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Aqueous zinc ion batteries (AZIBs) are an emerging field of rechargeable 

battery technology that address certain issues of commercial lithium-ion 

batteries (LIBs). Safety is at the top of this list. Most commercial LIBs contain 

liquid electrolytes based on organic solvents, which are considered to be fire 

accelerants due to their combustible nature. In the event of a fire (due to a 

massive short circuit or abusive conditions), the mere presence of such 

electrolyte solutions can exacerbate its consequences, potentially harming 

consumers and/or innocent bystanders. However, the risk of fire hazards can be 

minimized by replacing organic solvents with non-combustible ones. Water is 

a prime example of such a solvent. Thus, the use of aqueous electrolytes can 

neutralize the risk of catastrophic fires. In this regard, AZIBs are considered to 

be promising post-LIB candidates.  
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 A typical AZIB consists of a zinc (Zn) metal anode, aqueous 

electrolyte, separator, and an (in)organic cathode material. This configuration 

is analogous to the LIB half-cell, which is composed of Li metal (anode), 

organic electrolyte, polymer separator, and a (de)intercalation cathode. 

However, as the emergence of AZIB-related research is considerably later than 

that of LIBs, the AZIB system faces many hurdles before it can become a 

reliable, high performance battery. Two paths for research dominate this effort: 

i) discovery and analysis of viable cathode materials and ii) promoting the 

reversibility of Zn anodes.  

 First, discovering new materials for reversible reactions with Zn2+ ions 

constitutes an important research direction. Transition metal oxides are the 

mainstream cluster of materials that are explored for either intercalation or 

conversion, most of which are based on manganese (Mn) or vanadium (V). In 

particular, V-oxides are known to exist in numerous polymorphs, offering a 

wide range of possibilities for exploring Zn2+ (de)intercalation. In this study, 

V6O13 was discovered to be a promising material for AZIB cathodes. 

Electrochemical analyses of V6O13 resulted in high capacity levels (~ 400 mAh 

g-1), rate performance (~ 140 mAh g-1 at 24 A g-1), and cycling stability (~ 93% 

capacity retention after 2000 cycles at 4 A g-1). In situ X-ray diffraction (XRD) 

studies via synchrotron radiation were employed to investigate the structural 

dynamics of this material, revealing single-phase behavior upon (dis)charge. 
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Further analyses coupled with density functional theory (DFT) calculations 

suggest the critical role of water during Zn2+ (de)intercalation, whereby water 

co-intercalates with Zn2+ to mitigate the de-solvation energy penalty at the 

electrode-electrolyte interface as well as shields the highly charged Zn2+ ion 

from electrostatic interactions with oxygen atoms in the host crystal. This is 

coined as ñhydrated intercalation,ò a phenomenon which is believed to account 

for the anomalously high electrochemical performance in aqueous settings.  

 Second, while preliminary research into AZIBs mainly focused on 

cathode materials, more researchers have begun to realize the importance of the 

anodeðZn metal. In studies that pertain to cathodes, Zn metal is often 

employed in excess to minimize the impact of the anode on cell performance. 

Consequently, Zn anodes have rarely been the focus of AZIB-related 

investigations. However, concerns for energy density and performance have led 

many to account for Zn anodes, which are actually quite problematic upon close 

examination. In fact, while Zn metal is often lauded for its advantages in 

aqueous conditions, recent investigations reveal that Zn anodes suffer from 

several problems such as hydrogen evolution, dendritic growth, and corrosion. 

The consequences of such issues have not been recognized in previous studies. 

However, considering the myriad of cathode-related works thusfar, the time is 

ripe for dealing with Zn anodes. Accordingly, the merits and problems of Zn 

metal are discussed in detail with respect to AZIB applications. Representative 

strategies to resolve the main issues of Zn anodes are categorized and examined 
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to extract key lessons and insights in order to guide future research in this field. 

Moreover, rough energy density calculations are performed to ascertain the 

impact of the amount of Zn at the anode, showing significant differences in 

energy density. Thus, considering practical conditions, effective strategies to 

maximize Zn utilization are desirable for energy-dense AZIBs. 

 This dissertation is divided into four chapters. The first chapter 

introduces the concept and history of aqueous rechargeable batteries (ARBs), 

where a socio-technological context is established to discuss the reality and 

future opportunities of ARBs in the battery market in terms of scientific merit. 

Prospective aqueous battery chemistries are proposed, among which AZIBs are 

most promising for grid-scale energy storage system (ESS) applications. The 

second chapter is dedicated to the study of a promising AZIB cathode, V6O13, 

and its peculiar hydrated intercalation mechanism. The third chapter focuses on 

Zn metal anodes, a previously neglected topic in the field of AZIBs. Energy 

density and Coulombic efficiency calculations emphasize the role of reversible 

Zn anodes in realizing practically relevant AZIBs. Finally, the fourth chapter 

summarizes the key findings and insights from the previous chapters, 

suggesting prospective directions for future research. 

 

Keywords: aqueous zinc battery, aqueous electrolyte, energy storage system, 

hydrated intercalation, zinc anode, in situ X-ray diffraction, vanadium oxide 

Student number: 2018-36496 
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1. Introduction  

1.1 Why aqueous? 

Despite the prevalence of LIBs in the global battery market, they are not free 

from certain drawbacks such as safety and slow charging rates. Such 

shortcomings have prompted research into alternative battery chemistries that 

address these issues. In this sense, ARBs have recently begun to garner 

academic interest as post-LIB systems due to the attractive features of water-

based electrolytes.[1] Not only is water resistant to fire hazards, but its inherently 

higher ionic conductivity (compared to organic solvents) can also facilitate high 

rate battery operation.[2] Moreover, water is highly accessible, easy to handle, 

and capable of dissolving many salts. In addition, one can expect less initial 

fixed costs for dry room installation and maintenance from a manufacturing 

viewpoint. Thus, water serves as a versatile platform for which a wide variety 

of cost-effective electrolyte solutions can be formulated for specific battery 

chemistries. Such attractive features of aqueous electrolytes have inspired 

numerous works in ARBs, most of which can be categorized based on the main 

charge carrier ion. Representative categories include Li+,[3] Na+,[4] K+,[5] Mg2+,[6] 

Zn2+,[7] OH-,[8] H+,[9] and sometimes a combination of two[10] for hybrid systems. 

 Ironically, what makes ARBs safe and fast limits their energy. Water 

is notorious (from a battery perspective) for its narrow electrochemical window, 

outside of which unwanted gas evolution reactions can occur. The 
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thermodynamic value of this window is 1.23 V, although kinetic considerations 

may extend this limit. Even so, this range is quite narrow compared to that of 

commercial LIBs, imposing a lower ceiling on the energy density [Wh kg-1 or 

Wh L-1] of ARBs. In more tangible terms, this translates to shorter usage time 

or driving distance of devices/vehicles per charge. 

 These distinct pros and cons of ARBs pose a crucial question: are 

ARBs worth the effort? Answering this question entails a careful examination 

of the circumstances that have shaped the reality for non-LIBs such as ARBs, 

shining a light on opportunities that may guide future works in this field. A 

brief history of rechargeable batteries is provided to establish a socio-

technological context, upon which the current position of ARBs in relation to 

modern battery technology is discusses. In this framework, viable directions 

and opportunities for commercial applications of ARBs can be put forth. 

1.2 A brief history of ARBs 

1.2.1 Classical batteries ï Pb-acid, Ni-Cd, Ni-metal hydride 

The history of ARBs dates much further back than the LIB, which was 

commercialized only three decades ago. In fact, given their relatively longer 

history, ARBs were the dominant players in the battery market. The origins of 

the first rechargeable batteryðwhich was aqueousðcan be traced back to the 

mid-19th century (Figure 1-1). In 1859, Gaston Planté first demonstrated the 

concept of rechargeable lead-acid batteries,[11] which are designed with the Pb 
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|| H2SO4 || PbO2 configuration as depicted in Figure 1-2a. During discharge, 

the positive electrode (PbO2) is reduced to form PbSO4, while the negative 

electrode is oxidized to form the same compound, PbSO4. Recharging this 

system is merely reversing the reactions at each electrode, returning them to 

their initial state.  

 Surprisingly, the 160-year-old lead-acid battery technology remains 

steadfast in commercial use today. While its low energy density levels ranging 

from 30-40 Wh kg-1 (this value may be lower depending on cell packaging or 

how the cell is defined)[12] prevent its use in electric vehicle (EV) applications, 

its unparalleled cost-effectiveness has locked its dominant position in markets 

such as starting batteries for cars and power sources for golf carts and 

wheelchairs. Despite additional drawbacks such as limited cyclability, slow 

charging, and the requirement of regular maintenance, a cost-effective 

alternative for such applications has yet to emerge. Thus, lead-acid batteries 

have been able to retain a market share where more recent batteries would be 

too expensive.  

