTi2(PO4)3 surface after 20 cycles in 9.26 m NaCF3SO3. (h) Magnified image (from 

boxed region in (a)) of SEI layer on a NaTi2(PO4)3 anode surface. 

 

 

 

 

 

 



58 

Figure 2.11. (a) High-resolution TEM images and corresponding elemental EELS 

maps showing (c) carbon K-edge and (d) oxygen K-edge of NaTi2(PO4)3 surface 

after 20 cycles in 1 m NaClO4 electrolyte. (b) High-resolution TEM images and 

corresponding elemental EELS maps of (e) carbon K-edge and (f) oxygen K-edge of 

NaTi2(PO4)3 surface after 20 cycles in 17 m NaClO4 electrolyte. 
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Figure 2.12. EELS spectra of Cl L-edge for surface of the NaTi2(PO4)3 electrode 

cycled in 17 m NaClO4 and for reference NaCl powder. No signals from salt 

decomposition (i.e., Cl of NaClO4) were detected on the electrodes cycled in the 17 

m NaClO4 electrolyte. The peak at 284 eV belongs to the carbon K-edge. 
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Figure 2.13. XPS profile of (a) O 1s spectra, (b) Na 1s spectra, and (c) Cl 2p spectra 

of the NaTi2(PO4)3 electrode before and after 20 cycles in 1 m and 17 m NaClO4 

electrolyte. (d) Carbon K-edge and (e) oxygen K-edge of sXAS spectra of pristine 

NaTi2(PO4)3 electrode, first charged electrode, and electrode charged after 5 cycles 

and reference Na2CO3. 
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2.3.4 Mechanism of surface layer forming in high-concentration 

NaClO4 aqueous electrolytes 

Based on the results from the surface analysis of the electrode in highly 

concentrated electrolytes, we propose that 1) the formation of the surface layer 

occurs from the first charge process and 2) the layer is composed of carbonates and 

hydroxides without significant contribution from the salt reduction. Previous reports 

on a highly concentrated lithium aqueous battery system showed that inorganic 

compounds such as carbonates and oxides other than those from salt reduction also 

likely form during electrochemical cycling and they usually originate from the 

reduction species of O2 and CO2 dissolved in the electrolyte39. Similarly, it is 

supposed that the surface layer formation comprising of Na2CO3 in the 17 m NaClO4 

electrolyte was possibly driven by reduction of dissolved gases (O2 and CO2). During 

the first charge process of the full-cell in the highly concentrated NaClO4 electrolyte, 

sodium ions may react with dissolved O2 and CO2 gases at the potential near the Na 

intercalation of NaTi2(PO4)3 (~ 2.1 V vs. Na/Na+) via the following reaction 

sequence60-63: 

Na+ + O2 + e− → NaO2               E° = 2.27 V (vs. Na/Na+)    (1) 

2Na+ + O2 + 2e− → Na2O2              E° = 2.33 V (vs. Na/Na+)    (2) 

4Na+ + 3CO2 + 4e− → 2Na2CO3 + C           E° = 2.35 V (vs. Na/Na+)    (3) 

 While these reactions are expected to occur for both 1m and 17 m electrolyte 
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systems thus initially forming a similar surface layer comprising of sodium 

carbonates and oxides, it is believed that the surface layer cannot be sustained in 1 

m NaClO4 electrolyte due to their general instability in water. It is widely known that 

they rapidly dissolve and hydrolyze in water via the following reactions64,65: 

NaO2 + 2H2O → Na+(aq) + 4OH−(aq)               (4) 

Na2O2 + 2H2O → 2Na+(aq) + 4OH−(aq)              (5) 

Na2CO3 + H2O → HCO3
−(aq) + 2Na+(aq) + OH−(aq)          (6) 

 In fact, Na-O compounds in the surface layer readily hydrolyze and eventually form 

NaOH via the first two reactions (4) and (5), regardless of salt concentration in 

aqueous electrolyte, due to their instability in water. Unlike the case of high-

concentration electrolytes, where the activity of the free water is significantly 

diminished, the dissolution reactions of NaOH and Na2CO3 are likely to occur 

rapidly in 1 m NaClO4 electrolyte due to the substantial presence of free water. As a 

counter experiment to prove this, we investigated whether the surface layer 

composed of Na2CO3 and NaOH that formed after the cycling in the 17 m NaClO4 

electrolyte would be easily washed out in the fresh deionized (DI) water. In Figure 

2.14a-c, it is shown that, after DI water washing, the amorphous layer on the surface 

of the electrode cycled in the electrolytes disappeared, with its thickness rapidly 

diminishing from ~ 3–4 nm to ~ 1 nm. It clearly supports the idea that the highly 

concentrated NaClO4 electrolyte effectively preserves the surface layer composed of 

carbonates and hydroxides on the anode surface from the dissolution. A consequence 
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of not having a surface protective layer on a fully sodiated Na1+xTi2(PO4)3 (x≤2) 

electrode in dilute electrolyte is the chemical side reaction that results in hydrogen 

evolution and the loss of sodium such as self-discharge, as in the following reaction27: 

xH2O(l) + Na1+xTi2(PO4)3 → xNaOH(s) +  NaTi2(PO4)3(s) + 0.5xH2(g) (7) 

To further confirm the stability of the surface layer, we examined the changes in the 

open-circuit voltages (OCVs) of the charged full-cell after 20 cycles at 1C in 1 m 

and 17 m NaClO4 electrolytes, as shown in Figure 2.14d. The cell cycled in the 17 

m NaClO4 electrolyte was stable for far longer than the cell cycled in 1 m NaClO4 

electrolyte. The OCV of the cell cycled in 17 m NaClO4 electrolyte was stably 

sustained at a constant voltage of 1.08 V for more than 37 days (~ 900 hours). In 

contrast, the cell cycled in 1 m NaClO4 electrolyte experienced a drastic voltage drop 

after only 50 hours, indicating rapid sodium loss from the sodiated anode via self-

discharge, leading to hydrogen evolution. This differing stability of the OCVs for the 

1 m and 17 m electrolytes can be attributed to the availability of the stable protective 

layer generated on the anode surface. As a reference, the OCV plot of the cell cycled 

in 9.26 m NaCF3SO3 electrolyte in Figure 2.14d also shows the stable constant 

voltage of 1.08 V for 546 hours, indicating that the enhanced stability of the high-

concentration NaClO4 electrolyte systems is partly due to the stabilized surface of 

the anode, as was previously demonstrated for the high-concentration NaCF3SO3 

electrolyte systems27. The overall mechanism about the formation of the surface 

layer in 1 m and 17 m NaClO4 aqueous electrolyte is presented in Figure 2.15. 
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Figure 2.14. (a) Thickness changes of surface layer on NaTi2(PO4)3 electrode cycled 

in 17 m NaClO4 electrolyte before and after DI water washing. High-resolution TEM 

images of the surface of NaTi2(PO4)3 electrode cycled in 17 m NaClO4 electrolyte, 

(b) before and (c) after DI water washing. (d) Voltage decay curve of a 

Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full-cell after full charge (SOC 100) measured at 

25 °C. Before obtaining the voltage decay curve, the full-cell was cycled 20 times at 

1C in different aqueous electrolytes: 1 m NaClO4, 9.26 m NaCF3SO3, and 17 m 

NaClO4, as shown in the graph. 
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Figure 2.15. Mechanism of the surface layer formation on the NaTi2(PO4)3 anode 

comparing within 1 m and 17 m NaClO4 aqueous electrolyte. 
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2.4 Concluding remarks 

We demonstrated for the first time the feasibility of using high-concentration 

electrolyte based on low-cost inorganic solutes to construct a high-performance 

aqueous cell. From the rational screening of the potential solutes with respect to the 

solubility, cost, and solvation strength according to Hofmeister series, 17 m of 

NaClO4 was chosen and employed in the sodium aqueous rechargeable batteries. It 

was successfully demonstrated that a Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full cell could 

operate with a high energy density of 36 Wh kg−1 and coulombic efficiency up to 99% 

at 1C for over 200 cycles, outperforming the state-of-the-art super-concentrated 

systems based on NaCF3SO3. This significant outcome is attributed to two key 

aspects of highly concentrated inorganic electrolytes: 1) expansion of the 

electrochemical stability window to up to 2.7 V by suppressing water decomposition 

and 2) robust surface layer formation. In particular, the formation of the surface layer 

composed of Na2CO3 and NaOH led to remarkable stability of the full-cell with 

extraordinary storage stability for ~ 900 hours. In addition, we proposed a new 

mechanism of the surface layer formation on the anode involving the oxygen 

reduction in contrast to the conventional model of the reduction of the salts. It was 

found that the relative stability of this surface layer in the high-concentration 

electrolyte aids the stability of the electrode in the cell. Our findings on the new 

inorganic solutes suitable for the high-concentration aqueous electrolytes broaden 

our understanding on this new class of electrolyte systems and provide important 

guidance for the realization of low-cost high-voltage aqueous batteries. 
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Chapter 3. Unveiling the superior durability of multi-

redox molecules employing high-concentration 

electrolyte for high-energy and sustainable aqueous 

battery 

3.1 Research background 

The surging requirements for the eco-friendly and sustainable energy storage 

systems have significantly boosted and advanced the mass production of the 

rechargeable lithium-ion batteries (LIBs) in the current energy market1-3. Although 

the LIBs lie in the frontline deployment for green energy technologies, it still poses 

many hurdles to be addressed for large-scale energy storage application such as the 

high-cost from limited resources and intrinsic safety issues4-7. Especially, the 

conventional cathodes of LIBs rely on the electrode chemistry based on heavy 

transition-metals (TM), and it is clear that the limited resources continuously bring 

about the cost issues8-10. Moreover, limited design versatility and reaching theoretical 

capacity have retarded further advances for greener and sustainable energy storage 

in grid-scale energy market. Among the next-generation cathode candidates to 

transcend the drawbacks of the TM based cathode materials, the redox-active organic 

materials (ROMs) have stood out as promising alternatives due to their low-toxicity, 

potential cost-efficiency, and sustainability8,11-17. Different from the conventional 

TM based inorganic materials, the ROMs mainly consist of light and naturally 
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abundant elements such as carbon, oxygen, hydrogen, nitrogen, and sulfur, which 

are advantageous to deliver the high specific capacity13-15. Furthermore, it is notably 

attractive that the physicochemical and electrochemical characteristics of the ROMs 

can be easily and flexibly tuned by tailoring the molecular structure appropriately16,17. 

