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Chapter 1 

Transition from Lithium to Post-Lithium Batteries: 

an Introduction to Aqueous Rechargeable Zinc 

Batteries   

The core theme of the present thesis is to explore efficient electrolytes, separators, and 

electrode materials for aqueous rechargeable zinc batteries (ARZBs), a safe and cost-effective 

alternative to state-of-the-art lithium-ion batteries (LIBs). The introductory chapter provides 

glimpses on the global energy scenario emphasizing the prospects of batteries for attaining  

energy sustainability. The historical background and working principle of various types of 

batteries are thoroughly discussed with individual sections dedicated to LIBs and lithium metal 

batteries (LMBs) employing nonaqueous electrolytes. Later, the concept of post-lithium 

batteries (PLBs) is introduced as one of the potential candidates over lithium batteries (LBs). 

Among the PLBs, the fundamental 

benefits of employing Zn-based 

electrochemistry are discussed in 

the context of rechargeable aqueous 

batteries. For instance, the 

electrochemical behavior of Zn 

metal in aqueous electrolytes at 

alkaline, acidic, and nearly neutral 

pH conditions and its impacts on 

the performance of aqueous Zn batteries are briefed. Ultimately the discussion sheds light on 

the necessity of developing Zn2+ ion-conducting mild aqueous electrolytes, tailor-made 

separators, and electrode materials for realizing rechargeable aqueous Zn-metal and Zn-ion 

batteries (ARZMBs and ARZIBs). This chapter further highlights the benefits of cation-

selective separators in inhibiting the Zn-dendrite induced cell failure in ARZMBs. The final 

section of this chapter covers the scope and objectives of this thesis. In a nutshell, the current 

thesis put forwards interesting results in terms of encouraging the scope of aqueous Zn batteries 

through four dedicated working chapters. 
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1.1 Introduction 

 The increase in energy consumption and the environmental concerns caused by energy 

production from non-renewable fossil fuels have propelled the search for alternative and 

sustainable energy resources. Although renewable energy resources such as solar and wind are 

harvestable for commercial and household applications, their intermittent and localized nature 

remains a grave concern hindering widespread utilization. Therefore, efficient and eco-friendly 

energy storage technologies have become the key to overcome the practical intricacies 

associated with both renewable and non-renewable energy resources.1 In this scenario, energy 

storage devices relying on electrochemistry principles, also known as electrochemical energy 

storage devices (EEDs), are widely considered the foremost contenders. Batteries are one of 

the most popular EEDs, ubiquitously used as a stand-alone power source in various electronic 

and electrical accessories, such as portable and wearable gadgets, medical equipment, home 

appliances, etc. Apart from the small-scale applications, batteries have infiltrated into multiple 

large-scale applications, including electric vehicles and electricity distribution grids.2 It is 

apparent that battery technology has revolutionized many aspects of our lifestyle, and its further 

advancement is essential to transform the renewable energy sector affordable and reliable. 

 The chemistry of batteries is indeed vast and vivid. Various types of batteries can be 

designed based on strong interdisciplinary knowledge in chemistry, physics, and engineering.   

Figure 1.1 shows the Ragone plot (energy density vs. power density) comparing the 

performance of various batteries available in the market to date. Generally, batteries are high 

energy density devices, which can power electronic devices for a long duration of time with a 

constant supply of energy. Examples of applications where batteries found of extreme 

importance include mobile phones, laptops, electric vehicles, etc. However, as shown in Figure 

1.1, the maximum achievable energy and power densities of different batteries depend on the 

battery components and the associated electrochemical reactions. Lithium-ion batteries (LIBs) 

are well known for high energy density and by far the most popular EED technology of choice 

in the portable electronics and automotive sectors. However, the flammable and toxic organic 

electrolyte used in state-of-the-art LIBs imposes serious safety and environmental concerns 

against the large-scale application of LIBs. Also, the high price of raw materials (such as 

lithium, cobalt, and nickel), the requirement of stringent conditions during the manufacturing 

process, and sophisticated cell assembling norms increase the cost of LIB production.3 These 

setbacks make the use of LIBs rather impractical in large-scale stationary applications (viz., 

electrical grid) where safety, cost, and long battery life become more important than energy 

density. Recently, a transition from LIBs to lithium-metal batteries (LMBs), which directly use   
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Figure 1.1. Ragone plot comparing the specific energy and specific power of supercapacitor 

(SuperCap), lead-acid battery (Pb), Ni-Cd battery (NiCd), Ni-metal hydride battery (NiMH), 

sodium-nickel chloride battery (NaNiCl2), and lithium-ion battery (Li-ion). (Reproduced with 

permission from reference 2, SAGE Publications, Copyright © 2013, © SAGE Publications). 