 Lead-acid batteries were followed by nickel-cadmium (Ni-Cd) 

rechargeable batteries (Figure 1-2b), which were first created in 1901 by 

Waldemar Jungner.[13] Ni-Cd batteries offer higher energy densities of 40-60 

Wh kg-1 with the notable advantage of being resilient to high rate operations, 

which prompted their use in a number of applications such as power tools, 
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photography equipment, and early mobile phone models. However, Ni-Cd 

batteries have two critical drawbacks which caused them to fall out of favor: 

the notorious ñmemory effectò and the toxicity of Cd. Some niches may still 

exist where the Ni-Cd technology may be unbeatable, but its share of the battery 

pie in the past few decades has been minimal and continues to fade. 

 Nickel-metal hydride (Ni-MH) batteries were quick to succeed the 

throne (Figure 1-2c). Ni-MH batteries were first conceptualized in 1967 and 

became commercially available two decades after.[14] The Ni-MH battery 

quickly became popular due to its absence of Cd and heightened energy density. 

Instead of the Cd electrode, the Ni-MH battery takes advantage of a metal alloy 

capable of absorbing hydrogen. Upon discharge, the hydrogen de-intercalates 

from the metal hydride, combining with hydroxide ions to form water. 

Simultaneously, the Ni electrode is reduced from NiOOH to Ni(OH)2, identical 

to the cathodic reaction in Ni-Cd batteries. 

 This electrochemistry allowed Ni-MH batteries to attain higher energy 

density levels that were previously unachievable in lead-acid and Ni-Cd 

batteries. They quickly penetrated the battery market, becoming the go-to 

battery for consumer electronics. More importantly, Ni-MH batteries were used 

in the first hybrid-electric vehiclesðthe Toyota Priusðand first generation all-

electric vehicles such as the GM EV1 and Honda EV Plus. However, LIBs soon 

emerged as a fierce contender in the battery market, quickly dethroning the Ni-

MH battery with respect to EVs. Nevertheless, Ni-MH batteries are still widely 
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available as small rechargeable batteries and some hybrid electric vehicles even 

today. 

1.2.2 The emergence of LIBs 

LIBs, though sometimes taken for granted, were a game-changer to the battery 

industry. Ironically, the first demonstration of a LIB came from Exxon, a U.S. 

oil company. M. Stanley Whittingham is credited with the discovery, who 

began working on materials for lithium (Li) intercalation at Exxon in the early 

1970s. Coincidentally, the historic 1973 oil crisis prompted the U.S. 

government to support research and development in electric and hybrid electric 

vehicles, lending support to alternative energy storage technology like LIBs. 

Whittingham discovered that Li could be reversibly (de)intercalated into (from) 

TiS2 and demonstrated its potential by pairing it with a Li metal anode.[15] A 

few years later, John B. Goodenough showed that replacing TiS2 with LiCoO2, 

a layered transition metal oxide, could boost the operating voltage of LIBs.[16] 

However, the prototype LIB at that time used Li metal as the anode, which 

limited its performance in practical conditions. It was not until Akira Yoshino 

discovered that carbonaceous materials could (de)intercalate Li ions at the 

anode that a relatively safe and reliable LIB prototype was born for the first 

time. This was 1986.[17] 

 Not long after, Sony succeeded in commercializing the LIB in 1991. 

The initial battery had an energy density of 80 Wh kg-1, which is considerably 
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low in todayôs standards and comparable with the Ni-MH battery. However, 

this value quickly rose to unprecedented levels with continued advances in 

materials chemistry, electrolyte formulation, and cell engineering. Such 

progress can be linked with many socio-technological trends at the time, but 

the rapid expansion of the EV market is the protagonist in this story. 

 The 1990s signifies a time of increasing environmental awareness that 

renewed interest in EVs, exemplified by the passage of the Clean Air Act 

Amendment (1990) and the Energy Policy Act (1992) in the U.S. However, 

interest in EVs was barely trending in spite of such legislative efforts. In fact, 

it was not until the year 2008 when the race to dominate the EV market truly 

began. In 2008, Tesla Motors (now Tesla, Inc.) rolled out its first EV, the Tesla 

Roadster, which was the first highway-capable EV to use LIBs (120 Wh kg-1). 

Even by todayôs standards, the Roadster showed an impressive driving distance 

of 390 km (Environmental Protection Agency combined cycle). This came as a 

shock to the automobile industry, considering that a small start-up company out 

of Silicon Valley achieved what large automakers deemed out of reach at the 

time. Soon enough, automakers worldwide began to join the wagon, raising 

expectations for a new market with explosive potential. 

 Today, a rapidly expanding EV market has intensified competition 

among the major players in the automobile industry, each hoping to establish a 

strong foothold. A competitive edge in this market calls for, above all, cars with 
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longer driving distance per charge. For most consumers, this is the primary 

criteria for comparing EVs, which is directly linked to battery energy density. 

Simply put, the higher the energy density of a battery is, the more batteries can 

be installed in a vehicle. This increases the total energy of the vehicle, resulting 

in longer driving distances. Therefore, the competition among major EV 

manufacturers is translated to the battery industry; the most energy-dense, safe, 

and long-lasting battery would prove most attractive to original equipment 

manufacturers (OEMs).  

 Over the course of 160 years, the rechargeable battery industry has 

often been closely intertwined with socio-technological trends of the time. 

Before the 1990s, interest in EVs was intermittent. Market demand for batteries 

may have been more consistent, but their performance requirements were 

lenient. Thus, advances in rechargeable battery technology were incremental. 

It was only after the 1990s when unwavering commercial interest in EVs took 

hold, calling for better batteries. A similar trend emerged in consumer 

electronics as societal demand for mobile technology was beginning to simmer. 

While it is difficult to define a causal relationship between socio-technological 

trends and advances in science, the bond between rechargeable batteries and 

their target technologies has been, and always will be, inseparable. The limits 

of LIBs continue to be pushed today, culminating in a compulsive demand for 

higher energy density levels for a wide spectrum of applications. Today, LIB 
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energy densities approach 250 Wh kg-1 for EV applications at the cell level 

(Figure 1-3). 

1.3 Reality of ARBs 

A brief overview of the history of rechargeable batteries provides a valuable 

context in which we can consider the position of ARBs. The current battery 

industry relies mostly on LIBs for high energy applications, but there are niche 

markets where well-established, old-school battery technology such as lead 

acid and Ni-MH batteries are a better fit in terms of performance and/or cost. 

In this context, we may begin to discuss the status and prospects of ARBs. 

 Most ARB-related research today benchmark LIBs by involving 

intercalation at either one or both electrodes. Such a trend probably reflects the 

difficulty of making significant breakthroughs in more classical ARBs (e.g. 

lead-acid or Ni-MH), which are known to rely on conversion reactions. The 

origins of this approach date back to 1994ðjust three years following LIB 

commercializationðwhen Li et al. first demonstrated a fully aqueous LIB with 

LiMn 2O4 and VO2(B) as electrodes.[18] Ever since, efforts have been directed 

towards mimicking LIB chemistry with aqueous electrolytes, including, but not 

limited to, Li ions as charge carriers. Table 1-1 summarizes several 

representative ARBs with respect to their electrode materials, corresponding 

energy densities, advantages, and disadvantages. Note that this table is not 

comprehensive, as a detailed overview of existing systems deviates from the 
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scope of this dissertation. Other review articles provide such comprehensive 

information.[1a, 1b, 2, 19] 

 The motivation for LIB-like ARBs is clear. The organic electrolyte in 

LIBs poses safety issues in abusive environments, which can be resolved by 

replacing it with an aqueous electrolyte. At the same time, better performance 

can be expected compared to classical ARBs. Switching out the solvent seems 

simple enough, but behind this simplicity lies a double-edged sword. From a 

scientific standpoint, ARBs provide an interesting platform to study different 

intercalation chemistries due to the innate qualities of water. For example, 

electrochemical reactions in aqueous environments inherently involve protons 

that may compete/interact with the intended charge carriers during 

(de)intercalation. Furthermore, the solvation environment in aqueous solutions 

is quite different from that of non-aqueous ones on a molecular level, which 

could affect intercalation kinetics and/or thermodynamics at the 

electrode/electrolyte interface. Exploring the effect of protons and solvation in 

comparison to LIB analogues could have significant scientific implications, not 

only limited to ARBs but also for unexplored battery chemistries. 