Numerous ROMs including quinone derivatives have been widely reported, in 

particular, multi-electron-redox phenazine based molecule (i.e. 5,10-dihydro-5,10-

dimethyl phenazine, denoted DMPZ) showed exceptional potentials owing to its 

outstanding electrochemical properties18-24. This material can undergo highly 

reversible two single-electron redox reactions at the diazabutadiene (N-C=C-N) 

redox center, which can provide high theoretical capacity of 255 mAh g-1. At the 

same time, p-type characteristic of DMPZ enables a relatively high average redox 

potential of 3.4 V vs. Li/Li+, considering that redox potentials of most ROMs stay 

under 3.0 V vs. Li/Li+. Therefore, DMPZ can provide superior energy density of 867 

Wh kg-1, which is much higher than that of conventional electrodes such as LiCoO2 

and LiNi1/3Co1/3Mn1/3O2 (550 and 590 Wh Kg-1, respectively)25-27. Moreover, the 

ready-to charge feature of p-type DMPZ enables flexible selection of anode, which 

can be an attractive point to demonstrate full cell. 

Despite the marvelous potential of DMPZ, remaining challenges related to the 

dissolution of the electrode material and the resulting poor cycle life with undesirable 

shuttle effects, which are general issues in organic batteries, make it unsuitable for 

practical implementation28-30. Various attempts have been progressed to address 

these detrimental concerns of the ROMs in organic batteries, such as encapsulation 
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within the host material, polymerization, and adoption of designed separator15,31-37. 

The efforts for suppressing the dissolution of DMPZ through the electrode-level 

tunings such as dimerization were also tried, but the utilization level of DMPZ has 

not yet been satisfied18-24,38. Therefore, more fundamental approaches are necessary 

to understand and mitigate the dissolution problems of DMPZ, and rational 

electrolyte engineering can be a crucial solution for demonstrating high performance 

organic battery since the dissolution behavior is clearly affected by the interaction 

between electrolytes and electrode materials. 

Herein, we propose the strategy for boosting durability of DMPZ through the 

rational design of electrolyte which exhibits optimal performance with DMPZ. 

Carefully predicting and comparing the dissolution tendency of DMPZ for the 

various solvents through state-of-the-art machine learning technic, we finally adopt 

the aqueous solution as the most suitable electrolyte to effectively suppress the 

dissolution. We demonstrate that the DMPZ electrode in 1 m NaClO4 aqueous 

electrolyte was retained intrinsically insoluble, thus delivering the enhanced capacity 

retention of the value reaching 85% over 200 cycles, comparing with the miserable 

cycling performance in non-aqueous electrolyte. However, the second redox reaction 

of DMPZ is restricted due to the narrow stability window of the aqueous electrolyte. 

We further adopt the high-concentration NaClO4 aqueous electrolyte in our system 

to fully utilize DMPZ, which is previously reported as the low-cost and high-voltage 

aqueous electrolyte39-41, and thus the two single-electron redox reactions of DMPZ 

are successfully provided, corresponding to the discharge capacity of 221 mAh g-1 
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at 1C rate. The long-term cycle durability of the DMPZ electrode is obtained as the 

capacity retention of ~ 87% over 200 cycles at 0.2C rate (over 1,000 hours). 

Moreover, the outstanding capacity fading rate of ~ 0.5% per day and capacity 

retention of ~ 81% over 1,000 cycles at 1C (over 1,630 hours) are achieved, which 

is one of the best superior performance in organic aqueous battery systems42-49. 
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3.2 Experimental method 

3.2.1 Preparation of aqueous electrolyte and electrode 

All the chemicals, such as DMPZ (99%, TCI), NaClO4 (anhydrous 98%, Alfa 

Aesar), Zn(CF3SO3)2 (98%, Sigma-Aldrich, here denoted Zn(OTf)2), and triglyme 

(TEGDME, 99%, Sigma-Aldrich), were purchased from commercial suppliers and 

were used without further purification. The carbon-coated titanium (c-Ti) foil (0.01 

mm thickness of carbon-coated on the 0.02 mm thickness of titanium (Ti) with 99.5% 

of purity, purchased from Wellcos Corporation) was used as a current collector. Non-

aqueous electrolyte, especially TEGDME electrolyte, was prepared by 1 molarity 

(the number of moles of salt (solute, NaClO4) per total liters of solvent (TEGDME), 

here denoted by M) of concentration marked in abbreviation (1 M NaClO4 in 

TEGDME). In the aqueous battery system, we selected the Zinc (Zn) based aqueous 

systems with high-concentration electrolyte for perfectly drawing out the 

performance of DMPZ, because a recently reported electrolyte (17 m NaClO4 + 0.5 

m Zn(OTf)2) enables the highly reversible and stable dendrite-free Zn 

plating/stripping, which can be focused on the performance of DMPZ50. The aqueous 

electrolytes (1 m NaClO4 + 0.5 m Zn(OTf)2 and 17 m NaClO4 + 0.5 m Zn(OTf)2) 

were prepared by dissolving NaClO4 and Zn(OTf)2 in water according to the molality 

(here denoted by m, 1 mol or 17 mol of NaClO4 and 0.5 mol of Zn(OTf)2 in 1 kg of 

water). To legibly distinguish the electrolytes between non-aqueous and aqueous 

electrolyte in this manuscript, we only marked using the abbreviation according to 



84 

the NaClO4 concentration (i.e. 1 M NaClO4 in TEGDME, 1 m and 17 m NaClO4 

aqueous electrolyte). Zinc foil (0.25 mm thickness, 99.98% of purity) was purchased 

from Alfa Aesar. Polytetrafluoroethylene (PTFE) binder was purchased from 

Wellcos Corporation. The anion-exchange membrane (AMV, 120 µm thickness, pore 

size < 10 Å, Selemion, Japan) was used as a separator in the aqueous battery cell. 

Before use, the AMV separator was immersed in each aqueous solution (1 m and 17 

m NaClO4 aqueous electrolytes) and stored in a glovebox. 

 

3.2.2 Computational details 

We used the value of log P for predicting the soluble property of DMPZ in generic 

battery electrolyte solutions, in which the term of log P indicates the logarithmic 

molar concentration ratio (or logarithmic equilibrium constant) of DMPZ between 

two different solvents (see Chapter 3.3.2). To calculate log P values (versus water), 

a deep learning SPR (structure-property relationship) model approach was employed, 

which can be predicted the solvation free energies of DMPZ in generic battery 

electrolyte solvents, previously introduced as Delfos (deep learning model for 

solvation free energies in organic solvents) model51. For the deep learning with the 

SPR model, our system was trained with 6,618 data points with a database about 

solvation features of the DMPZ within aqueous and various organic solutions, 

collected from FreeSolv (aqueous solutions, 642 data points) and Solv@TUM 

(organic solutions, 5,952 data points) experimental databases, as well as 24 DFT-

calculated results for DMPZ with SMD (solvation model based on density) implicit 
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solvation model at the B3LYP/6-31G(d) level of theory52-55. We use ORCA 4.2.0 to 

attend the DFT/SMD calculations56. Detailed information regarding a relative 

solubility prediction of the DMPZ in generic battery electrolyte solutions and its 

analysis is provided in Chapter 3.3.2. 

 

3.2.3 Electrochemistry of DMPZ aqueous battery 

The DMPZ electrode was fabricated using the following steps. A slurry, which 

composed 40 wt% of active materials, 40 wt% of carbon (Super P), and 20 wt% of 

PTFE dispersed in mixed solutions (water:N-methyl-2-pyrrolidone (NMP, 99.5%, 

Sigma-Aldrich), 9.5:0.5 v/v), was cast onto the c-Ti foil. The resultant mixture was 

dried in a 30 ˚C vacuum oven overnight to evaporate the water and NMP solutions 

and pressed by a roll-presser. The total areal loading of the electrode was ~ 1.0 mg 

cm-2. The coin cells (CR2032, Hohsen) with non-aqueous electrolyte (1 M NaClO4 

in TEGDME) were assembled by the DMPZ electrode, a sodium metal as a counter 

electrode, and a separator (GF/F filter, Whatman) in an Ar-filled glove box. The 

aqueous DMPZ cells are composed of the active electrode, Zn metal as a counter 

electrode, and AMV as a separator with each concentration of aqueous solutions (1 

m and 17 m NaClO4 aqueous electrolytes) was assembled in coin cells in an Ar-filled 

glove box. The galvanostatic charge-discharge process was conducted using a 

potentio-galvanostat (WBCS-3000, Wonatech, Korea) at room temperature. Before 

the DMPZ in 17 m NaClO4 aqueous electrolyte operation was evaluated, all of the 
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DMPZ cells were performed in several formation cycles (5 to 10 cycles) at 1C rate 

(1C = 255 mAh g-1). For GITT measurements, the DMPZ cell in 17 m NaClO4 

electrolyte was operated at 1C rate for 2 minutes charge or discharge with 2 hours 

rest time in galvanostatic mode. 

 

3.2.4 Dissolution behaviors of the DMPZ experiments 

The charge-discharge process of the DMPZ in each electrolyte (1 M NaClO4 in 

TEGDME, 1 m and 17 m NaClO4 aqueous electrolytes) were obtained at 1C rate. At 

the state of charge (SOC) 50 and 100 (see Figure 3.5), which indicate the DMPZ+ 

and DMPZ2+ respectively, the DMPZ cells were disassembled immediately and the 

electrode was quickly washed using each solution (water and TEGDME) without 

salt to eliminate the remained electrolyte. After the washing process, the DMPZ 

electrodes were immersed in each pristine electrolyte (2 mL) for 12 hours for 

validating the intrinsic dissolution nature of the DMPZ electrode at different SOC 

with dissolving and removing the organic intermediates during a sufficient soaking 

process37. After the soaking process, all solutions were collected and all electrodes 

were carefully washed again with each blank solution, and then dried in 30 ˚C 

vacuum oven overnight for measuring the weight change. 