Li metal anode instead of graphite is also gaining attention among electrochemists as an 

alternative to LIBs (section 1.3.1). Li metal has a high theoretical capacity of about 3800 mAh 

g-1, which is almost ten times that of graphite (380 mAh g-1) in conventional LIBs.4 Therefore, 

LMBs may be potential candidates over LIBs in terms of improved energy density. However, 

the prospects of rechargeable LMBs are still in the early stages due to the risks related to 

dendrite-induced cell failure, fire hazards (due to the incompatibility between reactive Li metal 

and the nonaqueous electrolytes), and the requirement of solid-state electrolytes.5 In the context 

of this thesis, LIBs and LMBs are together represented by the term lithium batteries (LBs). 

 The shortcomings related to LBs bring opportunities to develop alternative battery 

systems coined by the term post-lithium batteries (PLBs). PLBs are indeed special as their 

working principle resembles that of LBs with the exception that the Li-based electrochemistry 

is replaced by the analogues Na, Mg, K, Zn, Ca, Al, etc.6,7 Similar to LIBs and LMBs, PLBs 

can also be classified into post-lithium-ion batteries (PLIBs) and their high-energy counterpart 

called post-lithium-metal batteries (PLMBs). Similar to LIBs, PLIBs also operate by the 

insertion/extraction mechanism, where the most common examples are sodium-ion batteries 

(SIBs) and magnesium-ion batteries (MIBs). On the other hand, PLMBs follow the plating/ 
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Figure 1.2. Schematic representation of a battery cell comprising two electrodes and an 

electrolyte component. (Reproduced from the press releases on the Nobel Prize in Chemistry 

2019: © The Royal Swedish Academy of Sciences, https://www.nobelprize.org/). 

stripping of the metal at the anode. PLIBs and PLMBs based on Ca, K, Zn, Al, etc. can be also 

envisaged. The similar working principles of LBs and PLBs allow the implementation of 

fundamental and technological know-how generated for LBs toward improving the 

performance of PLBs, which helps the industrial adoption of PLB technologies over the other 

alternatives mentioned in Figure 1.1. In any case, it should be noted that PLMBs are rarely 

explored due to the bottleneck associated with the dendrite growth at the metallic anode during 

the long-term operation of the battery similar to that of LMBs. However, considering the future 

landscape of battery technologies, serious efforts to improve the prospects of PLMBs should 

be considered. 

 In the context of PLBs (both PLIB and PLMB), revisiting the prospects of aqueous 

electrolytes offer non-flammability, easy handling, and cost-effectiveness.8 In addition, the 

high ionic conductivity of aqueous electrolytes makes them attractive, particularly for 

acquiring batteries with high power density. Earlier, aqueous electrolytes in extreme pH 

conditions are popularly used in the lead-acid battery (acidic electrolyte), Ni-Cd battery 

(alkaline electrolyte), Ni-metal hydride battery (alkaline electrolyte), so on and so forth in 

presence of metal anodes such as Ni, Pb, and even Zn (e.g., Zn||MnO2 alkaline battery). 

Application of these batteries, however, is limited due to the poor rechargeability, low energy 

density, toxicity, and environmental risk posed by them.9 Therefore, mild aqueous electrolytes 

(pH≈4) have received significant interest as they provide higher energy density, better 

durability, and improved safety compared to batteries employing strongly acidic and alkaline 

electrolytes. In this scenario, the development of PLIBs or PLMBs with mild aqueous 
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electrolytes (near-neutral pH) provides interesting opportunities and challenges. Among the 

PLBs using aqueous electrolytes, aqueous Zn batteries are of particular interest. The unique 

properties of Zn metal, viz., the low redox potential of -0.76 V vs. standard hydrogen electrode 