 From a practical viewpoint, however, what makes ARBs interesting 

ends up being its most crucial weakness: water. In any electrochemical system, 

the LUMO/HOMO levels of the electrolyte determine its operation limits 

(Figure 1-4a). The gap between the two levels serves as the electrochemical 

stability window (ESW), outside of which the electrolyte is reduced/oxidized. 
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For example, if the chemical potential of the anode (e.g. Li metal) were to lie 

above the LUMO of the electrolyte, the anode would reduce the electrolyte.[20] 

The beauty of the LIB lies in the fact that such electron transfer between the 

electrolyte and electrodes can be prevented by creating a passivation layer, 

commonly known as the solid-electrolyte interphase (SEI) layer. This stabilizes 

the electrode surface so that only ion transfer occurs, confining electron transfer 

reactions to the active material.[21] Despite the mysterious nature of the SEI, its 

essential role in sustaining LIB operation is indisputable. 

 Unfortunately, a SEI is usually absent in ARBs due to the lack of 

decomposable organic solvents in general aqueous electrolytes. As a result, the 

aqueous electrolyte is subject to reduction/oxidation, which manifests in the 

form of gas (H2/O2) evolution; this limits the ESW of ARBs to 1.23 V. There 

are three problems associated with this. First, a narrow ESW implies less 

choices for electrode materials (Figure 1-4b). Such an intrinsic limit on 

material selection deprives us of options for optimizing ARB chemistry. 

Second, low energy density is inevitable. A narrow ESW translates to low 

operating voltage, which is directly proportional to energy density. In fact, 

approximately a two-fold deduction in energy density can be expected. Most 

importantly, gas evolution and electrode redox are in constant competition in 

the absence of surface-stabilizing SEI layers. Unintended reactions such as 

H2/O2 evolution may degrade the electrode surface and deplete the electrolyte 

over time, hurting the durability of ARBs for commercial applications. 
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Depending on the cell packaging, internal gas build-up could cause aqueous 

cells to burst, which may cause physical damage to their surroundings. 

However, this is unlikely to develop into total combustion due to the lack of 

organic solvents that are known to act as fuel for fires.  

 Overall, ARBs suffer from low energy density and cycle life, 

stemming from the absence of surface passivation mechanisms like SEI 

formation. In this respect, competing with LIBs for high energy density 

applications seems infeasible. Instead, they are more suited for areas where 

safety is of the utmost importance, such as grid-scale energy storage. Of course, 

even these applications still demand a certain level of battery performance. 

Therefore, in order for ARBs to make their way into the battery market, such 

performance requirements must be met with respect to their target applications 

while guaranteeing safety. Accordingly, two recently emerging tracks in ARB-

related research hold promise. 

1.4 Prospective aqueous battery chemistries 

The first path is the aqueous analogue of LIBs (ALIBs). While this concept was 

first demonstrated in 1994, performance improvements were incremental at 

best. In fact, over the next two decades, most efforts were directed toward 

finding the right pairing of electrodes that offered reversibility. The anode was 

the limiting factor; LIB anodes such as graphite or Li metal were unsuitable due 

to voltage constraints and chemical instability in water, resulting in the need for 
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new candidates that could intercalate Li ions before the onset of hydrogen 

evolution. This led to numerous works targeting new and stable anode materials 

for ALIBs, though their voltage/capacity levels remained stagnant.[22] 

 A major breakthrough came in 2015, when Suo et al. proposed a 

simple solution to the ALIB problemðhigh concentration aqueous 

electrolytes.[23] This simple approach shifted the paradigm with respect to SEI 

layers in ARBs. Previously, a crucial setback of aqueous batteriesðthe lack of 

a SEI layerðwas accepted as an inconvenience by default. However, an 

extremely high concentration electrolyte, namely ñwater-in-saltò electrolyte 

(WiSE), allowed a SEI layer to be generated for the first time in ALIBs. Such 

a feat is attributed to the difference in solvation environments at the molecular 

level, whereby the extremely high concentration causes Li ions to coordinate 

with TFSI- anions rather than water (Figure 1-5a). These newly formed 

complexes allow TFSI- anions to be reduced at the anode, forming a LiF-rich 

SEI layer. The resulting SEI layer, in concert with the low content of water, 

extends the ESW and suppresses unwanted side reactions in the ALIB. 

 An extended voltage window offers the obvious benefit of a wider 

variety of electrode materials from which to choose. This means new electrode 

material pairings could be employed to heighten the average voltage of ALIBs. 

Sure enough, ensuing efforts have focused on maximizing the potential of this 

new class of aqueous electrolytes, pushing the conventional limits of ALIBs by 
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optimizing electrode pairings and employing additional strategies such as a 

hydrophobic layer to extend this window even further.[24] Today, the original 

pioneers of this strategy at the University of Maryland and the Army Research 

Laboratory in the U.S. spearhead the effort to guide ALIB technology toward 

practically relevant scales. At their current state, it seems unlikely that even 

ALIBs as advanced as these will rise to a competitive level for EV or 

smartphone applications due to cost, but this remains to be seen. Balancing the 

merits of WiSE with issues like high electrolyte costs and short shelf life owing 

to changes in concentration and viscosity will likely be the focus of future 

efforts in this direction.[25] 

 The second path is the aqueous zinc-ion battery (AZIB), which has 

only recently begun to gain some attention from the battery community. 

Previously, aqueous zinc (Zn) batteries were mostly primary in nature, 

stemming from the irreversibility of Zn metal in alkaline electrolytes. In 1986, 

Yamamoto et al. showed that Zn metal could be plated/stripped reversibly by 

switching to a more acidic electrolyte such as a zinc sulfate solution.[26] This 

meant that zinc-based aqueous batteries could become rechargeable. 

Unfortunately, LIBs were the hype in the battery community, leaving AZIBs 

with minimal attention. 

 Fast-forwarding to the 2010s, interest in post-LIB technology re-

ignited efforts in alternative rechargeable battery systems like the AZIB. In 

2011, a rechargeable AZIB was demonstrated by Xu et al. with a Zn metal || 
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ZnSO4 || Ŭ-MnO2 configuration, paving the way for future investigations along 

this path.[27] AZIBs also operate in a semi-ñrocking chairò fashion, the details 

of which are portrayed in Figure 1-5b. Zn metal is usually fixed as the anode, 

in most part due to its high theoretical capacity, relative aqueous stability, and 

high HER overpotential.[19c] Plating/stripping reactions at the metal surface are 

the primary mode of electron transfer. The electrolyte is also formulated as a 

mildly acidic solution, with ZnSO4 or Zn(CF3SO3)2 salts being the most 

common. With two major components fixed, the challenge lies with the cathode, 

which must be capable of (de)intercalating Zn2+ ions during operation. Thus, 

most research efforts have focused on the discovery and analysis of cathode 

materials for AZIBs.  

 This search has resulted in a number of viable candidates, most of 

which can be divided into three categories: Mn-oxides,[7b, 28] V-oxides (or 

sulfides),[7a, 7c, 29] and Prussian blue analogues (unlike LIBs, materials that 

initially contain the charge carrier ion, Zn2+, rarely exist as viable cathodes).[30] 

Reported capacity levels are quite high (except Prussian blue analogues), 

usually ranging from 200ï400 mAh g-1, depending on the material. For 

example, birnessite-type MnO2 exhibits a capacity of ~ 320 mAh g-1 with an 

average voltage of ~ 1.5 V.[7b] Practically speaking, this is good news. However, 

from a more scientific perspective, this is puzzling. Conventional wisdom 

dictates that multivalent ions usually exhibit sluggish intercalation/diffusion 
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kinetics due to their high Coulombic charge.[31] Yet, the high performance 

levels seem to suggest otherwise. Such a dichotomy warrants further 

investigation.  

 From a practical vantage point, the pros and cons of AZIBs are clear. 

First, AZIBs are expected to be cost-effective in the following respects: i) the 

production of zinc metal sheets is a well-established industrial process, ii) 

moisture regulation facilities such as dry rooms are not needed, and iii) Zn is 

not region-dependent like Li or Co. Second, numerous lab-scale investigations 

show good performance results in terms of capacity, rate performance, and 

cycle life. However, AZIBs are subject to a low operation voltage of 1.5 - 2 V 

(at best), suggesting their inferiority to LIBs in terms of practical energy density. 

For the record, an AZIB pouch cell (43 stacks) with ~ 150 Wh kg-1 has recently 

been reported,[32] which is an impressive feat within the limits of AZIBs. 

However, this barely matches up against LIBs from 5-10 years ago. Thus, 

competing with LIBs for EV applications is unrealistic at this point. Instead, 

AZIBs should be targeted for applications (e.g. grid-scale energy storage) that 

play to their strengthsðsafety and costðrather than trying to compete in areas 

where high energy density is a top priority. This direction holds hopeful 

prospects for AZIB commercialization, but it would still require certain cycling 

stability and capacity retention levels to be met, which largely depends on 

material/electrolyte choice and optimization.  
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1.5 Opportunities for ARBs  

Renewable energy sources such as wind and solar energy have become a reality. 