 

3.2.5 Materials characterization 
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X-ray photoelectron spectroscopy (XPS) analysis was conducted using a 

monochromatic Al Ka X-ray source (1486.6 eV) generated by an acceleration 

voltage of 15 kV (PHI 5000 VersaProbe, ULVAC-PHI). All of the XPS spectra about 

cycled DMPZ electrodes were obtained with a raster size of 2 x 2 mm2 after the 

etching of the electrodes less than 5 nm using Ar ion-sputtering at a 2-kV acceleration 

voltage. The structural and morphological analysis of the DMPZ electrode was 

evaluated using X-ray diffraction (XRD, D8 Advance, Bruker) with Cu-Kα radiation 

( λ = 1.54178 Å) and scanning electron microscope (SEM, SUPRA 55VP, Carl Zeiss). 

For UV-vis spectroscopy measurement, absorption spectra of the solutions retrieved 

in dissolution behavior analysis were obtained using a UV-vis spectrometer (Agilent 

Technologies, Cary 5000) with an optical glass cuvette (Quartz, Hellma). 
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3.3 Result and discussion 

3.3.1 Solubility feature of DMPZ in various electrolyte solutions 

and electrochemical property of DMPZ in aqueous electrolyte 

The rational selection of electrolytes is critically important especially in organic 

batteries, because the dissolution behavior of organic compounds is determined by 

the interaction between electrolytes and electrode materials57-61. DMPZ, the 

promising ROM for the organic cathode, also suffers from the dissolution problem 

and the proper choice of electrolytes is needed. The solubility correlation between 

organic molecule and solvent is affected by numerous physical properties based on 

their molecular structures such as dielectric constant, hydrophobic/hydrophilic 

property, and polarity58. For the molecular structure of DMPZ, it has two nitrogen 

atoms in the pyrazine ring with symmetric benzene rings, which is well-known 

structure as a methylated phenazine provoking the reversible two-step redox 

reactions on the diazabutadiene motif as schematically illustrated in Figure 3.1a. 

The symmetric benzene and pyrazine ring structure of DMPZ provides the low 

polarity and hydrophobicity, leading to the highly soluble feature into the relatively 

low dipole moment and aprotic non-aqueous solution such as the ether- and linear 

carbonate-based solvent, which are widely used in battery system58,61-63. It is easily 

predicted that the DMPZ cathode in the common electrolyte system will show poor 

cycle stability due to its highly soluble nature in the general non-aqueous media. 

Figure 3.1b presents the charge-discharge profiles of DMPZ cycled in triglyme 
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(TEGDME) electrolyte within the voltage range of 2.2-4 V vs. Na/Na+ at 1C (1C = 

255 mA g-1). The specific capacities of 171 and 140 mAh g-1 for the initial charge 

and discharge, respectively, were delivered with two voltage plateaus indicating the 

two-electron redox reaction, corresponding to the average voltages of 3 and 3.6 V vs. 

Na/Na+, respectively18. Different from the initial cycle, the discharge capacity of 

DMPZ was rapidly decreased from 140 to 77 mAh g-1 within 15 cycles, resulting 

from the high solubility of DMPZ in TEGDME solution. For the enhancement of 

cycle stability, it is clear that the suppression of the dissolution of the ROMs can be 

substantially critical by searching a proper solvent. 

Inspired by solubility features and structural peculiarity of the DMPZ molecule, we 

conducted the state-of-the-art deep learning technique to effectively find the suitable 

solvent for DMPZ. We note that the deep learning technique has recently been 

described as a promising prognosticator for anticipating the solvation properties of a 

given organic compound in various solvents through the calculation of solvation free 

energies from the empirical properties or structural features of organic 

materials51,52,64-67. It is well-known that the solvation free energies of the given 

organic compound enable to provide the relative soluble property with respect to the 

various kinds of solutions51,66. Figure 3.2a indicate the relative solubility of DMPZ 

(denoted value as log P versus water) comparing within generic battery electrolyte 

solvents (see Chapter 3.3.2 and Table 3.1 for calculation details). The log P of 

DMPZ based on solvation free energy for each non-aqueous solvent was 

comparatively calculated by previously reported Delfos model (deep learning model 
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for solvation free energies in generic organic solvents), while the log P of water is 

zero by its definition (see Chapter 3.3.2)51. The solubility of DMPZ in all non-

aqueous solvents was much higher than water at least ten times over. Notably, the 

log P of DMPZ in aprotic solvents such as linear-carbonate and ether-based solvents, 

which are conventionally used as the non-aqueous electrolyte, presented higher 

solubility than water (over 103.5 times). To verify the different soluble nature of 

DMPZ in various solvents, dissolution behavior of DMPZ was compared for DMC, 

TEGDME, PC, and water. DMPZ easily dissolved in TEGDME and DMC even over 

the high-concentration of 0.1 M, and 0.02 M of DMPZ also dissolved in PC (see 

Figure 3.2c). In contrast, it was clearly observed that DMPZ was hardly soluble in 

water, as shown in Figure 3.2b, which is coincident with the solubility prediction 

via deep learning. 

To further confirm that the low solubility of DMPZ in water plays an important role 

in the stable electrochemical performance, we evaluated the cell stability of DMPZ 

in the aqueous system. Figure 3.3a present the galvanostatic charge-discharge 

curves of DMPZ in 1 m NaClO4 aqueous electrolyte cycled in the voltage range of 

0.1-1.7 V vs. Zn/Zn2+
 (2.03-3.63 V vs. Na/Na+) at 1C. The upper voltage limit of 

voltage range (1.7 V vs. Zn/Zn2+, 3.63 V vs. Na/Na+) was carefully selected for 

operating the DMPZ stably with avoiding the oxygen evolution reaction (OER) of 

water, regarding with the overpotential of OER, which have the theoretical potential 

of 1.597 V vs. Zn/Zn2+ at pH = 7. The voltage range of both Na and Zn is presented 

to compare with the non-aqueous electrolyte system as observed in Figure 3.1b. 
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Unlike the miserable electrochemical stability in TEGDME electrolyte, the DMPZ 

cathode in 1 m NaClO4 aqueous electrolyte exhibited highly reversible and stable 

redox behavior as observed in Figure 3.3a. After the capacity of 136 mAh g-1 was 

delivered in the first discharge process of the DMPZ in aqueous electrolyte, the 

capacity retention of 85% could be reversibly maintained over 200 cycles as 

illustrated in the inset of Figure 3.3a. As demonstrated thus far, it seems that the 

reduced solubility of DMPZ in the aqueous electrolyte successfully enhances the 

cycle stability of the DMPZ cell. However, in the 1 m NaClO4 aqueous electrolyte, 

the voltage plateau of DMPZ was solely observed at 1.1 V vs. Zn/Zn2+ (3.03 V vs. 

Na/Na+), indicating that the DMPZ just went through the one single-electron reaction, 

not undergoing the second single-electron redox reaction. It can be attributed to the 

low charging voltage limit of under 1.7 V vs. Zn/Zn2+ (3.63 V vs. Na/Na+), where the 

DMPZ+ molecules cannot be fully participated in the second-electron redox reaction 

near 3.6 V vs. Na/Na+ (1.67 V vs. Zn/Zn2+) unlike non-aqueous electrolyte (1 M 

NaClO4 in TEGDME) case. To fully activate the two single-electron reactions of 

DMPZ in the 1 m NaClO4 aqueous electrolyte, the DMPZ cathode was cycled in the 

voltage rang of 0.1-2.0 V vs. Zn/Zn2+, charging higher than the theoretical OER 

potential (3.527 V vs. Na/Na+, 1.597 V vs. Zn/Zn2+ at pH = 7) as demonstrated in 

Figure 3.3b. The capacity of 251 mAh g-1 was delivered for the first charge process 

of the DMPZ, closing to the theoretical capacity of the DMPZ (255 mAh g-1). 

Moreover, the two-well-defined voltage plateaus at 1.1 V and 1.72 V vs. Zn/Zn2+ was 

observed in the charge process, which is similar to that obtained in the TEGDME 
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electrolyte (Figure 3.1b). However, charging the DMPZ to higher than theoretical 

OER potential in the 1 m NaClO4 aqueous electrolyte induces the oxygen evolution 

at ~1.8 V vs. Zn/Zn2+, that results in cycle decay as shown in the inset of Figure 3.3b. 

Hence, it is necessary to further engineer the aqueous electrolyte for suitable 

application of the DMPZ cathode. 
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Figure 3.1. (a) Schematic illustrations of molecular structures of DMPZ. (b), 

Charge-discharge curves of DMPZ for 15 cycles in triglyme (TEGDME) electrolyte 

cycled in the voltage range of 2.2-4 V vs. Na/Na+ at 1C (1C = 255 mA g-1). 
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Figure 3.2. (a) Relative solubility of DMPZ calculated by machine learning 

comparing within generic battery electrolyte solvents. (b) Experimental solubility of 

DMPZ in TEGDME and aqueous solutions. (c) Dissolution behavior of DMPZ in 

DMC and PC solutions. DMPZ easily dissolved in DMC solution even over the high-

concentration of 0.1 M, which coincident with the solubility prediction in (a). 0.02 

M of DMPZ dissolved in PC solution, but ~ 0.1 M of DMPZ was not fully dissolved 

in PC and DMPZ powder was floating in the solution. 
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Figure 3.3. Galvanostatic charge-discharge profiles of the DMPZ in 1 m NaClO4 

according to (a) half charge and (b) full charge. The inset of (a) present the cycle 

stability of DMPZ at 1C. The inset of (b) presents the comparison of capacity 

retention in DMPZ according to half charge and full charge. 
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3.3.2 Prediction of the solubility of the DMPZ in generic battery 

electrolyte solutions via deep learning 

We consider a solvation process that involves the insertion of a gaseous solute 

molecule into a bulk solvent. The solvation free energy denotes the accompanying 

Gibbs free energy change of the given reaction. We can decompose a transfer process 

between two solvents, DMPZ(solv1) ⇄ DMPZ(solv2) , into two independent 

solvation processes that share a common solute: 

DMPZ(g) ⇄ DMPZ(solv1)        Δ𝐺sol = Δ𝐺solv1,            (1) 

DMPZ(g) ⇄ DMPZ(solv2)        Δ𝐺sol = Δ𝐺solv2            (2) 

Therefore, we can easily evaluate the Gibbs free energy change of the given transfer 

reaction: 

DMPZ(solv1) ⇄ DMPZ(solv2)        Δ𝐺trans = Δ𝐺solv2 − Δ𝐺solv1   (3) 

and the equilibrium constant 𝐾 also evaluate from its relation between Δ𝐺trans, 

𝑅𝑇

2.30
log 𝑃 (𝐾) =

𝑅𝑇

2.30
log 

[DMPZ]solv2

[DMPZ]solv1
= Δ𝐺solv1 − Δ𝐺solv2      (4) 

The partition coefficient, log P in equation (4), indicates the logarithmic molar 

concentration ratio (or logarithmic equilibrium constant) of DMPZ between two 

different solvents. Although the log P holds in the infinite dilution limit by definition 

of the solvation free energy, log P is still a useful measurement for relative solubility 

or solvent affinity of a given solute molecule65,67. We calculated log P (versus water) 
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values for DMPZ in eight organic solvents as shown in Table 3.1, which are 

commonly used as non-aqueous electrolytes. That is to say, we fix water as solv1 in 

all of the equations and use DMC, DEC, EC, PC, glyme, diglyme, tetraglyme, and 

DMSO as solv2 in all of the equations, respectively. A positive value of log P denotes 

that the corresponding solvent readily dissolves DMPZ than water; vice versa for a 

negative value. 