(SHE) and high overpotential for hydrogen evolution reaction (HER), make it one of the most 

suitable anode materials to be used in aqueous electrolyte. Besides, Zn is relatively abundant 

and has a theoretical capacity of 820 mAh g-1 (volumetric capacity of 5854 mAh L-1),10 a value 

is much high than that of graphite anode used in commercial LIBs. This signifies that the energy 

density of aqueous Zn batteries can surpass the LIBs provided that high-voltage cathode 

material with high theoretical capacity is available. In a few reports, the use of aqueous 

electrolytes has been attempted with LIBs and PLIBs (SIBs, MIBs, etc.). However, the 

necessity of highly concentrated water-in-salt (WIS) electrolytes makes these systems very 

expensive, which offsets the advantages expected to gain from aqueous batteries. Moreover, 

due to the high reactivity with aqueous electrolytes, realizing aqueous PLMBs compatible with 

alkali metal anodes such as Li, Na, and K is also extremely challenging. Therefore, developing 

aqueous PLMBs using Zn as one of the readily available and water-compatible metals is 

important (section 1.3.2). The Zn electrochemistry in the aqueous electrolyte can be further 

extended for developing affordable PLIBs utilizing Zn2+ charge carrier (section 1.5.3). The 

advancement in aqueous rechargeable Zn batteries demands serious effort toward the 

exploration of electrode materials and electrolytes and understanding the associated 

electrochemical processes occurring in these batteries. 

 This thesis focuses on the development and optimization of electrolyte component (the 

term ‘electrolyte component’ refers to the combination of electrolyte and separator throughout 

this thesis) and electrode materials for aqueous rechargeable zinc batteries (ARZBs) 

emphasizing the two types of configurations, namely aqueous rechargeable zinc-metal battery 

(ARZMB) and zinc-ion battery (ARZIB). The second and third chapters aim to unveil the 

influence of separators to stabilize the Zn anode in ARZMBs for prolonging the cycling 

stability. For this purpose, ARZMB cells are fabricated with two types of separators (porous 

neutral separator and cation-selective separator), and their performance is compared. Followed 

by tuning the electrolyte component, the attention was moved toward the electrode material 

development. To prove the efficacy of the optimized electrolyte component in ARZMBs, the 

electrochemical cells are fabricated with V2O5 and MnO2 cathodes in the second and third 

chapters, respectively. Utilizing the know-how generated from the above-mentioned chapters, 

the preparation and application of another cathode material for ARZMB based on hydrated 

vanadium oxide is discussed in the fourth chapter. The performance of ARZMB is also 
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demonstrated in a prototype homemade pouch cell using quasi-solid-state gel polymer 

electrolyte. Finally, to conceptualize the transition from ARZMB to ARZIB, the 

electrochemical properties of an organic anhydride molecule as the potential anode material is 

investigated in the fifth chapter. Furthermore, the systematic electrochemical studies presented 

in this chapter reveal that H+ and Zn2+ coparticipate in the charge storage processes. In brief, 

the key findings of the present thesis encourage ongoing research on ARZBs. 

1.2 General Insights on Batteries 

1.2.1 Definition of Battery 

 Batteries are a collection of one or multiple electrochemical cells connected in series or 

parallel (the terms battery and battery cells are used interchangeably in this thesis to represent 

the same entity). The general configuration of a battery cell (in discharge mode) is shown in 

Figure 1.2. Each battery cell consists of two oppositely polarized electrodes immersed in an 

electrolyte. In batteries, electric charge storage and release evoke electron transfer at the 

electrode|electrolyte interface through redox reactions (or Faradaic reaction). Depending on the 

nature of electrochemical reactions (irreversible or reversible), batteries can be either non-

rechargeable (primary battery) or rechargeable (secondary battery).11 A rechargeable battery 

can operate both as a galvanic cell (that passes electrical energy to the external circuit) and an 

electrolytic cell (electrical energy supplied to the cell from an external power source) during 

the discharge and charge processes, respectively. During discharge, oxidation occurs at the 

negative electrode (anode), and the free electrons congregate around the anode resulting in a 

potential difference between the two terminals of the cell.12 This potential difference drives the 

electrons to the positive electrode or cathode through the external circuit (as shown in Figure 

1.2). Eventually, the cathode takes up the electron through a concurrent reduction reaction. The 

electron flow is counter-balanced by the flux of positively charged electrolyte ions from the 

anode to the cathode side. The aforementioned electrochemical processes follow a reverse 

manner (oxidation at the positive electrode and reduction at the negative electrode) during the 

charging process. Therefore, a rechargeable battery can facilitate the spontaneous conversion 

of stored chemical energy to electrical energy during discharge (similar to a galvanic cell) and 

non-spontaneous conversion of externally supplied electrical energy to be stored as chemical 

energy during charging (similar to an electrolytic cell). Unlike rechargeable batteries, the 

primary batteries are single-use galvanic cells that can only facilitate the spontaneous 

conversion of chemical energy to electrical energy. 
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Figure 1.3. Illustration of state-of-the-art LIB employing layered transition metal oxide as 

cathode and lithiated graphitic carbon as the anode. The electrolyte component contains 

solvated Li+ ions. The porous separator between the two electrodes is not shown here for 

simplicity. The spontaneous electrochemical process describes the discharge mode of the cell 

(deintercalation of Li+ from the anode and simultaneous intercalation into the cathode). 