The energy from these sources can be quite significant, depending on the time 

and place. However, the intermittent nature of such clean energy sources makes 

them unpredictable, meaning that their direct integration into the power grid is 

a difficult task. Instead, newly generated energy can be stored in the interim 

through large-scale energy storage systems (ESSs). In this way, ESSs can act 

as buffers to level the imbalance between power supply and demand. The 

potential market size of ESS technology has attracted many battery 

manufacturers, exemplified by Teslaôs aggressive expansion of the Gigafactory 

to supply batteries for their EV product line as well as their ESS products 

(Powerwall, Powerpack).  

 A good ESS entails two conditions among many: high rate 

performance and safety. In performing its role as a power grid stabilizer, an 

ESS must be able to respond to fluctuations in the grid in a real-time manner to 

maximize its role. This requires high rate capability on the batteryôs part. In 

addition, grid-scale ESSs are often installed on a massive scale, consisting of 

multiple battery modules. Consequently, the smallest fire in an ESS could have 

devastating consequences on its surroundings or even human lives, not to 

mention considerable financial loss.  

 Fortunately, grid-scale ESSs are less sensitive to energy density due 
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to their stationary nature. This is a huge advantage for ARBs, considering their 

lower energy densities compared to LIBs. Furthermore, in light of recent fires 

in LIB-based ESSs, priorities in the ESS market have shifted toward safety as 

the primary concern. LIBs at such large scales are vulnerable in this respect. In 

this sense, AZIBs fit the needs of ESS technology, considering the high rate 

performance levels[33] and inherent safety of aqueous electrolytes. However, 

AZIBs may have a long way to go before they can be considered for 

commercialization at the module scale. Not only is a general consensus on 

cathode material and electrolyte needed for pilot-scale optimization, but 

commercially viable ways to stabilize the Zn metal surface to ensure reversible 

plating/stripping are also required for longer cycle life. Furthermore, the 

possibility of gas evolution could limit the cycling stability of AZIBs by the 

concomitant buildup of gas pressure with electrolyte depletion. Such problems 

could be negligible at lab-scale investigations, but strategies for de-gassing and 

suppression of gas evolution are critical in practical conditions. Therefore, 

while an ESS-oriented approach holds much promise, obstacles such as 

material selection, anode stabilization, and gas evolution must be addressed 

with active research and development. 

1.6 A two-pronged approach for AZIBs 

Considering the promise of AZIBs for grid-scale applications, maximizing their 

performance in terms of energy density and cycling stability is essential for 
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practical viability. This requires a combined effort on two fronts: the cathode 

and the anode. The ideal cathode would need to satisfy the following conditions: 

high capacity, high operating voltage, minimal dissolution, fast 

(de)intercalation kinetics, and high reversibility. The anode, which is often 

fixed as Zn metal, has different requirements: uniform plating/stripping, 

minimal dendritic growth, resistance to hydrogen evolution, and aqueous 

stability. A full cell with an excellent cathode with a limited amount of unstable 

Zn anode would show sub-optimal performance; the same goes for that with a 

highly reversible anode paired with a mediocre cathode. It is imperative for 

both electrodes to retain maximum performance and stability for energy-dense, 

long-lasting AZIBs. Therefore, a two-pronged approach that addresses both 

electrodes is a must. 
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Figure 1-1. Timeline of major developments in rechargeable batteries. 

 

 

 

 

 

Figure 1-2. Working mechanisms and information for three classical ARBs: (a) 

Lead-acid, (b) Ni-Cd, and (c) Ni-MH batteries. 
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Figure 1-3. Volumetric/gravimetric energy density plots for four types of 

rechargeable batteries: Lead-acid, Ni-Cd, Ni-MH, and Li-ion batteries. 
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Category Type Cathode Anode 
ED 

[Wh kg-1] 
Pros Cons Ref. 

Rocking-

chair 

ALIB 

LiMn2O4 VO2(B) 75a 

Reversibility 

Generally 

impossible to 

use metallic 

anodes; 

 

Suitable anode 

materials are 

scarce 

 

Low operating 

voltage 

[18] 

LiCoO2 LiV3O8 58 [22a] 

LiNi1/3Co1/3Mn1/3O2 carbon 
n/a 

(3-electrode) 
[34] 

LiFePO4 LiV3O8 
n/a 

(3-electrode) 
[35] 

LiVPO4F Li metal 480 [24i] 

ASIB 

Na0.44MnO2 

NaTi2(PO4)3 

115 [4a] 

Na0.66Mn0.66Ti0.34O2 91 [36] 

K0.27MnO2 56 [37] 

AZIB 

V2O5 

Zn metal 

423 
Aqueous 

stability of Zn 

metal as anode 

 

High capacity 

Low operating 

voltage 

 

Dendritic Zn 

growth at anode 

[38] 

MnO2 495 [7b] 

ZnHCF 102b [30c] 

Li3V2(PO4)3 156a [32] 

Hybrid 

Zn-Li 

LiMn2O4 

Zn metal 

180b 

Numerous 

permutations of 

battery 

chemistry 

available 

Energy density 

is limited by the 

electrolyte 

concentration 

[39] 

LiFePO4 137 [40] 

LiNi1/3Co1/3Mn1/3O2 154b [41] 

Li3V2(PO4)3 179 [10c] 

Zn-Na 

Na0.95MnO2 

Zn metal 

78b [42] 

Na3V2(PO4)3 128 [43] 

Na2MnFe(CN)6 170b [44] 

Dual-ion 

Li-Br,Cl Graphite Graphite 460b 

Same material 

can be used for 

both electrodes 

Energy density 

is limited by the 

electrolyte 

concentration 

 

Anion 

intercalation 

requires high 

voltage 

[24k] 

Na-ClO4
- Ni(OH)2 NaTi2(PO4)3 40 [45] 

Li-OH- LiFePO4 Fe2O3 75 [46] 

Conversion AZIB 

MnO 

Zn metal 

320b 

High capacity 

Material 

degradation due 

to repeated 

phase 

transitions 

[47] 

Co3O4 361 [48] 

Table 1-1. Summary of electrode materials, energy density, and (dis)advantages of various types of ARBs. 

Most energy density levels are given with respect to the mass of the cathode active material, unless marked otherwise. 
a Cell-level energy density; b (cathode + anode) weight considered. 

 

 



22 

 

 

Figure 1-4. (a) Schematic energy diagram of an electrochemical cell. FA and 

FC denote anode and cathode work functions and ɛA and ɛC denote the 

electrochemical potentials of the anode and cathode, respectively. Reproduced 

with permission.[20] Copyright 2010, American Chemical Society. (b) Voltage 

windows of organic, water-in-salt, and aqueous electrolytes plotted with the 

chemical potentials of various Li-intercalating materials. Reproduced with 

permission.[49] Copyright 2015, American Association for the Advancement of 

Science. 
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Figure 1-5. (a) Scheme showing the different solvation environments for low 

and high salt concentrations at a molecular level (top) and their effect on the 

electrochemical stability windows (bottom). Reprinted with permission (a, 

top).[23] Copyright 2015 American Association for the Advancement of Science. 

(b) A general battery configuration and working mechanism for AZIBs. 
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2. Hydrated Intercalation for High Performance 

Aqueous Zinc Ion Batteries 

2.1 Material selection 

The use of Zn2+ ions as charge carriers in aqueous media demands a highly 

selective screening process of suitable cathode materials. First, redox reactions 

at the cathode must occur before the OER limit, restricting the choice of 

transition metals. Second, the cathode must be chemically stable in an aqueous 

environment. Metal dissolution or side reactions could undermine the 

reversibility of the electrode. Third, the main transition metal should have a 

wide redox swing in order to fully utilize the bivalent Zn2+ ion. Most 

importantly, the host framework should be able to accommodate the insertion 

of the charge carriers, as multivalent ions are usually slow in diffusing through 

the solid-state matrix of electrode materials due to high electrostatic interaction 

with the matrix,[50] imposing a significant hurdle in realizing decent 

electrochemical performance. With such highly demanding conditions, it is not 

an easy task to find a suitable cathode for the AZIB system. Previous 

investigations have probed the possibility of various organic/inorganic 

materials such as MnO2,[27-28, 51] ZnMn2O4,[28b] Zn0.25V2O5ĀnH2O,[7a] LiV 3O8,[52] 

VS2,[29b] V2O5ĀnH2O,[7f] H2V3O8,[53] Ca0.25V2O5,[7e] Na0.33V2O5,[54] p-chloranil,[55] 

and pyrene-4,5,9,10-tetraone[56] as AZIB cathodes. Nevertheless, considering 

the dramatically different multivalent nature of the Zn ion compared to Li, there 
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is much room for improvement in terms of understanding the intercalation 

chemistry and its correlation with the electrochemical behavior observed in 

aqueous systems. 