DMPZ has an aprotic nature, and all the non-aqueous solvents do not have any 

hydrogen bond donors either. Thus, they cannot form any hydrogen bonds at all, 

making the dispersion and dipole interactions dominant in the intermolecular 

interactions between DMPZ and the solvents. To assess the DMPZ-solvent 

interactions, we evaluated dipole moments of the solvent molecules using DFT 

calculations in the B3LYP/TZVP level of theory52,56. As shown in Table 3.1, we 

found a significant negative correlation between dipole moments and log P values. 

In contrast, water molecule tends to make strong hydrogen bonds, as it is generally 

known. However, nitrogen atoms in DMPZ act as poor hydrogen bond acceptors 

because they belong to tertiary amine and are strongly conjugated with aromatic 

rings nearby. Consequently, DMPZ shows an extremely low solubility when 

compared to the other non-aqueous solvents. 

To calculate log P values, we employed a deep learning SPR (structure-property 

relationship) model, which are previously introduced as the Delfos model, and 

predicted the solvation free energies of DMPZ in water and eight organic solvents51. 

The model predicts the solvation free energy with the following procedure: (i) the 
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model pretrains ~107 chemical structures to generate atomistic vector representations 

of the input compounds68. (ii) Then, the model performs a deep learning task with 

experimental and computational data for the target property (i.e. the solvation free 

energy). (iii) Finally, the model predicts solvation free energies of DMPZ in the given 

solvents. The SPR model was trained with 6,618 data points, which were collected 

from FreeSolv (642 data points)53 and Solv@TUM (5,952 data points)54,55 

experimental databases, as well as 24 DFT-calculated results for DMPZ with SMD 

(solvation model based on density) implicit solvation model52 at the B3LYP/6-31G(d) 

level of theory. We use ORCA 4.2.0 to attend the DFT/SMD calculations56. 
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Table 3.1. Prediction of the solubility of DMPZ in the generic battery electrolyte 

solution. 

Solvent 

Dipole 

Moment 

(Debye) 

Solvation energy 

(kJ mol-1) 

Log P 

Dimethyl carbonate (DMC) 0.34 -11.5 5.1 

Diethyl carbonate (DEC) 0.64 -11.3 4.9 

Ethyl carbonate (EC) 5.67 -6.01 1.1 

Propylene carbonate (PC) 5.82 -8.33 2.8 

Glyme 0.00 -10.4 4.3 

Diglyme 1.44 -10.0 4.0 

Tetraglyme 1.43 -9.31 3.5 

Dimethyl sulfoxide (DMSO) 4.48 -9.00 3.3 

Water 1.85 -4.56 0.0 
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3.3.3 Strategy for perfectly utilizing the performance of DMPZ 

To overcome the cycle decay of the DMPZ in 1 m NaClO4 aqueous electrolyte by 

OER reaction, we exploited the high-concentration NaClO4 solution to avoid the 

OER reaction. The high-concentrated aqueous electrolytes have been adopted for the 

high-voltage operation of aqueous system by suppressing water activity39-41. In 

addition, it is well-defined that the dissolution of solute into the high-concentration 

electrolyte was strongly diminished due to the reduced free-solvent32,45,69. The 

deterioration process of DMPZ cell in 1 m NaClO4 aqueous electrolyte by both the 

OER reaction and the small amount of DMPZ+ dissolution possibility is 

schematically illustrated in the left part of Figure 3.4a. As discussed in Figure 3.3b, 

the water molecules in 1 m NaClO4 aqueous electrolyte go through the oxygen 

evolution during charging process over theoretical OER potential. Furthermore, even 

though the DMPZ molecules couldn’t dissolve into the water, the DMPZ+ or 

DMPZ2+, which are oxidized form of DMPZ in the charging process, are likely to 

solvate with water due to the substantial existence of free-solvent. These negative 

facet of the low-concentration NaClO4 aqueous electrolyte can be addressed by 

introducing the high-concentration NaClO4 aqueous solution, which is expected to 

improve cell performances as follows: (i) widening the electrochemical stable 

voltage window by suppressing the OER reaction and (ii) reducing the solubility of 

all charge states of DMPZ as depicted in the right part of Figure 3.4a. Additionally, 

it is also worth noting that the redox potential of DMPZ can be positively shifted by 

the following Nernst equation described below: 
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DMPZ + ClO4
−  ↔ DMPZ+ClO4

− +  e−                (5) 

E
DMPZ

DMPZ+  =  E0

DMPZ

DMPZ+
+ 2.30

RT

F
× log(

1

aClO4
−

)               (6) 

The redox potential of DMPZ in the high-concentration NaClO4 aqueous 

electrolyte should shift downward than low-concentration one, as follows equation 

(6), due to the increased activity of anion (aClO4
-), which is proportional to the mole 

concentration18,70,71. The downward shift of DMPZ redox potential in high-

concentration aqueous electrolyte can also be helpful for the stable cycle 

performance of DMPZ owing to additionally avoiding the oxygen evolution. 

The electrochemical performances of DMPZ was evaluated by employing high-

concentration NaClO4 aqueous electrolyte. Figure 3.4b presents the charge-

discharge profiles of DMPZ in 17 m NaClO4 aqueous electrolyte cycled in the 

voltage range of 0.1-1.7 V vs. Zn/Zn2+
 (2.03-3.63 V vs. Na/Na+) at 1C. The 

electrochemical performance of DMPZ in 17 m NaClO4 aqueous electrolyte with 

two well-defined voltage plateaus around at the average voltage of 0.78 V and 1.45 

V vs. Zn/Zn2+ was obtained, implying the two single-electron redox reactions of 

DMPZ was well contributed. Moreover, DMPZ cycled in 17 m NaClO4 aqueous 

electrolyte delivered a highly reversible redox behavior without delivering the 

irreversible capacity for the first charge-discharge process, in comparison with the 

first irreversible capacity of 31 mAh g-1 for the non-aqueous counterpart case due to 

dissolution of the DMPZ. It is remarkable that this stable performance of DMPZ in 

the highly concentrated aqueous electrolyte attributed to suppression of the water 
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activity via reducing the free water and downshift of the redox potential of DMPZ 

in the 17 m aqueous electrolyte, as discussed above. The capacity of the first-electron 

redox reaction in charging process at 0.88 V vs. Zn/Zn2+ gradually increased during 

initial five cycles, which indicates the activation process occurs due to the kinetic 

hindrance of the reaction in the highly concentrated aqueous electrolyte (see 

Chapter 3.3.4 and Figure 3.7 to Figure 3.10). 

To confirm the relationship between the high-concentration aqueous electrolyte 

effect and the stable cycling of DMPZ in this electrolyte, we investigated the voltage 

change and the solubility of DMPZ during cycling. The downward shift of the DMPZ 

redox potential in the highly concentrated aqueous electrolyte comparing with low-

concentration one was clearly observed in the dQ/dV profiles, as presented in Figure 

3.4c. It clearly shows that both charge-discharge average potentials of the DMPZ 

cycled in 17 m aqueous electrolyte downshifted about 0.16 V comparing to the low-

concentration one. In addition, the redox potential dependency on the salt 

concentration was observed as shown in the inset of Figure 3.4c. According to the 

Nernst equation, the redox potential in high-concentration was drastically decreased 

due to the short-range ion-solvent interactions, resulting in rapid increasing of the 

activity coefficients of anion (aClO4
-) in the equation (6)18,70,71. 

To further verify the soluble feature of DMPZ during cycling, we examined the 

dissolution behaviors of the DMPZ electrode, especially DMPZ+ and DMPZ2+ state, 

in comparing between non-aqueous, 1 m NaClO4 aqueous, and 17 m NaClO4 

aqueous electrolyte. Figure 3.5a presents the charge-discharge profiles of the DMPZ 
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in various electrolytes with the collected solutions (inset picture of Figure 3.5a) at 

state of charge (SOC) 50 and 100 which indicate the DMPZ+ and DMPZ2+, 

respectively37. The solutions were obtained by collecting and immersing the DMPZ 

electrodes at SOC 50 and 100 in the same electrolyte to evaluate the apparently 

different dissolution behaviors of DMPZ. As discussed above, the charge-discharge 

property of DMPZ in non-aqueous electrolyte exhibited irreversible behavior and 

delivered relatively small capacity than the aqueous electrolyte systems. The color 

of the solution cycled in non-aqueous electrolyte was obviously changed to green at 

SOC 50 (DMPZ+) and deep green at SOC 100 (DMPZ2+), indicating serious 

dissolution of the active materials in charged states. Despite the nearly non-

dissolvable DMPZ property in water, the slight dissolution of the DMPZ in charged 

state (i.e. DMPZ+ and DPMZ2+) occurred during the charge process. During charge 

process, the color of the solution cycled in the 1 m NaClO4 aqueous electrolyte was 

changed to pale yellow at DMPZ+ and light green at DMPZ2+. While the color of the 

all solution cycled in non-aqueous and low-concentration aqueous electrolytes was 

changed to green series, there is apparently no color changes of the solution cycled 

in high-concentration NaClO4 aqueous electrolyte. Note that the color of the solution 

was remained intact even charged to SOC 100 (DMPZ2+). To additionally confirm 

the dissolution trend of the DMPZ, we investigated the all solutions via ultraviolet-

visible (UV-vis) spectroscopy (see Figure 3.5b). From the absorbance spectrum of 

the solutions cycled in various electrolytes, we measured the relative dissolution 

quantity of the DMPZ in comparing between non-aqueous electrolyte, 1 m NaClO4 
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aqueous, and 17 m NaClO4 aqueous electrolytes at each charged state of DMPZ 

(DMPZ+ and DMPZ2+, respectively) as shown in Figure 3.6a. The area of the 

absorbance spectrum in non-aqueous electrolyte which indicate the dissolution 

amount of the DMPZ+ and DMPZ2+ was selected as a reference. When the 

dissolution quantity of DMPZ in non-aqueous solution (TEGDME electrolyte) was 

assumed as one (100%), the relative dissolution percent of the DMPZ in 1 m aqueous 

electrolyte was 0.6 and 0.75 at DMPZ+ and DMPZ2+, respectively. On the other hand, 

the amount of the dissolved DMPZ in high-concentration aqueous electrolyte was 

drastically decreased to below 0.1 (0.08 and 0.03 at DMPZ+ and DMPZ2+, 

respectively). It is significant that the high-concentration aqueous electrolyte could 

exceedingly suppress the dissolution of DMPZ even at SOC 100 (DMPZ2+). 