(Reproduced with permission from reference 13. Copyright © 2004 American Chemical 

Society). 

1.2.2 Components of Battery 

 Typically, a battery cell consists of cathode and anode active material, cathode and 

anode current collectors, separator, and electrolyte. The aforementioned components are 

presented schematically in Figure 1.3 by taking state-of-the-art LIB (in the discharge mode) 

as an example (LIBs are well-detailed in Section 1.3). The active materials (transitions metal 

oxides, conducting polymers, organic compounds, high surface area carbon) of a battery cell 

are responsible for storing/releasing the electrical charge through electrochemical reactions. 

The current collectors (Al, Cu, Ti foils, stainless steel, Grafoil sheet, carbon paper) collect the 

electric current generated at the electrodes and carry it to the external circuits, and vice versa. 

They are essentially non-active components and must be chemically stable in contact with the 

electrode material and electrolyte within a battery cell. In a classical way of battery electrode 

fabrication, the active materials are mixed with conducting additives (conducting carbon, 

carbon nanofibers, etc.) and binders (PVDF, Nafion, CMC) to improve the electronic 

conductivity and hold the electrode materials to the current collector, respectively. The 
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electrolytes are prepared by dissolving salts (LiCl, ZnSO4, LiCF3SO3), acids (H2SO4, HCl), or 

bases (KOH, NaOH) in the water, organic solvents (ethylene carbonate, dimethyl carbonate, 

propylene carbonate), or ionic liquids. The electrodes are separated by a physical barrier, 

known as a separator, to facilitate ion conduction and avoidance of short-circuiting. The 

separators are soaked with a sufficient amount of liquid electrolyte before use, and the 

combination can be generally represented by the term ‘electrolyte component’. However, using 

a separator is not always necessary if the electrolyte itself can block direct physical contact 

between the electrodes (e.g., solid-state/quasi-solid-state electrolytes can act as electrolyte cum 

separator). As shown in Figure 1.3, the cathode and anode are made of LiCoO2 and lithiated 

graphite coated over Al and Cu current collectors, respectively. The electrolyte of state-of-the-

art commercial LIBs is essentially an organic electrolyte, which is a solution of Li salt dissolved 

in aprotic organic solvents.13 

1.2.3  Discovery of Battery: Brief Historical Context 

 Historically, the first electrochemical battery (known as voltaic pile) was demonstrated 

in 1800 by Italian physicist Alessandro Volta. The Voltaic Pile was made of Zn and Cu plates 

as the electrodes, which were separated by a piece of cardboard soaked with an acidic 

electrolyte. Following the basic principle of the Voltaic pile, many primary batteries are 

invented to date, which have received significant commercial success in the battery market. 

Therefore, Voltaic Pile is considered as the forerunner of modern batteries. Some of the 

examples are dry cell or Leclanché cell (consisting of Zn anode, carbon cathode, and NH4Cl-

based jellified electrolyte), alkaline cell (Zn anode, MnO2 cathode, and KOH-based alkaline 

electrolyte), Li-MnO2 (Li anode, MnO2 cathode, and Li salt-containing nonaqueous 

electrolyte), Li-I2 cell, etc. With the increasing popularity of rechargeable batteries and new 

battery chemistries, the market share of primary batteries is declining in recent years. However, 

primary batteries still play an important role in specific applications (e.g., pacemaker, animal 

tracker, military combat, etc.), where rechargeability is impractical or impossible. The first 

rechargeable battery was invented in 1859 by French physicist Gaston Planté based on lead 

(Pb) and PbO2 as the negative and positive electrodes, respectively (known as the lead-acid 

battery), and the same technology is still prevalent in several automobiles and stationary 

applications. Several other groundbreaking rechargeable batteries (e.g., Ni-Cd, Ni-Zn, Ni-

metal hydride, lithium-ion batteries) are discovered in the following decades.14 Among them, 

LIBs have the highest market share at present as they offer higher energy density compared to 

the Ni-based systems. 