 In this respect, we hereby present V6O13 not only as a promising 

cathode material that shows excellent electrochemical performance in an AZIB 

setting, but also as a model material with which relevant chemical analyses can 

be performed in order to elucidate the key parameters involved in Zn2+ 

intercalation. V6O13 is attractive for several reasons. First, the wide range of 

oxidation states of vanadium allows for the possibility of multi-electron 

reaction upon Zn (de)intercalation. Second, V6O13 is known to be metallic at 

room temperature,[57] which must be beneficial for high rate battery operation. 

In fact, due to these innate characteristics of the material, several studies have 

already dealt with V6O13 in non-aqueous LIBs.[58] Those investigations have 

shown that V6O13 offers high specific capacities that exceed 300 mAh g1, 

implying that the material possesses numerous sites for the storage of 

intercalant ions; some studies have even shown that V6O13 can accommodate 

up to 8 Li ions per each chemical formula.[58b, 59] Based on such promising 

features and previous results, herein, V6O13 is employed as a cathode in an 

aqueous environment against Zn metal as the anode. Results show 

extraordinary electrochemical performance, especially in terms of rate 

capability, In an effort to understand the underlying reaction mechanisms 

responsible for the observed performance, these results are correlated with a 
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series of ex situ analyses along with in situ synchrotron X-ray diffraction (XRD) 

results and density functional theory (DFT) calculations. In particular, we focus 

on the intercalation behavior of Zn2+ ions within the lattice framework of V6O13. 

Interestingly, a series of analyses reveals ñhydrated intercalationò as the origin 

of the peculiar electrochemical activity and stability of V6O13 and illuminates 

this intercalation mechanism as a key factor in improving the performance of 

AZIB systems. 

2.2 Results and discussion 

2.2.1 Material characterization 

The V6O13 cathode material was first characterized with XRD, scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM). As 

indicated by the XRD data in Figure 2-1a, the peaks are consistent with the 

monoclinic crystalline phase of V6O13 (ICSD #16779) with no signs of impurity 

phases. The crystal structure of V6O13 is shown in Figure 2-1b, projected down 

the b axis. This structure consists of alternating single and double layers of 

distorted VO6 octahedra. In both layers, the octahedra propagate down the b 

axis in a zigzag manner. The SEM image in Figure 2-2a shows a magnified 

image of a V6O13 particle, the morphology of which indicates an agglomeration 

of platelets that size up to ~ 10 ɛm. On a sub-micrometer scale, the TEM image 

(Figure 2-2b) shows the platelet-like morphology of this material. Further 

magnification shows that this material possesses high crystallinity with distinct 
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lattice fringes corresponding to the (110) plane (inset of Figure 2-2c). In 

addition, energy dispersive X-ray spectroscopy (EDS) mapping results (Figure 

2-2d) with respect to vanadium and oxygen show that these elements are 

abundant and well-distributed throughout the particle. 

2.2.2 Electrochemistry 

The electrochemical performance of V6O13 was evaluated with various 

protocols. Figure 2-3a shows the cyclic voltammetry profiles of V6O13 

measured over 10 cycles at a scan rate of 0.1 mV s1. The profiles overlap well 

for the cycles with negligible peak shifts. A pair of main reduction/oxidation 

peaks was observed at 0.5/0.6 V, along with other peaks with less intensity at 

higher potentials, indicating the reversible electrochemical activity of V6O13 in 

the given potential range. Galvanostatic charge/discharge profiles for 10 cycles 

tested at 200 mA g1 are displayed in Figure 2-3b. During these cycles, the cell 

delivers a specific capacity of ~ 360 mAh g1, and the galvanostatic profile 

remains overlapped during the cycling period. In order to evaluate the 

cyclability of this material at a low rate, a cell was cycled at 400 mA g1 for 200 

cycles (Figure 2-3c). This resulted in some capacity fading with retention of ~ 

80%, an occurrence often observed in aqueous batteries tested at low current 

densities.  

 Cycle performance was also evaluated at 4.0 A g1. As is evident in 

Figure 2-4a, the cell showed stable performance for over 2000 cycles, during 

which a capacity of ~ 230 mAh g1 was extracted. Moreover, the same cell 
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shows minimal capacity fading, retaining 92% after 2000 cycles with respect 

to the maximum capacity. Note that the initial rise in capacity is most likely due 

to the gradual activation of the active material. This phenomenon has been 

observed with other aqueous battery materials[7d, 7f, 53] and requires further 

analysis for an in-depth understanding. Finally, the V6O13 cathode was 

subjected to rigorous rate capability testing protocols to assess its ability to 

(de)intercalate Zn ions at low to extremely high current densities. As displayed 

in Figure 2-4b, the material is able to endure current densities of up to 24.0 A 

g 1. In fact, it is worth noting that a capacity of 145 mAh g1 was attained at this 

level, which, to the best of our knowledge, is one of the highest reported 

capacity levels thus far at such a high current density.[33] Upon returning to 4.0 

A g 1, the cell rebounds to its previous capacity at this rate with no observable 

loss. 

2.2.3 Structural and chemical analysis 

In order to observe morphological changes upon battery operation, SEM and 

TEM analyses were conducted. Figure 2-5 shows ex situ SEM and TEM 

images of V6O13 after full discharge and charge, respectively. From the SEM 

images, it is clear that electrochemical cycling does not have a significant 

impact on the original morphology of the V6O13 material. The agglomeration 

of platelets originally observed in the pristine material appears to be preserved. 

TEM images also confirm this tendency, in which the platelet-like morphology 

of the V6O13 material was observed. 
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 Having confirmed the morphological stability of the cathode materials, 

X-ray absorption spectroscopy (XAS) experiments with a synchrotron light 

source were conducted to investigate the oxidation state changes of the material 

at its bulk. Figures 2-6a, b show XAS results for four samples: V6O13 pristine 

electrode (black), discharged electrode (red), charged electrode (blue), and 

V2O5 reference powder (purple). The results shown here pertain to the X-ray 

absorption near-edge structure (XANES) region of the XAS data set for the V 

K-edge energy window, as highlighted with the pink box in Figure 2-6a. From 

these results, it is clear that the pristine and charged samples are almost identical 

in their absorption edge energy levels, which indicates that the oxidation states 

of V for both samples are nearly the same. On the other hand, the absorption 

edge of the discharged sample (red) is clearly shifted toward a lower energy 

level, implying a lower oxidation state of V compared to the pristine and 

charged samples. Therefore, these XANES results allow us to conclude that 

reversible redox flip of V occurs at the bulk scale, in a consistent fashion with 

the surface as shown by the ex situ X-ray photoelectron spectroscopy (XPS) 

results in Figure 2-6c-e. In addition, the manner in which the electrons are 

accepted by the material can be explained with the changes in the pre-edge peak 

intensities as marked with the green ellipse in Figure 2-6a. Here, distinct pre-

edge peaks can be observed for the three samples. Previous investigations[60] 

with XAS studies of various vanadium oxides show that the presence of such 

pre-edge peaks indicates s Ÿ d transitions that are usually forbidden according 
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to dipole selection rules. However, it has been shown that deviation from 

octahedral symmetry causes V 3d states to mix with O 2p states, allowing the s 

Ÿ d transition at a lower energy prior to the main absorption edge.[60-61] As 

V6O13 comprises distorted VO6 octahedra throughout its crystal structure, the 

occurrence of such pre-edge peaks is feasible. More importantly, a drop in the 

pre-edge peak intensity for the discharged sample points to a change in the 

electronic state of the material. As Zn intercalates into V6O13, the 

accompanying electrons progressively fill the hybridized 3dï2p states, 

resulting in less X-ray absorption intensity at the pre-edge region. 