Moreover, to further evaluate the amount of the dissolved active materials, we 

measured the weight change of the DMPZ electrode after dissolution, coincided with 

the results from the UV-vis analysis (see Figure 3.6b)37. When the DMPZ electrode 

oxidized to DMPZ+ and DMPZ2+ during charge process, at least 40 wt% or more of 

the active materials was dissolved in the nonaqueous electrolyte and half of DMPZ 

can be recovered at the end of the discharge (~25 wt% weight loss), which indicating 

loss of the active materials via dissolution. However, the weigh change of DMPZ 

cycled in 17 m NaClO4 aqueous electrolyte exhibited under 8 wt% of weight loss 

even at DMPZ2+ state and almost all of active material was recovered at the end of 

the discharge process (~1 wt% weight loss), which shows consistency with the 

results of the UV-vis analysis. 
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Figure 3.4. (a) Schematic illustrations of the strategy for perfectly drawing out the 

performance of DMPZ. (b) The charge–discharge profiles of DMPZ for the initial 5 

cycles. (c) Comparison of redox potential in dQ/dV curves of DMPZ cycled in 1 and 

17 m NaClO4 aqueous electrolytes. The inset of (c) shows the redox potential 

dependency on the salt concentration. 
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Figure 3.5. (a) Dissolution behaviors of DMPZ electrodes, especially the DMPZ+ 

and DMPZ2+ states and comparison of that between in non-aqueous electrolyte, 1 

and 17 m NaClO4 aqueous electrolyte. The inset pictures in (a) show the collected 

solutions at the DMPZ+ and DMPZ2+ state in each electrolyte. (b) UV-vis 

spectroscopy of retrieved solutions after soaking the cycled DMPZ electrode in each 

electrolyte. The upper part of (b) presents the absorbance spectrum of DMPZ+ state 

solutions and the lower part of (b) presents the UV-vis spectra of DMPZ2+ state 

solutions.  
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Figure 3.6. (a) Relative dissolution quantity of DMPZ for non-aqueous electrolyte, 

1 m NaClO4 aqueous, and 17 m NaClO4 aqueous electrolytes at each charged state 

of DMPZ (DMPZ+ and DMPZ2+, respectively). The relative dissolution quantity of 

the DMPZ in comparing each electrolyte was obtained from the area of the 

absorbance spectrum which indicates the dissolution amount of the DMPZ+ and 

DMPZ2+ in Figure 3.5b. (b) The corresponding weight changes of the DMPZ 

electrode at different SOC after the dissolution in each electrolyte. 
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3.3.4 Kinetic hindrance of the DMPZ initial charge process in 17 m 

NaClO4 aqueous electrolyte 

When the DMPZ in 17 m aqueous electrolyte initially charged, a low capacity of ~ 

30 mAh g-1 was delivered than the theoretical capacity of 127.5 mAh g-1 in the first-

electron oxidation reaction at ~ 0.9 V vs. Zn/Zn2+ of voltage plateau, as observed in 

Figure 3.7. While the first-electron redox reaction shows a small capacity, the 

second-electron redox reaction delivered the capacity of 187 mAh g-1, which is the 

87 % capacity of first charge capacity (~ 217 mAh g-1). We suspect that the small 

capacity of the first-electron redox reaction in the initial charge process of DMPZ 

can be attributed to the sluggish electrode reaction in 17 m aqueous electrolyte due 

to its viscous and unfamiliar property with the DMPZ electrode. To verify the 

sluggish reaction and polarization of DMPZ in 17 m aqueous electrolyte at the initial 

charge process, we measured the galvanostatic intermittent titration technique 

(GITT), as depicted in Figure 3.7. The dotted dark blue line indicates the theoretical 

redox potential of DMPZ at the initial charge process. In the initial charge process, 

the first-electron redox reaction exhibited ~ 0.6 V of large polarization, implying a 

kinetically sluggish reaction of DMPZ in high-concentration aqueous electrolyte. 

After finishing the first charge process, the polarization of DMPZ in the discharge 

process was dramatically decreased and does not exhibit in the second cycle. To 

understand this sluggish oxidation reaction of DMPZ in the initial charge process, 

the nature of the surface on the DMPZ electrode was investigated using SEM 

analysis. Figure 3.8 presents the SEM images of DMPZ powder and before/after 
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pressed DMPZ electrode. While the DMPZ powder and electrode, which composed 

of only DMPZ particle and binder, consisted of ~10 micrometers of huge secondary 

particles before the roll-press process as shown in Figure 3.8a and b, the 

morphology of the DMPZ electrode after the roll-press process was changed to the 

flat and condensed surface due to soft and easily moldable property of organic 

molecules, which consist of primary particles of several hundred nanometers in size 

(Figure 3.8c and d). When the high-concentration aqueous electrolyte contacts the 

DMPZ electrode surface during the initial charge process, this flat and condensed 

surface morphology of the electrode will be hindered the penetration of electrolyte 

into the electrode inside for initiating the activation and redox reaction of DMPZ. 

This hindrance will make it difficult to activate the DMPZ in the initial first-electron 

reaction, leading to a small capacity due to kinetical polarization as shown in Figure 

3.7. However, this kinetic hindrance was disappeared after the first charge process, 

implying the electrolyte and electron activation will be formed in the initial charge 

process. Therefore, to eliminate the kinetic hindrance of DMPZ cycled in high-

concentration aqueous electrolyte, all of the DMPZ cells were performed in several 

formation cycles (5 to 10 cycles).  

Additionally, to compare the surface morphology changes of DMPZ electrode cycled 

in the non-aqueous electrolyte (1 M NaClO4 in TEGDME) and high-concentration 

aqueous electrolyte (17 m NaClO4 in water) in initial charge-discharge process, SEM 

analysis of DMPZ electrode cycled in the non-aqueous and high-concentration 

aqueous electrolyte at initial cycle was evaluated, as observed in Figure 3.9 and 
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Figure 3.10. Figure 3.9a and b present the flat and condensed surface of pristine 

DMPZ electrode, which consisted of several hundred nanometers sized primary 

DMPZ particles, as similar within Figure 3.8c and d. When the DMPZ is charged in 

a non-aqueous electrolyte, the DMPZ will be dissolved into the electrolyte, resulting 

in the loss of active materials. Thus, the loss of DMPZ from flat electrode make 

bumpy morphology, remaining conducting agent (see Figure 3.9c and d). However, 

when switching back to the full-discharge state, the dissolved DMPZ could be 

recovered onto the electrode and make a flat surface again, coinciding with the 

results of weight change and previously reported works (see Figure 3.9e-f, and 

Figure 3.6b)37. On the other hand, the surface of DMPZ cycled in high-concentration 

aqueous electrolyte appears to change a little bit porous morphology but surely does 

not changed noticeably at both charged and discharged state in initial cycles, 

implying the suppression of DMPZ dissolution in high-concentration aqueous 

electrolyte (Figure 3.10). These results exhibit the consistency with the UV-vis 

analysis and the weight change of Figure 3.6. 
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Figure 3.7. GITT profiles of the DMPZ in 17 m NaClO4 aqueous electrolyte at 1C 

rate with 2 hours of rest time during initial and second charge-discharge process. 
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Figure 3.8. Morphology of DMPZ powder and electrode. SEM images of (a) pristine 

DMPZ powder and (b) Before roll-press the DMPZ electrode. This electrode was 

mixed only with DMPZ powder and binder (PTFE), then cast on the c-Ti foil. (c and 

d) Surface morphology of the electrode after the roll-press process. (c) low- and (d) 

high-magnification of the roll-pressed DMPZ electrode. 
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Figure 3.9. Surface morphology of the DMPZ pristine electrode and ex-situ 

electrode after the first cycle in 1 M NaClO4 TEGDME electrolyte. (a, c, and e) SEM 

images of (a) pristine DMPZ electrode, and (c) first charged, (e) discharged DMPZ 

in 1 M NaClO4 TEGDME electrolyte. (b), (d), and (e) presents the magnified SEM 

images of (a), (c), and (e), respectively. 
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Figure 3.10. Surface morphology of the DMPZ electrode during the first cycle in 17 

m NaClO4 aqueous electrolyte (a and c) SEM images of DMPZ electrode after (a) 

first charged and (c) first discharged. (b) and (d) presents the magnified SEM images 

of (a) and (c), respectively. 
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3.3.5 Durable electrochemical performance of the DMPZ cell 

employing the high-concentration aqueous electrolyte 

To validate the enhanced electrochemical stability of the DMPZ in high-

concentration aqueous electrolyte, we conducted the rate capability and long-term 

cycle stability test of DMPZ in 17 m NaClO4 aqueous electrolyte in Figure 3.11, 

Figure 3.13, and Figure 3.14. Figure 3.11 presents the rate capability of DMPZ 

cycled in high-concentration aqueous electrolyte at different current rates. DMPZ 

delivered the discharge capacity of 231, 227, 221, 187, 138, and 107 mAh g-1 at 0.2C, 