CHAPTER 1 

 

 

12 AcSIR, CSIR-NCL | Meena Ghosh 

 

 Figure 1.4. Schematic energy diagram of electrolyte stability: (a) in an ideal case where the 

potential of anode and cathode are within the ESW of electrolyte and (b) the potential of anode 

and cathode exceeds the ESW of electrolyte resulting in reduction and oxidation of electrolyte 

in the respective electrode. 

1.2.4  Performance Parameters of Rechargeable Battery 

 The amount of electric charge stored in a battery is defined in terms of capacity (C), 

and it is quantified in ampere-hour (Ah) or mAh units. The capacity is calculated by multiplying 

the discharge time (in hours) by the discharge current (A or mA). The capacity of a cell 

decreases with increasing discharge current. The specific capacity values per unit mass, area, 

and volume are represented in mAh g-1, mAh cm-2, and mAh cm-3. The other performance 

indicators of a battery are voltage, specific energy, specific power, and cycling stability. 

Voltage depends on the battery components, electrochemical reactions, and battery's internal 

resistance. The potential difference between the two electrodes when they are not electrically 

connected (no flow of charge) is called open-circuit voltage (OCV). The voltage of the cell 

changes as the electric charge flows through the outer circuit. Depending on the electrode 

material and electrolyte, each cell possesses maximum and minimum cut-off voltages. 

Operating beyond this limit may cause degradation of the electrode material and electrolytes, 

leading to permanent damage to a battery. The specific energy and specific power are obtained 

from the capacity, working voltage, and discharge time of the battery.  

1.2.5 Fundamental Factors Deciding the Working Voltage of Battery Cell 

 The theoretical capacity and redox potential are the two important properties to be taken 

into account while selecting electrode material for battery application. At the open circuit 

condition (no flow of electrons), the voltage of a battery cell is determined by the equilibrium 

chemical potentials of the anode (μA) and cathode (μC). When the cell is subjected to charging  
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Figure 1.5. Schematic representation of LMB comprising Li metal as the anode, layered TiS2 

as intercalation cathode, and organic liquid electrolyte component invented by Whittingham 

et al. (Reproduced from the press releases on the Nobel Prize in Chemistry 

2019: © The Royal Swedish Academy of Sciences, https://www.nobelprize.org/). 

or discharging conditions, the electrochemical reactions displace the equilibrium potentials of 

the anode and cathode, resulting in a change in the cell voltage. For thermodynamic stability 

of the cell, μc is required to be above the lowest unoccupied molecular orbital (LUMO) and μA 

below the highest occupied molecular orbital (HOMO) of the electrolyte (Figure 1.4).15 The 

difference between HOMO-LUMO levels defines the electrochemical stability window (ESW) 

of the electrolyte.16 The maximum working voltage attainable for a battery cell is limited by 

the HOMO and LUMO energy levels of its electrolyte. If μA exceeds the electrolyte LUMO 

level, the electrolyte is reduced (e.g., hydrogen evolution in the aqueous electrolyte) by the 

electrons transferred from the anode. In an opposite scenario, the electrolyte transfers the 

electron to the cathode and gets oxidized (e.g., oxygen evolution in the aqueous electrolyte) 

when μC goes below the HOMO level. Therefore, judicial selection of electrode materials and 

electrolytes are important for achieving maximum working voltage without compromising the 

stability of the components and cycle life of the battery cell. 

1.3 Transition from the Lithium Battery to Post-Lithium Battery 

1.3.1 Lithium Batteries (LBs) 

 The foundation of lithium battery (LB) research was laid by M. Stanley Whittingham 

in 1970, who discovered the reversible storage/release of Li+ ions in layered TiS2 cathode 

paired with a Li metal anode in an organic liquid electrolyte (Figure 1.5).17 Since Li metal was 

directly used as the anode, the Li||TiS2 battery can be called a lithium-metal battery (LMB). 

During the same period, a few other LMBs with different cathode chemistries (e.g., CuCl2, 
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SOCl2, SO2, etc.) were also developed. Owing to the high reactivity, Li metal in liquid 

electrolyte-based LMBs exhibits serious morphological instability during the 

charging/discharging cycles.18 As a consequence, these LMBs are turned out to be non-

rechargeable (primary battery) and unsafe. After a systematic search for alternate anode and 

cathode, the first rechargeable and potentially safe LB was discovered in 1980, which was 

made of a graphite-based anode, LiCoO2 cathode, and liquid organic electrolyte. This 

configuration is called a lithium-ion battery (LIB). LIB was commercialized by SONY in 

1990,19 and since then, the same remains as one of the most efficient power sources for a wide 

range of applications starting from portable electronics to electric vehicles. The recent and key 

developments made on both LIB and LMB technologies are briefly discussed here. 