 On a related note, several electrochemical and chemical analyses were 

conducted in order to correlate the redox swing of V with Zn (de)intercalation 

(Figure 2-7). Figures 2-7a-b show EDS results of discharged and charged 

samples, respectively. Noting that each scan was limited to 100,000 counts, one 

can observe that the discharged sample shows significantly higher levels of Zn 

than the charged sample, supporting the claim that Zn is intercalated into V6O13 

upon discharge. The same trend is translated to the bulk scale, which has been 

confirmed by XAS measurements of the (dis)charged electrodes for Zn K-edge 

(Figure 2-7c). At the absorption edge for Zn K-edge, the discharged sample 

(Zn intercalated) shows a distinctly higher absorption edge compared to the 

charged sample. In fact, the XAS spectra for the charged sample can barely be 

distinguished from measurement noise peaks, further implying the relative 

absence of Zn at the fully charged state. Furthermore, V6O13 has been shown to 
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be susceptible to proton intercalation. In order to discount the possibility of 

proton intercalation contributing to the electrochemical capacity in this case, 3-

electrode beaker cell configurations were adopted with an aqueous 0.1 M 

H2SO4 electrolyte. Figure 2-8 shows the results of this experiment, where an 

initial discharge capacity of ~ 110 mAh g1 was observed at 100 mA g1. In the 

following cycles, this drops severely to negligible capacity levels, indicating 

the irreversibility of proton (de)intercalation in this material. On the other hand, 

the electrochemical results in Figure 2-3 and 2-4 show high Coulombic 

efficiency levels, implying that proton intercalation has a negligible impact on 

electrochemical performance. Therefore, based on the EDS and XAS 

measurements coupled with the 3-electrode experiments, Zn (de)intercalation 

is mainly responsible for the changes that occur in V6O13 during battery 

operation. 

 The structural changes upon Zn (de)intercalation were examined with 

in situ synchrotron XRD experiments performed in a coin cell setting. Among 

approximately 200 images that were collected for one discharge/charge cycle, 

a total of 20 images that correspond to the red and blue markers on the voltageï 

time profile (Figure 2-9) were selected and plotted with respect to 2ɗ values. 

Note that the 2ɗ values have been recalculated for Cu KŬ wavelength for easy 

comparison with existing literature. Overall, one can distinguish significant 

peak shifts on several fronts, represented by the (110), (ī401), (ī311), and (020) 

planes that have been magnified in Figure 2-9c-e. The general trend in peak 
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shifts is consistent among these planes, where discharge is accompanied by a 

gradual leftward shift (increase in d-spacing) and charge by a rightward one 

(decrease in d-spacing), albeit a difference in the degree of shifting depending 

on the plane. Such a continuous and reversible nature of the peak shifts hints at 

single phase reactions during Zn intercalation, reflecting the solid solution-like 

intercalation behavior of V6O13; it accommodates the ions via reversible 

expansion and contraction on several fronts without forming phase boundaries, 

although minor peaks are newly formed at low state-of-charge (ex situ XRD, 

Figure 2-10). Thus, with the exception of a minor secondary phase at high 

levels of Zn intercalation, a single-phase reaction appears dominant throughout 

most of the (de)intercalation process. 

 In terms of electrochemical performance and stability, this solid 

solution-like intercalation is preferred. Although it is a well-established fact 

that aqueous media have considerably higher ionic conductivity than organic 

solutions by several orders of magnitude, the active materials comprising the 

electrodes should keep up with the kinetics in the electrolyte to boost the overall 

cell kinetics. In the case of two-phase reactions, the formation and progression 

of phase boundaries would impose a higher energy penalty, leading to inferior 

rate performance.[62] In contrast, single-phase reactions allow the material to 

uptake/extract carrier ions while largely maintaining its original crystal 

framework. Without the need for an additional phase formation step, such 

behavior results in fast reaction kinetics in the electrode. 
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 The single-phase reaction mechanism appears to be an inherent trait 

of V6O13.[63] However, we believe that the extent to which Zn ions can be 

intercalated while retaining this reaction mechanism is intricately linked with 

hydrated intercalation. This particular intercalation mechanism involves the co-

intercalation of water molecules with the carrier ion into the crystal structure of 

a host material. Consequently, hydrated intercalation has been shown to 

mitigate the de-solvation energy penalty at the electrodeïelectrolyte interface.[6, 

64] In typical rechargeable batteries based on organic electrolytes, carrier ions 

are de-solvated at the interface at the expense of overpotential. Evidently, this 

de-solvation energy penalty is higher for multivalent ions due to the higher 

electrostatic interaction between the carrier ion and solvent molecules. 

Hydrated interaction circumvents this energy loss, leading to more facile carrier 

ion diffusion at the interface. Furthermore, hydrated intercalation can even 

cause a change in the original structure by forming new crystal planes 

consisting of water molecules.[6, 64f, 64g] In fact, it was discovered that this 

structural rearrangement stemming from water co-intercalation dramatically 

enhanced the electrochemical performance of the material in question. Such 

influence of water indicates that, under the right conditions, water co-

intercalation can facilitate the intercalation of multivalent ions at the interface 

as well as in the host framework. These ions have strong charge densities that 

can impede carrier ion diffusion via high electrostatic interaction with the host 

matrix, quite possibly distorting the original crystal structure of the material. 
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With the help of co-intercalated water molecules, however, these effects can be 

mitigated by shielding the electrostatic interactions between the charge carrier 

and the host matrix. Under the conditions of low de-solvation energy and 

electrostatic shielding,[65] it is postulated that hydrated intercalation 

significantly extends the degree to which Zn ions are intercalated into the 

material with minimal distortion in a solid solution-type fashion, thus 

improving electrochemical activity. To this end, we focus on comparing the 

cases for non-aqueous, partially aqueous, and fully aqueous electrolytes with 

experiments and DFT calculations. 

2.2.4 Hydrated intercalation and its effect on performance 

The presence and effect of water were analyzed with various chemical and 

electrochemical characterizations. First, the V6O13 cathode was tested in 

different electrolyte compositions: pure anhydrous acetonitrile (AN), 0.1 mol% 

H2O in AN, 0.2 mol% H2O in AN, 0.4 mol% H2O in AN, 1.0 mol% H2O in AN, 

3.0 mol% H2O in AN, and pure H2O with 1 M Zn(CF3SO3)2 (Figure 2-11a). 

Evidently, an increase in capacity can be observed in proportion to increasing 

water content in the electrolyte. Ex situ XAS V K-edge measurements verify 

this trend, as fully charged and discharged samples for pure AN, 0.2 mol% H2O 

in AN, and pure H2O show increasing shifts in energy (Figure 2-11b). 

Moreover, in situ XRD experiments in Figure 2-11c and 2-11d for pure AN 

and 0.2 mol% H2O in AN, respectively, show increased degrees of peak shifts 

for cells with higher levels of water in the electrolyte. From these results, it is 
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clear that even trace amounts of water have a significant impact on the extent 

of Zn intercalation upon discharge. Similar to the aqueous case (Figure 2-9), 

both XRD profiles indicate a single-phase intercalation pathway, but the low 

extent of the main peak shift indicates less Zn intercalation when less water is 

present. This point is further elaborated upon in the following sections. 

Although it is difficult to precisely quantify the amount of water that co-

intercalates into the material, ex situ thermogravimetry analyses (TGA) in 

Figure 2-12a confirm the relatively high presence of water in the crystal lattice, 

as shown by the distinct inflection point at approximately 150°C. The rather 

steep weight loss is a trademark of hydrated metal oxides such as V3O7 H2O[66] 

and layered double hydroxides,[8] where structural water accounts for the 

sudden weight loss above 100°C. Furthermore, ex situ Fourier transform 

infrared spectroscopy (FT-IR) results in Figure 2-12b for the discharged 

sample in 1 M Zn(CF3SO3)2 in pure water show a heightened presence of water 

compared to the pristine and charged sample at a wavenumber of 3500 cm·1. 

The slight rise in absorbance for the charged sample may be due to some 

remaining co-intercalated water molecules. Nevertheless, based on the 

combined trends in the electrochemical capacity levels, degree of energy shift 

in the XANES region, shifts of the main peak in the in situ XRD profiles, TGA, 

and FT-IR results, hydrated intercalation is indeed responsible for enhanced Zn 

(de)intercalation. 
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2.2.5 DFT calculations 

Based on these experimental findings, we employed density functional theory 

calculations to investigate the ñwater effectò in terms of ion diffusion and 

structural stability by comparing the cases of Zn intercalation with (1.75 mol 

H2O / Zn) and without water. In constructing a model for DFT calculations, 

water was inserted into the V6O13 framework along with Zn to simulate the 

experimental conditions of discharge (Zn insertion with water co-intercalation). 

As discussed in detail in the Experimental Section, Zn was successively 

inserted into the most energetically favorable sites in the V6O13 framework. 

Since our model consists of two unit cells (corresponding to 24 vanadium atoms 

and 52 oxygen atoms), up to 8 Zn atoms were inserted when fully discharged 

for the case without any water (Figure 2-13a-d). The optimized intercalation 

sites for Zn coincide with the previous Li ion storage cases for V6O13.[57] For 

comparison, 3, 7, 11, and 14 water molecules were inserted into the V6O13 

framework for each two-Zn insertion step (Figure 2-13e˾ h), respectively, to 

model the H2O/Zn ratio of 1.75 obtained from TGA results. For reference, the 

pristine V6O13 unit cell is displayed in Figure 2-13i. 