0.5C, 1C, 2C, 4C, and 5C, respectively. Upon increasing current rate, the 

characteristic discharge profiles were slightly changed (Figure 3.12a). This decent 

rate performance of DMPZ in high-concentrate aqueous electrolyte is induced to the 

high ionic conductivity of the 17 m NaClO4 aqueous electrolyte, which was reported 

conductivity of above 100 mS cm-1. Additionally, to further reveal the durability of 

DMPZ in high-concentration aqueous electrolyte, we measured long-term cycle 

stability of DMPZ in 17 m NaClO4 aqueous electrolyte as presented in Figure 3.13 

and Figure 3.14. It is worth noted that the rigid validation of cycle stability, as 

demonstrated previous reports, comes from not only the high coulombic efficiency 

at low C rates but also the cycling time72,73. Therefore, we manifested the long-term 

cycle stability of DMPZ in 17 m NaClO4 aqueous electrolyte at 0.2C rate and 1C 

rate with over 1000 hours cycling times in Figure 3.13 and 3.14, respectively (see 

Figure 3.12b for cycle stability at 5C rate). Superior cycle stability with high 

capacity retention and coulombic efficiency close to 100% were achieved at both 
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0.2C and 1C rates. An initial capacity of 231 mAh g-1 and the capacity retention of 

~87% after 200 cycles (over 1,000 hours) were obtained at low rate of 0.2C. Even 

after 1,000 cycles at 1C rate with over 1,630 hours, the capacity retention was 

maintained over 81% from the initial discharge capacity of 221 mAh g-1 with highly 

reversible and stable redox centers at the molecular level (see Figure 3.xx-3.xx and 

Chapter 3.3.6 for details). The cycle degradation rate of the DMPZ in high-

concentration aqueous electrolyte was eventually reached below 0.5% per day over 

1,000 cycles at 1C rate. This outstanding cycle durability performance as 

demonstrated thus far rigidly validate that the highly concentrated NaClO4 aqueous 

electrolyte plays an effective role for preventing the dissolution of the DMPZ and 

successively suppressing the water decomposition, which during tremendous 

repeated charge-discharge cycles. 
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Figure 3.11. Rate performance of DMPZ cell at 0.2C, 0.5C, 1C, 2C, 4C, and 5C. 
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Figure 3.12. Rate performance of DMPZ cell at 0.2C, 0.5C, 1C, 2C, 4C, and 5C. 

Rate performance of DMPZ in 17 m aqueous electrolyte. (a) Discharge profiles of 

the DMPZ in 17 m aqueous electrolyte at 0.2C, 0.5C, 1C, 2C, 4C, and 5C. (b) Cycle 

stability and coulombic efficiency of the DMPZ in 17 m aqueous electrolyte at 5C. 
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Figure 3.13. Cycle stability of DMPZ cell at 0.2C rate. 

 

 

 

 

 

 

 

 

 

 

 



120 

 

Figure 3.14. Cycle stability of DMPZ cell at 1C rate. 
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3.3.6 Structural and morphological analysis of the DMPZ cycled in 

the high-concentration aqueous electrolyte with long-term cycles 

Figure 3.15 and Figure 3.16 present the structural and mechanism analysis of the 

DMPZ after cycling in the high-concentration aqueous electrolyte. When the DMPZ 

was cycled in high-concentration aqueous electrolyte, the DMPZ delivered a highly 

reversible redox behavior with two well-defined voltage plateaus after formation 

cycles, as shown in Figure 3.4b and Figure 3.7. To confirm that the reversible redox 

behavior of DMPZ was sustained during the long-term cycle at 1C rate (Figure 3.14), 

we evaluated the charge-discharge profiles of DMPZ during 1-100 cycles and 100-

1000 cycles as depicted in Figure 3.15a and b. During the charge-discharge process 

within 100 cycles in high-concentration aqueous electrolyte, the profiles of DMPZ 

with two well-defined voltage plateaus at initial cycles were transformed to S-shaped 

curves with maintaining the high specific capacity (Figure 3.15a). Then, the changed 

S-shaped curves were retained until 1000 cycles with a small amount of capacity 

decay (~ 50 mAh g-1 of capacity loss), as shown in Figure 3.15b. The transformation 

of electrochemical profiles could be attributed to the changes in thermodynamic 

reaction mechanism or the structural changes of active materials. It is worth noting 

that the capacity of DMPZ was retained well even though the electrochemical 

profiles changed. Therefore, we assume that the transformation of the 

electrochemical curves of DMPZ in the high-concentration aqueous electrolyte was 

attributed to the structural changes of DMPZ without the mechanism changes. To 

verify our assumption about the structural changes of DMPZ, we measured the Ex-
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situ X-ray diffraction of DMPZ after 1-, 50-, 100-cycling, as presented in Figure 

3.16a. The DMPZ have a crystal structure, thus the DMPZ powder exhibited well-

crystallized XRD patterns, which have the main peak at 11˚, 13.15˚, 15.2˚, and 15.2˚ 

in 2θ degree. The XRD patterns of the pristine DMPZ electrode was consistent with 

the patterns of DMPZ powder. After the first charge process, the main peak of DMPZ 

at 11˚ and 13.15˚ was disappeared, but the peaks again returned reversibly, after the 

first discharge process. However, during the repeated charge-discharge process with 

100 cycles, the main peaks were disappeared and the peak at 11˚ degree was 

broadened, implying that the crystallinity of DMPZ was disrupted and amorphized. 

According to the structural model (Figure 3.16b), three of the DMPZ molecules in 

their lattice structure are connected in the shape of enclosing each other with their 

size of 7.37 Å. The crystal structure of DMPZ at charged state seems to be easily 

disrupted due to the large size of ClO4 anion (ClO4
-, ~ 2.4 Å), which consisted of 

two anions per one molecule. The lots of repeated charge-discharge process will be 

accelerated the amorphization of the crystalline DMPZ, and eventually, all of the 

DMPZ in the electrode transformed into the amorphous structure. The 

electrochemical profile transformation of DMPZ during cycling is attributed to this 

amorphization of the DMPZ electrode without mechanism changes. To further verify 

the maintaining of the redox centers at a molecular level, which indicates the reaction 

mechanism of DMPZ, XPS analysis was performed on the DMPZ electrode to obtain 

an in-depth redox mechanism view of the DMPZ. N 1s spectra of the DMPZ of the 

pristine and charged-discharged electrode after 1-, 50-, and 100-cycled are obtained 
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in Figure 3.16c. The redox center of DMPZ was revealed that the two single-electron 

redox reactions undergo reversibly around nitrogen atoms in the pyrazine ring of 

DMPZ during cycling37,50. The peak centered at 399.7 eV of the pristine electrode in 

the N 1s spectra, which indicate the redox center of DMPZ, shifted to higher energy 

(ΔE = ~ 1 eV) after the first charge process, then returned to the initial position after 

first discharge process. This peak shift is a well-known property of DMPZ as an 

indicator of the redox-active centers, which provides that the nitrogen atoms in 

DMPZ are redox-active centers attributed to the reversible conversion of non-

conjugated sp3 -NC- groups into conjugated sp3 -NC- groups. This reversible peak 

change in the nitrogen atom was also observed in the charged-discharged electrode 

after 50-, and 100-cycled, implying the redox mechanism at the molecular level was 

not changed after long-term cycling, even though the electrochemical profiles were 

changed. Therefore, the redox centers of DMPZ were stably and reversibly sustained 

even after 1000 cycles, and only the crystal structure of DMPZ was transformed into 

amorphous. 

In addition, to confirm the surface morphology changes of DMPZ electrode cycled 

in high-concentration aqueous electrolyte after long-term cycling, SEM analysis of 

DMPZ electrode was evaluated, as observed in Figure 3.17. Figure 3.17a, c, e, and 

g present the surface morphology of the DMPZ after 50-cycle charged, discharged, 

and 100-cycle charged, discharged, respectively. The surface of DMPZ cycled in 

high-concentration aqueous electrolyte after long-term cycles (both 50- and 100-

cycles) appears to change a little bit porous morphology compared with the pristine 
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and initial cycled electrode (Figure 3.9a-b, and Figure 3.10) at both charged and 

discharged state. These results are related to the amorphization of DMPZ by 

oxidation with large size of ClO4 anion during cycling, as shown in Figure 3.15 and 

Figure 3.16. The large size of ClO4 anion will induce not only amorphization of 

DMPZ but also volume change of DMPZ electrode during cycling. Therefore, the 

flat and condensed DMPZ in pristine electrode will be changed to a little porous 

morphology and amorphous structure after lots of charge-discharge repetition during 

cycling. 
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Figure 3.15. Structural analysis of the DMPZ after long-term cycling. (a) Charge-

discharge profile changes of the DMPZ in 17 m aqueous electrolyte during 1 to 100 

cycles. (b) Charge-discharge curves of the DMPZ in 17 m aqueous electrolyte during 

100 to 1000 cycles. 
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Figure 3.16. (a) Ex-situ XRD patterns of pristine, 1-, 50-, and 100-cycled DMPZ at 

the charged, discharged state of each cycle. (b) Schematic illustrations of crystal 

structures of DMPZ. The structural information of DMPZ has been adopted from 

CCDC (Cambridge Crystallographic Data Centre, www.ccdc.cam.ac.uk), whose 

detailed information is provided in the reference 74-7574,75. (c) XPS profiles of N 1s 

spectra of DMPZ pristine and electrode after 1-, 50-, and 100-cycled at charged, 

discharged state of each cycle. Black arrow lines indicate the reversible reaction at 

redox center N of C-N-C groups in DMPZ37,50. The green arrow line indicates the C-

N-C satellite peak, which also indicates reversible redox reactions at redox center N 

of DMPZ. 
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Figure 3.17. Surface morphologies of the DMPZ electrode after long-term cycling 

in 17 m aqueous electrolyte. a, c, e, g, SEM images of DMPZ electrode after (a) 50 

cycle charged, (c) 50 cycle discharged, (e) 100 cycle charged, and (g) 100 cycle 

discharged. (b), (d), (f), and (h) presents the magnified SEM images of (a), (c), (e), 

and (g), respectively. 
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3.3.7 Comparison of the performance of the DMPZ with previously 

reported works 

To compare the performance of the DMPZ aqueous battery with previously 

demonstrated organic-based aqueous battery system, we comparatively depicted the 

corresponding performance with respect to the energy density (i.e. initial discharge 

capacity-based energy density of each battery system), the cycle degradation rate per 

day, and the calculated battery operational life based on the cumulative discharge 

capacity from the recent reported works as presented in Figure 3.1842-49
. The details 

for calculation of the battery operational life and degradation percent per day are 

given in the Table 3.2. Figure 3.18 shows that the DMPZ aqueous battery with high-

concentration aqueous electrolyte far outperformed not only on the energy density 

but also the time-based durability (i.e. cycle degradation rate per day and battery 

operational life), compared with previously reported studies on the organic-based 

aqueous battery. Note that there is no any up-to-date cell performance enabling to 

exceed both the energy density of over 200 Wh kg-1 and the battery operational life 

of over 800 hours. To the best of our knowledge, the DMPZ aqueous cell exhibited 

the highest long-term durability performance with delivering a remarkable energy 

density of ~250 Wh kg-1 than reported thus far for cells implementing the organic 

electrodes with aqueous electrolyte.  