Lithium-ion batteries (LIBs)  

 As already mentioned, the anode and cathode materials in LIBs allow reversible 

insertion/extraction of Li+ ions shuttling between the two electrodes (as depicted in Figure 

1.3). As the Li+ ions swing back and forth between the two insertion-type (intercalation) 

electrodes, the LIBs are also called 'swing batteries' or 'rocking chair batteries'.13 The 

electrochemical reactions happening at the anode (e.g., lithiated graphite (LiC6)) and cathode 

(e.g., LiCoO2) during the discharge of a LIB (LiC6||LiCoO2) can be presented as follows:20 

 Anode: LiC6 ⇌ Li+ + C6+e- (Li+ extraction) 

 Cathode: CoO2 + Li+ +e- ⇌ LiCoO2 (Li+ insertion) 

 Overall reaction: LiC6 + CoO2 ⇌ LiCoO2 +C6 

 LiCoO2 is extensively used in LIBs for digital cameras, mobile phones, and laptops. 

However, the material suffers from a short life span, low power capability, and low thermal 

stability. To improve the application range of LIBs, several layered transition metal oxides 

(e.g., LiNixCoyAlzO2 (NCA), LiMnxNiyCozO2 (NMC), where x, y, and z represent the 

stoichiometries of the respective elements), spinel oxides (e.g., LiMn2O4 (LMO)), and 

polyanion oxides (e.g., LiFePO4 (LFP)) are discovered over the years.21,22 These cathode 

materials with different structure-composition-property-performance relationships find 

application in one or another commercial LIBs. For example, NMC and NCA cathodes offer 

high energy density, making them suitable for electric vehicles, medical devices, and electric 

power trains. LFP cathode finds application in electric power tools. Similarly, apart from 

graphite, new anode materials with higher theoretical capacity have also been utilized for LIB 

fabrication. For example, the LiTiO2 (LTO) anode shows the advantages of fast 

charge/discharge rate and long cycle life. Alloying anode such as Si and Sn are also promising  
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Figure 1.6. Crystal structures and discharge profiles (in half-cell) of some of the representative 

cathode and anode materials of LBs: (a) layered LiCoO2, spinel LiMn2O4, olivine LiFePO4, 

and tavorite LiFeSO4F cathodes and (b) lithiated graphite, Li4Ti5O12, and lithiated silicon 

anodes. (Reproduced with permission from reference 22. Copyright © 2014 The Authors. 

Published by Elsevier Ltd.). 

as they offer high charge storage capacity.22 The crystal structure, electrochemical behaviour 

(voltage profile and discharge capacity) of some of the popular cathode and anode materials 

are summarized in Figure 1.6a and b. 

Lithium-metal batteries (LMBs) 

 Despite the tremendous popularity of LIBs during the past several decades, metallic Li 

always remains the ultimate choice as anode material in lithium batteries. Being a strong 

reducing metal, Li easily sheds off free electrons and Li+ ions. Li metal has a high theoretical 

capacity of 3842 mAh g-1, a value ten times higher than that of graphite (380 mAh g-1) anode 

used in state-of-the-art LIBs. Therefore, there is an opportunity to achieve a ten-fold increment 

in the energy density of commercial LIB if the graphite anode is replaced with a Li metal anode. 

However, the intricacies associated with LMBs arise because the conventional liquid 

electrolytes explored for LIBs are unstable in contact with highly reactive Li metal. In LMB, 

the plating and stripping of Li+ ions take place at the Li anode during the charge and discharge 

cycles. The electrochemical processes at Li anode in LMBs are unique compared to all other 

anode materials (viz. graphite, Si, etc.) mentioned for LIBs. The anode reactions in LMB are 
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Figure 1.7. Scheme explaining the failure mechanism of LMB caused by uncontrolled growth 

of Li dendrites. (Reproduced from the press releases on the Nobel Prize in Chemistry 2019: © 

The Royal Swedish Academy of Sciences, https://www.nobelprize.org/). 

are shown below: 

 Li → Li+ + e- (Stripping during charge) 

 Li+ + e- → Li (Plating during discharge) 

 The performance of LMBs is greatly affected by the morphology of the Li deposition 

layer (Figure 1.7) evolved during the electroplating and stripping process. Li deposition with 

uniform, smooth and dense morphology is one of the main criteria for realizing rechargeable 

LMBs.  However, the non-regulated Li plating in conventional liquid electrolytes creates Li 

dendrites or high surface area lithium (HSAL).23 The Li dendrites pierce through the separator 

and grow long enough to connect to the opposite electrode, short-circuiting the cell (Figure 

1.7). During short-circuit, the heat generated inside the batteries can ignite the organic liquid 

electrolyte, which results in fire and explosion of LMBs.24 Such catastrophic cell failure forbids 

the rechargeability of LMBs in liquid electrolytes. 