 A difference in the coordination environments of Zn depending on the 

presence of water can be observed, as shown in the optimized geometries of 

Zn-intercalated V6O13 for both cases (Figures 2-14a, b). These visual 

representations show that the presence of water is the key to determining the 
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coordination sites of Zn, where octahedral coordination is preferred when water 

is present and under-coordinated when not. This difference in coordination sites 

has a pronounced effect on the original crystal framework such that the former 

case appears to cause minimal distortion of the host lattice. The simulated XRD 

profiles of V6O13 with various Zn and water contents are displayed in Figure 

2-15a. For the aqueous case (left), a gradual leftward shift of the main peak 

around 25° can be seen (up to 2 Zn insertion). Accordingly, a distinct rise in the 

unit cell volume (Figure 2-15b) for the aqueous case can be observed, 

indicating increased lattice parameters. In the anhydrous case (right), a slight 

leftward shift was also observed in the simulated pattern (0.5 Zn insertion), 

albeit with a negligible change in unit cell volume. An interesting point of 

difference, however, lies in the early onset of new phases beyond 0.5 Zn 

insertion for the anhydrous case, indicating the distorting nature of Zn 

intercalation without assistance from water. In fact, although the changes in cell 

parameters and volume are larger in the hydrated case, actual atomic 

displacements in fractional coordinates (Figure 2-15c) change to a greater 

extent for the anhydrous case. These structural signatures can be related with 

the electrochemical results for non-aqueous cells (Figure 2-11a, profile in 

black) in which significantly lower capacity levels were observed. In the 

absence of water, fewer Zn can intercalate into the host material because 

excessive intercalation may result in a largely distorted different crystal phase. 

Indeed, this seems to be the case, where previous reports show that V6O13 can 
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intercalate up to only 0.4 Zn (40˾50 mAh g·1 in capacity) in a similar non-

aqueous electrolyte formulation, despite the use of a low current 

electrochemical titration protocol.[63] On the other hand, hydrated intercalation 

permits the same material to accept more Zn ions upon discharge to a higher 

limit before new phases start to form in the simulated XRD profiles. This is 

corroborated by the in situ XRD results for the three cases of pure AN, 0.2 mol% 

H2O in AN, and pure H2O (Figures 2-11c-d, 2-9 respectively), where all cases 

show single-phase intercalation, but the amount of water in the electrolyte 

determines the degree to which the material can accommodate Zn ions. Thus, 

water co-intercalation facilitates Zn insertion by minimizing structural 

distortion, resulting in higher capacity. 

 Voltage calculations were performed in order to elucidate the relative 

energetic stability of the cathode material upon discharge depending on the 

presence of water (Figure 2-15d). The potential profile in the case of water co-

intercalation overlaps with experimental data reasonably well with a continuous 

decrease of the potential upon additional Zn insertion. The latter decrease in 

voltage, which is generally observed in most battery anode materials, is a result 

of Zn ions experiencing repulsion between those intercalated at an early state 

of discharge and at a later one. On the other hand, the anhydrous case shows a 

higher potential overall along with an increase in potential after the insertion of 

1 Zn ion. The latter increase in the calculated voltages at later stages of 
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discharge in the absence of water is unusual and may be due to a (potentially 

irreversible local) structural change of the host material to optimally 

accommodate incoming Zn ions. This interpretation can be linked to the 

observed electrochemical performance of V6O13 in a non-aqueous electrolyte 

(Figure 2-11a, profile in black), where less than 1 Zn is reversibly intercalated 

(in terms of capacity). Therefore, based on the optimized geometry, their 

corresponding XRD simulation patterns, and voltage calculations for both cases, 

the DFT calculation results imply the relatively stable nature of Zn-intercalated 

V6O13 framework in aqueous environments due to water molecules acting as 

coordinating ligands to maintain the original structural motifs. 

 Lastly, in order to observe the effect of water on Zn ion diffusion 

kinetics within the solid-state matrix, the kinetic energy barrier for Zn diffusion 

was evaluated for both cases (Figure 2-16). In doing so, nudged elastic band 

(NEB) calculations were performed along the possible Zn ion diffusion paths 

for the same distance. An intercalation state of Zn1.0V6O13 was assumed for this 

estimation. As expected, among numerous possible diffusion paths, those along 

the b axis showed the lowest kinetic barrier for both cases, consistent with 

previous works regarding Li ion batteries.[57, 67] The projected diffusion paths 

for Zn ions can be seen in Figure 2-16a, b. In the case of water co-intercalation 

(Figure 2-16a), Zn prefers to travel along a zig-zag route along the b axis from 

one octahedral site to the adjacent octahedral site, with water molecules 

rearranging to minimize electrostatic repulsion from the lattice oxygen atoms. 
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In the anhydrous case (Figure 2-16b), Zn ion diffusion takes a more 

straightforward path, though it tends to skew toward one side at the end. In both 

cases, it is useful to examine the cross-sectional area through which Zn travels. 

As shown in Figure 2-16c, it turns out that the cross-sectional area (formed by 

V and O) for the anhydrous case is significantly smaller than that with water. 

This can be understood in relation to Figure 2-15b, where the aqueous case 

shows significantly larger unit cell volumes upon Zn insertion than the 

anhydrous case. As Zn diffuses from one site to a symmetrically identical site, 

co-intercalated water has the effect of expanding the diffusion channel so that 

the Zn ion traverses more freely. On a related note, we have also calculated the 

charge difference between the two cases. A simple integration of the projected 

density of states (PDOS) (Figure 2-17) indicates that Zn, when coordinated 

with water, has a lower charge than Zn without water (Table 2-1). We 

anticipate that this difference originates from the oxygen atoms in H2O, 

whereby the donation of electrons from O to Zn lowers its charge. With a lower 

charge, Zn ions are able to withstand the electrostatic interaction with the host 

lattice, resulting in a relatively higher degree of freedom for movement 

compared to their anhydrous counterpart. With this in mind, an examination of 

the kinetic barrier for Zn ion diffusion (Figure 2-16d) for both cases gives a 

more definitive comparison of the relative ease with which the carrier ion can 

diffuse. Notably, a significantly lower energy barrier of 0.87 eV (~10-17 cm2 s-1 

as calculated by transition state theory) in the presence of water is calculated, 
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whereas the anhydrous case entails a barrier of 2.85 eV. Therefore, hydrated 

intercalation of Zn permits a low kinetic energy barrier by expanding the cross-

sectional area along the diffusion path and lowering the charge of Zn, the 

combined effects of which may account for the high-rate performance. 

2.2.6 Experimental 

 Synthesis: V6O13 pristine powder was synthesized from a 

hydrothermal procedure. For the precursor materials, ammonium metavanadate 

(1.62 g) and oxalic acid dihydrate (2.01 g) were added to 60 mL DI water. Once 

this solution was thoroughly mixed, it was transferred to a Teflon-lined parr 

bomb (100 mL capacity) that was sealed in an autoclave. The reaction protocol 

was set to a temperature of 180 °C for 44 h. After the hydrothermal process was 

complete, the resulting materials were recovered via washing and filtering with 

DI water. Then, the materials were set to dry in a convection oven at 70 °C 

overnight. The resulting powder was then annealed in an argon atmosphere in 

a tube furnace at 300 °C for 12 h with a ramping rate of 5 °C min 1. All 

precursor reagents were purchased from Sigma Aldrich and used without 

additional purification. 

 Characterization: X-ray diffraction measurements were conducted to 

characterize the pristine powder using an X-ray diffractometer (Smartlab, 

Rigaku, 40 kV, 200 mA) with Cu KŬ radiation (ɚ=1.5406 Å). The scan rate and 

interval were set at 5° min 1 and 0.02°, respectively. Ex situ XAS experiments 

were conducted under transmission mode at the 7D (Figure 2-6a, b) and 1D 



42 

 

(Figure 2-11b, Figure 2-7c) beamlines at Pohang Accelerator Laboratory 

(PAL). After cycling five times, the coin cells were dissembled to recover the 

electrodes, which were washed with appropriate solvents and freeze-dried 

overnight. The obtained spectra were processed by using ATHENA in the 

IFFEFIT package.[68] XPS measurements were performed with a Sigma Probe 

(ThermoFisher Scientific, UK) equipped with an Al source. The lattice water 

content was quantitatively analyzed with a thermogravimetry analyzer (TGA 

Q500, TA Instruments). SEM images were obtained from a FE-SEM 7800F 

Prime microscope (JEOL Ltd., Japan). High-resolution TEM images and EDS 

analyses were also performed with a Cs-corrected TEM microscope (JEM-

ARM200F, JEOL Ltd., Japan). FT-IR spectra were obtained from a Nicolet 

6700 FT-IR spectrophotometer (Thermo Scientific, USA). Samples for FT-IR 

analysis were carefully rinsed with appropriate solvents and freeze-dried 

overnight. The resulting powders were collected and kept in a convection oven 

for 2 h at 70 °C before measurements. These powders were pelleted with 

potassium bromide (KBr) with careful attention to consistent pellet thickness 

and sample amount. The measurements were conducted under vacuum to 

minimize the peaks from atmospheric moisture.  