The methodology to calculate the performance of the DMPZ (energy density, cycle 

degradation rate per day, and battery operational life), comparing the previously 
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reported works42-49, is provided in this section. The average voltage was estimated 

based on the discharge curves in the original paper, if not mentioned accurately in 

the previously reported study. For comparing the performance of the cells with 

equivalent parameters, we assumed and roughly calculated the comparison 

parameters from the reported data in the previous study. 

Energy density: For equivalent comparison of the performance, we calculated the 

energy density of each cell based on the initial discharge capacity and average 

discharge voltage, as the following equation: 

Energy density (Wh kg-1) = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙  ×  𝑉𝑎𝑣𝑔            (7) 

Where 𝑉𝑎𝑣𝑔 denotes the average discharge voltage and 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 indicates the initial 

discharge capacity. 

 

Battery operational life: An operated discharge time of the DMPZ and the 

previously reported works was roughly estimated. In the previously reported works, 

the battery operational time was not mentioned in general. Therefore, we calculate 

and estimate the battery operational life (time) from the performance parameters 

such as cumulative discharge capacity (mAh g-1) of total cycles, current rate (mA g-

1), and number of cycles (N) in previous studies 

𝐶𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒  =  
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙+𝐶𝑓𝑖𝑛𝑎𝑙

2
 ×  N              (8) 

Where 𝐶𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 denotes the cumulative discharge capacity of the total cycles in 
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all of the studies. N means number of cycles, and 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 , 𝐶𝑓𝑖𝑛𝑖𝑎𝑙  indicate the 

discharge capacity of initial and final cycles, respectively. Using cumulative 

discharge capacity, we estimate the battery operational life (time), as follows: 

Battery operational life (h) = 
𝐶𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒

𝑗
              (9) 

Where j denotes the current rate. Note that we excluded the cycle degradation 

information of the all of batteries for equal comparison. Instead, the information 

about the cycle degradation is included in the cycle degradation rate per day. 

 

Cycle degradation rate per day: This parameter presents the cycle degradation 

with time parameters. Cycle degradation rate was estimated based on the difference 

of discharge capacity between initial and final cycles in the original paper, if not 

mentioned explicitly in the given paper. After calculated or used the given cycle 

degradation rate, it is divided by battery operational time (day). 

Cycle degradation rate per day (%) = 
(

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑓𝑖𝑛𝑎𝑙

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
×100)

𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑖𝑓𝑒 ×
1

24
 
    (8) 

Where 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝐶𝑓𝑖𝑛𝑎𝑙 denote the discharge capacity of initial and final cycles, 

respectively. 
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Table 3.2. Comparison of the performance of the DMPZ with previously reported 

works. 

Materials 

Average 

voltage 

(V) 

Initial 

discharge 

capacity 

(mAh g-1) 

Current 

rate 

(mA g-1) 

Cycle 

number 

Energy 

density 

(Wh kg-1) 

Cycle 

degradation 

rate  

per day (%) 

Battery 

operatio

nal life 

(h) 

P-

chloranil43 

1.1 118 217 200 129.8 7.69 93 

Cailx4quin

one 

(C4Q)44 

1 150 500 1,000 150 1.11 281 

Pyrene-

4,5,9,10-

tetraone  

(PTO)42 

0.74 213 3,000 1,000 157.6 12.84 60 
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Sulfur 

heterocycli

c 

quinone 

dibenzo 

[b,i] 

thianthrene

-5,7,12,14-

tetraone 

(DTT)48 

0.8 97 2,000 23,000 77.6 0.38 1,025 

DTT48 0.8 200 100 150 160 0.5 291 

3,4,9,10-

perylenetet

racarboxyli

c 

dianhydrid

e 

(Pi-PMC 

or π-

PMC)49 

0.6 100 8,000 1,000 60 72.6 11 
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Triangular 

phenanthre

nequinone-

based 

macrocycl

e 

(PQ delta 

or PQ- Δ)46 

0.78 210 150 500 163.8 0.03 697 

1,4 

bis(diphen

ylamino) 

Benzene 

(BDB)45 

1.25 112 390 500 140 3.31 131 

BDB45 1.25 80 780 1,000 100 6.69 90 

diquinoxali

no 

[2,3-

a:2’,3’-c] 

phenazine 

(HATN)47 

0.6 150 5,000 5,000 90 1.1 145 
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5,10-

dihydro-

5,10-

dimethyl 

phenazine 

(DMPZ, 

This 

work) 

1.1 221 255 1,000 243 0.5 810 

DMZP 

(This 

work) 

1.1 231 51 200 254 0.37 870 
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Figure 3.18. Comparison of performance of DMPZ aqueous battery with that of 

previously demonstrated organic-based aqueous battery system42-49. This plot 

summarizes the energy density (i.e., initial discharge-capacity-based energy density 

of each battery system, z-axis), cycle degradation rate per day (x-axis), and 

calculated battery operational life (y-axis) based on the cumulative discharge 

capacity from recently reported works (see Table 3.2 and Chapter 3.3.7 for the 

calculation details of the battery operational life, degradation rate per day, and 

detailed references with abbreviations for each material). 
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3.4 Concluding remarks 

We introduce a noble strategy to demonstrate full utilization of the DMPZ electrode 

by employing the most proper electrolyte that provide low solubility of DMPZ, thus 

improving the cycle durability. From the rational prediction and experimental 

confirmation of the DMPZ solubility with respect to the solvation free energy 

according to machine learning technique, aqueous electrolyte was adopted for 

improving the cycle durability of the DMPZ by suppressing its dissolution. A 

capacity retention in 1 m NaClO4 aqueous electrolyte could be reversibly maintained 

over 200 cycles with the value reaching 85% with one single-electron redox reaction, 

but it was hard to provide the reversible second redox reaction due to the water 

splitting. To completely facilitate the multi-redox reaction of the DMPZ with 

suppressing water decomposition and dissolution of the active materials, high-

concentration NaClO4 aqueous electrolyte was employed. It was revealed that this 

high-concentration aqueous electrolyte can offer (i) widening the electrochemical 

stable voltage window of the aqueous solution, (ii) providing more enhanced 

diminishing the solubility of the DMPZ compared with low-concentration aqueous 

and non-aqueous electrolyte, and (iii) stabilizing the DMPZ redox reaction by 

downshifting the redox potential of DMPZ following the Nernst equation. It led to 

outstanding capacity retention of ~87% over 200 cycles (over 1,000 hours) at 0.2C 

and superior long-life durability with cycle degradation rate of below 0.5% per day 

even after 1,000 cycles at 1C (over 1,630 hours). Our findings suggest that the 

fundamental understanding about the compatibility between the active organic 
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material and solvent will offer a novel paradigm toward the realization for the 

practical implementation of the organic battery with achieving the long-term stability. 
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Chapter 4. Conclusion 

From renewable energy production/storage to electric-powered vehicles, 

rechargeable batteries are indispensable and an important enabler of environmentally 

benign energy solutions. Althoug the conventional lithium-ion batteries present a 

promising outlook, lots of hudles to their use for such large-scale energy storage 

system and their mass-production have yet to be overcome, owing to increase costs 

stemming from the limited abundance of raw materials and safety concerns arising 

from the use of highly flammable organic electrolytes. In this regard, aqueous 

electrolytes emerge as a potential game changer in LIB market due to its non-

flammability, non-toxicity, and low-cost resources. However, aqueous electrolytes 

give a narrow electrochemical stability window of ~1.23 V away from which gives 

rise to thermodynamic water decomposition such as hydrogen and oxygen evolution. 

This inevitably acts as a bottleneck for the limited choice of electrode materials that 

in turn provide a limited energy density for the aqueous system, making it unfit for 

practical application. 

Recently, highly concentrated electrolytes have attracted a tremendous interest for 

both aqueous and non-aqueous systems owing to their remarkable characteristics 

distinct from dilute electrolytes, which include low solvent activity, low flammability, 

and ability to suppress side reactions. Especially, super-concentrated electrolytes in 

an aqueous electrolyte system have already outperformed conventional electrolytes 

by suppressing water activity and thus expanding its stability window of 

electrochemical operation. Despite the surging interest of super-concentration 
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electrolyte aqueous system for a non-flammable, high energy density aqueous 

battery in energy market, the economic concern with regards to high-cost organic 

solutes in the aqueous electrolyte hinders the commercialization of aqueous batteries 

for grid-scale energy storage systems and, thus, brings up an urgent need for the 

design rule that accounts for cost efficiency. Therefore, the vital need for the 

discovery and development of low-cost salt for the high-concentration 

aqueous electrolytes is signified. 