 The fundamental factor responsible for the uncontrolled Li dendrite growth in LMBs is 

the nature of the solid electrolyte interphase (SEI) layer. The SEI layer is formed due to the 

reductive decomposition of the liquid electrolyte (organic solvent and anions) in contact with 

the high electropositive Li anode. Once the SEI layer is created, it encases the anode from the 

surrounding liquid electrolyte, thereby preventing electrolyte degradation. A good SEI layer 

must be Li+ ion-conducting, electronically insulating, and mechanically stable. Unfortunately, 

the liquid carbonate electrolytes (common electrolytes for LIBs) could not form a stable SEI 

on the Li anode in LMBs. As a result of the unstable SEI layer, the liquid electrolyte comes in 

contact with the Li and decomposes with progressive cycles. This irreversible loss of the 

electrolyte and the inferior SEI layer favour the growth of Li dendrites and HSAL. The recent  
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Figure 1.8. Schematic depiction of (a) Li+ primary solvation sheath in diluted (salt-in-water) 

and WIS electrolyte, and (b) ESW of pure water, diluted electrolyte and WIS electrolyte. The 

expanded ESW of WIS electrolyte matches with the voltage requirement for LiMn2O4 cathode 

and Mo6S8 anode in aqueous LIB. (Reproduced with permission from reference 26. Copyright 

© 2015, American Association for the Advancement of Science). 

advancements and breakthroughs in the LMB research have shown that Li+- conducting solid-

state-electrolyte with high shear modulus than that of Li metal can suppress the HSAL or Li 

dendrite growth. The electrolytes offering a high preference toward Li+ ion conduction (also 

known as single ion-conducting electrolytes) can also prevent such undesired Li deposition. 

The substitution of liquid electrolytes with the solid-state and single ion-conducting 

electrolytes have eliminated the risks of LMBs and enabled rechargeability for more than 1000 

cycles.25 

Lithium batteries with aqueous electrolytes 

 As a safe alternative to the flammable organic electrolytes, the use of water-based 

electrolytes are also attempted in LIBs and a few LMBs. Aqueous electrolytes have distinct 
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merits such as high safety, high ionic conductivity, and low cost, making them appealing in 

many electrochemical applications. However, they are restricted by a narrow ESW of 1.23 V, 

which is far below the voltage required (> 3.0 V) for Li-battery electrodes. Nevertheless, the 

Li reacts vigorously with water and produces hydrogen and LiOH, which makes the fabrication 

of aqueous lithium batteries impossible. Interestingly, Suo et al. have shown that extremely 

concentrated aqueous electrolyte, typically with 20-21 m concentration, can overcome the 

drawbacks of aqueous electrolytes.26,27 This new class of aqueous electrolytes are referred to 

as water-in-salt (WIS) electrolyte. The physical and electrochemical properties of the WIS 

electrolyte are significantly different from the conventional electrolytes (with a salt 

concentration of 1-5 m). Because of the high salt/solvent ratio in WIS electrolytes, the 

dissolved salt outnumbers the water molecules. Therefore, most of the water molecules engage 

in the ion solvation shell, leaving no or a negligible number of free water molecules in the 

electrolyte. The ion solvation shell of WIS electrolyte and conventional aqueous electrolytes 

are schematically shown in Figure 1.8a. As a result, WIS electrolytes exhibit electrochemical 

behaviour similar to the organic electrolyte. The high salt concentration allows the WIS 

electrolyte to form a stable and protective SEI layer over the anode, which eventually increases 

the overpotential for the water-decomposition reactions at the electrode surface. The 

cumulative effects of higher overpotential and exclusion of free water molecules expand the 

ESW of WIS electrolyte up to ~3.0 V.28 The ESW of conventional aqueous electrolyte, organic 

electrolyte, and WIS electrolytes are compared in Figure 1.8b. However, due to the 

requirement of a high concentration of expensive fluorine-rich electrolyte salt in WIS 

electrolyte, the concepts of aqueous LIB and LMB have not received much interest beyond the 

lab-level, and the technology is still at the early stage. 