 In situ XRD Measurements: In situ XRD measurements were 

conducted at the 1D beamline (ɚ = 0.999873 Å) at PAL. A MAR345 image 

plate detector was used under transmission mode. The typical duration for 

collecting an individual diffraction pattern was 150 s. The obtained ring 
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patterns were converted to 2ɗ data with the Dawn program.[69] The storage ring 

energy was set at 3 GeV under a top-up mode with a maximum current of 350 

mA. A modified coin cell sealed with imide tape at both ends was used to cycle 

the cell at 0.3C using a galvanostatic charge/discharge protocol with a Biologic 

(SP-50) instrument.  

 Electrochemistry: 2-electrode measurements were employed for 

battery testing protocols. For cathode fabrication, the active material powder, 

conductive carbon (Super-P), and binder (poly-vinylidenefluoride, Kynar) were 

mixed homogeneously in N-methyl 2-pyrolidone (NMP) to form a slurry with 

a weight ratio of 7:2:1. The slurry was then cast onto a sheet of pyrolytic 

graphite film (MTI Korea) with an areal active mass loading of ~ 1.0ï1.5 mg 

cm 2. The coated electrodes were dried in a vacuum oven set at 70 °C overnight. 

In assembling the coin cells (SUS316L, Wellcos, Korea), 3 M Zn(CF3SO3)2 

aqueous solution was used as the aqueous electrolyte and 1 M Zn(CF3SO3)2 in 

acetonitrile (anhydrous) as the non-aqueous electrolyte. Electrolytes with 

varying water content were carefully formulated in an argon-filled glove box 

with H2O levels less than 2.0 ppm using anhydrous acetonitrile (Sigma Aldrich). 

The corresponding coin cells were also fabricated in the glove box. Zn metal 

foil (Alfa Aesar) was employed as the anode and cellulose filter paper 

(Whatman) was used as the separator. The assembled coin cells were tested 

with a WBCS3000L battery cycler (Wonatech, Korea). The active material 

weight alone was used to calculate the current densities and specific capacities. 



44 

 

3-electrode beaker cell measurements were conducted with a Biologic (SP-50) 

instrument. The working, counter, and reference electrodes were V6O13, 

graphitic film, and Ag/AgCl, respectively.  

 DFT calculations: To perform periodic DFT calculations, the Vienna 

ab initio simulation package (VASP) was utilized.[70] The generalized gradient 

approximation (GGA) within PerdewïBurkeïErnzerhof exchange correlation 

functional and projector-augmented-wave method were utilized with Grimmeôs 

D3 dispersion correction (zero damping).[71] U correction parameter was set for 

vanadium as 3.1 eV.[72] For all calculations, the MonkhorstïPack k-point mesh 

was utilized with a grid spacing of <0.03 Å 1.[73] Kinetic barriers for Zn 

diffusion were calculated with the nudged elastic band method using the same 

GGAïPBE functional.[74] The energy cutoff for the plane-wave basis set was 

set as 400 eV except for screening single point calculations which was set as 

200 eV. Since Zn changes its oxidation state by 2 before and after the 

intercalation, the chemical potential difference is divided by two for each Zn to 

calculate the voltage.[75] With the water inclusion condition, the chemical 

potential of water has to be considered. We have calculated the energy of the 

water from TIP4P geometry with 10 water molecules where the energy of the 

water molecules are nearly converged.[76] 

6
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 To describe the discharge process, a total of 8 Zn atoms were inserted 
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in a stepwise manner (two Zn per step) into the V6O13 supercell (stoichiometry 

of Zn2V6O13). The V6O13 structure was adopted from the Materials Project (mp-

19457). For all calculations, two unit cells of V6O13 were stacked along b axis 

to have 24 vanadium atoms and 52 oxygen atoms in the supercell. To find the 

most stable positions of Zn for each step, the following three steps were taken 

hierarchically: Ewald summation, single point DFT calculation, and full DFT 

geometry optimization. First, a 3D network of 6720 grid points was considered 

inside of V6O13 framework with grid spacing of 0.5 A. Potentially stable Zn 

positions were evaluated through Ewald summation and single point DFT 

calculation with a cutoff energy of 200 eV.[77] Then, the full DFT optimization 

for the latter subset of candidates was performed to finalize the search for stable 

sites. As a result, 52 stable positions were identified. These positions could be 

categorized into 6 different sites where 5 sites correspond to the sites that were 

previously identified with Li atoms.[57, 67] For each successive two-Zn insertion, 

all 2 combinations of 52 different Zn positions were considered and evaluated 

with the same three-step screening process described above. Favorable 

configurations of water for water co-intercalated cases were determined 

similarly. Since the water molecule was most stable when conjugated to Zn, 

another grid network with 0.5 Å spacing was considered around Zn with a 

radius of 2.5 Å for water co-intercalation conditions. For each such radial 

position, 48 different water rotation possibilities were considered, 

corresponding to 48,000 different configurations total. Again, the three-step 
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screening process was utilized to identify the most stable structure of water. At 

the end of the screening process for both conditions (with and without water), 

the most stable configuration was used for subsequent two-Zn insertion steps. 

To match the experimental H2O/Zn ratio of 1.75 obtained from TGA results, 3, 

7, 11, and 14 water molecules were inserted together with Zn for each two-

insertion step. 

2.3 Summary 

In conclusion, through various analytical techniques and electrochemical 

evaluations, we have shown the potential of V6O13 as a viable cathode material 

for AZIBs. V6O13 achieves a high specific capacity of 230 mAh g·1 at 4.0 A g·

1 with stable cycle performance (92% retention after 2,000 cycles). In particular, 

the Zn || Zn(CF3SO3)2 in water || V6O13 cell exhibits extraordinary rate 

capability, evidenced by a capacity of 145 mAh g·1 at 24.0 A g·1. Post-mortem 

analyses including ex situ SEM, TEM, XPS, XAS, EDS, FT-IR, along with in 

situ XRD reveal that the electrochemical performance of V6O13 is associated 

with hydrated intercalation and a single-phase reaction mechanism. DFT 

calculations coherently verify that co-intercalating water molecules can play a 

vital role in enhancing the electrochemical performance by facilitating Zn ion 

diffusion via shielding electrostatic interactions with the host matrix and 

enlarging the channel dimensions. This study suggests that hydrated 

intercalation is key to understanding the structural dynamics of electrode 
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materials in aqueous electrolytes and ultimately developing high performance 

aqueous battery systems in the near future.[78] 
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Figure 2-1. (a) XRD profile for as-synthesized V6O13 powder. (b) Crystal 

structure of V6O13 along [010] direction. 
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Figure 2-2. (a) SEM and (b) TEM image of as-synthesized V6O13 powder. (c) 

Magnified TEM image (inset: lattice fringe for (110) plane) with a lattice fringe 

of d110 = 0.352 nm. (d) STEM image of V6O13 particle (left) and EDS mapping 

results with respect to V and O (right) 
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Figure 2-3. Electrochemical performance results for Zn/V6O13 full cells. (a) 

Cyclic voltammetry profiles (10 cycles at 0.1 mV s-1). (b) Galvanostatic 

voltage-capacity profiles for 10 cycles (0.2 A g-1). (c) Galvanostatic cycling 

results of V6O13 at 0.4 A g-1. 
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Figure 2-4. (a) Long-term galvanostatic cycling results for 2000 cycles (4.0 A 

g-1). (b) Rate capability test results for V6O13 at 0.2, 0.4, 4.0, 6.0, 12.0, 24.0, 

and 4.0 A g-1, respectively. 
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Figure 2-5. Ex situ SEM images of (a) discharged and (b) charged electrode 

material after five cycles each. 
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Figure 2-6. (a) Synchrotron XAS results (V K-edge, transmission mode) for 

pristine and cycled V6O13 electrodes (after 5 cycles). Dashed ellipse in green 

indicates pre-edge peak region. (b) Magnified data in the XANES region at the 

main absorption edge. (c-e) Ex situ XPS results for (c) pristine, (d) discharged, 

and (e) charged V6O13.  

 

 

 

 

 












































































































