Exploiting a new low-cost salts for high-concentration aqueous electrolytes 

is the most important process in developmetn of low-cost and high-energy denstiy 

aqueous battery. For screanning and finding a new salts for low-cost high-

concentration aqueous electrolyte, important criteria was defined based on previous 

reported high-costs salts in Chapter 2. Based on those criteria, I carefully examine 

the water structure-modifying effect of the commonly used low-cost inorganic 

solutes in the saturated high-concentration aqueous systems, in conjunction with 

previously reported super-concentrated electrolytes using organic salts. Upon close 

inspection, it is identified that saturated NaClO4 (17 m) solution is the most suitable 

candidate for a low-cost high-voltage sodium aqueous electrolyte. This electrolyte 

exhibits a wide electrochemical stability window of up to ~ 2.7 V via suppressed 

water decomposition from solvation structure changes and formation of a robust 

solid-electrolyte interphase (SEI) layer. This electrolyte could be successfully 

demonstrated that a 2-V Na4Fe3(PO4)2(P2O7)/NaTi2(PO4)3 full cell in 17 m of NaClO4 

electrolyte provides remarkable cycle stability and a coulombic efficiency. In 
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addition, it is found that the formation of a protective layer composed of Na2CO3 and 

Na-O compounds on electrode surface led to excellent stability of the full-cell with 

remarkable storage stability for ~ 900 hours. Surprisingly, the SEI layer formation 

does not follow the conventional wisdom of anion reduction of salts as in the aqueous 

electrolyte with organic salts. Hence, this study proposes a new mechanism of the 

protective layer formation on the anode via a different route from what has been 

widely accepted in literature. 

Although the low-cost high-concentration electrolyte was demonstrated 

and it could be widend their electrochemical stabitliy window, limitation of its 

energy denstiy still remained. Thus, to make more sustaniable and design flexible 

system with high-energy density, further feasible investigation on cell configuration 

of the high-concentration aqueous electrolyte system could be tunable. In this regard, 

the multi-electron-redox phenazine molecule (DMPZ) as a cathode in aqueous 

battery with zinc anode was adopted for greener and sustainable system. Despite the 

marvelous potential of DMPZ for high-energy density cathode material, remaining 

challenges related to the dissolution of the electrode material and the resulting poor 

cycle life with undesirable shuttle effects, which are general issues in organic 

batteries, make it unsuitable for practical implementation. In this regard, more 

fundamental approaches are necessary to understand and mitigate the dissolution 

problems of DMPZ, and rational electrolyte engineering can be a crucial solution for 

demonstrating high-performance organic batteries. Therefore, the strategy for 

boosting the durability of DMPZ through the rational design of electrolytes 
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that exhibits optimal performance with DMPZ was proposed in chapter 3. 

From the careful predicting and exploiting the dissolution tendency of DMPZ 

for the various solvents, the high-concentration aqueous electrolyte (17 m 

NaClO4) was finally adopted as the most suitable electrolyte to effectively 

suppress the dissolution. The aid of high-concentration aqueous electrolyte, 

the long-term cycle durability of the DMPZ electrode is obtained with 

outstanding capacity fading rate, which is one of the best performances in 

organic aqueous battery systems. 

 In conclusion, the rational desing and fundamental strategy for approching 

the low-cost, greener, and sustainable aqueous battery with high-energy density was 

investigated and susccesffuly further demonstration of battery performance was 

conducted in this thesis. The two key highlights in this thesis from using low-cost 

inorganic salt-based super-concentration aqueous electrolytes are: 1) realization of 

comparable electrochemical performance to state-of-the-art organic counterparts and 

discovery of robust surface layer formation, composed of Na2CO3 and Na-O 

compounds, without the reduction of the salts, and 2) facilitation to the complete 

utilization of the capacity and drastically improve the cycle durability by employing 

an electrolyte that is the most compatible with a DMPZ electrode with fundamental 

and experimental validation. I believe that the new insight, which on the low-cost 

solutes with fundamental solvation study and the dissolution properties of DMPZ in 

high-concentration aqueous electrolytes, broaden our understanding of super-
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concentration aqueous electrolytes and provide an essential guidance towards low-

cost, high-energy density and sustainable high-concentration aqueous battery system. 
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Abstract in Korean 

초록 

자연 친화적이고 지속가능한 에너지 저장 시스템에 대한 요구가 

급증하고 있으며, 이에 따라 리튬이온 이차전지의 대량생산이 현재 

에너지 시장에서 매우 증가하고 있다. 기존 상용화된 리튬이온 

이차전지의 유망한 전망에도 불구하고, 대용량 저장 관련 적용분야에 

대한 사용에 대하여 제한적인 원자재로 인한 비용상승문제와 가연성 

특성이 높은 유기계 전해질을 사용함에 따른 안전성 문제로 인하여 

극복해야하 많은 문제들이 아직 남아 있다. 이에 따라 더욱 안전한 대체 

방안으로서 물 기반의 수성 전해질을 사용하는 배터리가 연구되어 

왔습니다. 하지만, 전통적으로 사용하는 물 기반의 수계 전해질은 1.23 

V의 전압을 넘으면 물분해가 일어나는 좁은 전기화학적 안정성을 

제공합니다. 물의 좁은 전기화학적 안전성은 필연적으로 수계 배터리 

시스템에 제한된 에너지 밀도를 제공하며 이에 따라 실제 산업으로의 

적용을 어렵게 만들고 있다. 수계 배터리 시스템의 에너지 밀도를 

높이기 위하여, 최근 개발된 고농도 수계 전해질 시스템은 녹아 있는 

염의 분해를 통해 안전한 고체-전해질 계면 층 (SEI)을 형성하여 보다 

넒은 전기화학적 안전성을 확보하였고 물의 분해를 억제함으로써, 

고전압 수계 배터리 시스템으로의 새로운 길을 열어주었다. 비록 고농도 
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전해질이 높은 에너지 밀도를 갖는 수계 배터리 시스템을 가능하게 

하였지만, 이 시스템 역시 매우 값비싼 유기계 염을 매우 많은 양 

녹여서 사용해야 한다는 점에서 아직 많은 문제가 존재하였다. 본 학위 

논문에서는 저렴하면서 높은 에너지 밀도를 가질 수 있는 수계 시스템을 

만들기 위한 디자인 전략을 소개하였다. 특히, 고농도 NaClO4 수계 

전해질 기반의 배터리 시스템을 개발하여 물 분해를 억제하며 보다 넓은 

범위의 전기화학적 안정성을 가진 시스템을 소개하였고, 이 전해질 

시스템을 활용한 보다 지속가능하고 친환경적인 유기물 기반의 수계 

배터리 시스템을 소개한다. 

제2장에서는 고농도 수성 전해질로 적용가능한 저가의 용질을 찾기 

위해 기존에 알려진 모든 일반적인 저가의 용질을 다시 검토하였다. 

새로운 전해질을 찾는 전략으로 많이 녹으며 용질이 용매화 구조를 

변화시킬 수 있는 가능성이 있는 저가의 무기질 용질을 찾았고, 결국 

NaClO4 고농도 용액이 효과적으로 수계 전해질의 전기안정적 창을 

넓히며 물분해를 억제하고 ClO4 용질의 분해 없이도 안전한 SEI 층을 

형성할 수 있다는 것을 밝혔다. 용질의 분해 없이 형성된 SEI 층의 

경우 Na2CO3와 Na-O 및 NaOH가 합쳐진 형태의 혼합물로 구성되어 

있다는 것을 밝혔고 이 안전한 층은 수계 Na 셀에서 

Na4Fe3(PO4)2(P2O7) 양극과 NaTi2(PO4)3 음극으로 이루어진 배터리 

시스템에서 안전한 사이클 성능과 전기화학적 에너지 저장 성능을 
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높이는데 큰 기여를 한다는 것을 증명하였다. 새로운 전략으로 찾아낸 

이 저가의 수계 전해질 시스템은 훌륭한 사이클 안정성과 쿨롱 효율 

(coulombic efficiency)를 제공하였고 이는 기존에 보고된 전해질의 

성능을 월등히 초과하는 것을 보였다. 제2장에서 제안된 전략은 저가의 

고전압 수계 시스템을 구성하는데 중요한 가이드라인을 제시하였다. 

제3장에서는 고농도 NaClO4의 수계 전해질을 적용 범위를 넓히고 

더욱 친환경적이고 지속가능한 수계 시스템을 개발하고자, 유기계 

전극을 활용한 시스템을 개발하였다. 유기계 양극 물질로서 매우 유망한 

p-type 특성을 갖는 다중 전자 산화 환원이 가능한 페나진기반의 

분자를 (DMPZ) 고농도 수계 시스템에 적용하였다. DMPZ 물질의 

용매도를 분석하여 수계 시스템이 DMPZ 물질의 용매도를 낮추어 가장 

최적의 전해질로 사용할 수 있다는 것을 deep learning 기법과 실험을 

통해 밝혔고, DMPZ의 모든 용량을 발현시키며 사이클 안정성을 

증가시키기 위하여 제2장에서 개발한 저가의 고농도 NaClO4 전해질 

시스템을 적용하였다. 고농도 전해질은 DMPZ의 용해를 더욱 억제하며 

추가로 물분해도 억제하여 DMPZ의 성능을 최대로 이끌어내는데 도움을 

주었고, 최종적으로 매우 안정하고 우수한 사이클 안정성을 제공해 

주었다. 제3장에서는 유기계 전극 물질과 전해질 사이의 용해도와 

전기화학적 성능에 대한 심도 깊은 이해를 제공해주었고, 이를 통해 

보다 고성능에 지속가능하고 친환경적인 수계 유기 배터리를 개발하기 
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위한 전략을 제시하였다. 

이 학위논문에서는 저가의 고에너지밀도를 갖는 수계 전해질 기반 

이차전지를 개발하기 위한 전략으로 2가지 중요한 포인트를 제공해 

주었다: 1) 저가의 고농도 전해질을 개발하고 이를 통해 물분해를 

억제하고 보다 넓은 범위의 전기화학적 안정성을 갖는 전해질을 

개발하기 위한 전략 제시, 2) 보다 지속가능한 시스템을 만들어 줄 수 

있는 유기계 기반의 전극 물질의 성능을 최대한 활용하기 위한 전략으로 

전해질과 전극물질의 용매도에 대한 깊은 이해를 제공하고 이와 

전기화학적 성능 간의 관계를 제시함으로써 각 유기계 전극 물질의 가장 

적합한 전해질을 찾는 전략을 제시함. 본 학위논문은 통해 저가의 

고에너지 밀도를 갖는 지속가능한 수계 고농도 시스템을 실현하기위한 

중요한 가이드라인을 제시해줄 것으로 기대된다. 

 

주요어: 에너지 저장장치, 이차전지, 전기화학, 수계 배터리, 고농도 

전해질 
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