1.3.2  Post-Lithium Batteries (PLBs) 

  Unanimously, LIB technology has revolutionized our lifestyle. However, the 

advantage of using LIBs in large-scale applications is under debate due to the increasing 

consumption and rarity of raw material (Li, Co, Ni) resources along with environmental and 

economic concerns. Even in the case of LMBs, there are several challenges to overcome before 

projecting them to the commercial level. Therefore, it turns out to be essential and urgent to 

look for alternative battery technologies based on earth-abundant elements. In this context, the 

combination of low-cost, abundance, and environment-friendliness make the post-lithium 

batteries (PLBs) the leading contenders. Charge storage in PLBs employing multivalent charge 

carrier (Mg2+, Zn2+, and Al3+) engage in more than one electron transfer, which leads to higher  
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Figure 1.9. Schematic representation of the development of aqueous batteries employing Zn 

metal anode. (Reproduced with permission from reference 31. Copyright @ 2020 Royal Society 

of Chemistry). 

theoretical capacity. Therefore, multivalent PLBs excel in providing higher energy density 

compared to monovalent counterparts (Na+, K+).29 The use of aqueous electrolytes in PLBs can 

bring the additional advantages of improved safety and easy manufacturing. In the pursuit of 

high-performance battery chemistries, the standard reduction potentials of electrode materials 

and electrochemical stability of electrolytes are the most important aspects to consider. It is 

well-known that aqueous electrolytes provide a narrow voltage window of 1.23 V, which is the 

difference between the inherent oxidation potential (oxygen evolution reaction (OER)) and 

reduction potential (hydrogen evolution reaction (HER)) of water. The narrow ESW of water 

restrains the usage of many electronegative metals as the anode for high voltage aqueous 

rechargeable PLBs. For example, the redox potentials of Al (-1.66 V vs. SHE), Mg (-2.38 V 

vs. SHE), and Ca (-2.76 V vs. SHE) fall outside the stability limit of aqueous electrolyte. 

Consequently, aqueous batteries comprising Mg, Al, and Ca metal anode encounter HER as 

the predominant anodic reaction over the desired plating/stripping reactions of Mg/Al/Ca. 

Therefore, organic electrolytes are found to be the rational choice for PLMBs based on Mg, 

Al, and Ca anode. The use of aqueous electrolyte in these cases require additional treatment of 

the electrodes (e.g., creating protective SEI) to avoid contact between the metallic anode and 

aqueous electrolyte.30 On the contrary, metallic Zn anode with a standard reduction potential 

of -0.76 V vs. SHE can afford the reversible plating/stripping reaction in an aqueous electrolyte. 
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These virtues make Zn-metal the ideal anode for post-lithium aqueous batteries.8 The Zn-metal 

batteries with organic electrolytes are also reported to deliver a good cycle life; however, the 

organic electrolyte does not bring any significant advantage over the aqueous counterparts. 

1.4 Aqueous Zinc Batteries 

 Being a low-cost, eco-friendly, and less reactive metal, Zn always attracted 

electrochemists and battery researchers. The first electrochemical battery, the Voltaic pile, 

employed Zn metal as the anode coupled with Cu cathode and separator soaked with salt-water 

electrolyte. Following this invention, Zn anode was utilized in Zn||Carbon dry cell, Zn||MnO2 

alkaline cell, Zn||Ag2O cell, Zn||air, so on and so forth (Figure 1.9). However, except for the 

Zn||Carbon dry cell, the other examples utilize alkaline electrolyte (aqueous solution of NaOH 

or KOH), which is highly corrosive to the Zn metal. Although the cathode electrochemical 

reactions differ from one battery to another, the Zn anode undergoes similar electrochemical 

reactions in all these alkaline batteries. The electrochemical reactions in Zn||MnO2 and Zn||air 

cells are provided below: 

i. Zn||MnO2 alkaline cell 

 Anode: Zn + 4OH− → Zn(OH)4
2− + 2e− 

  Zn(OH)4
2− → ZnO  + 2OH- +H2O 

 Cathode: 2MnO2 + H2O +2e− → Mn2O3 + 2OH− 

ii. Zn||air cell 

   Anode: Zn + 4OH− → Zn(OH)4
2− + 2e−  

   Zn(OH)4
2− → ZnO  + 2OH− +H2O 

 Cathode: 1/2 O2 + H2O + 2e− → 2OH−  

 As shown above, in an alkaline electrolyte, Zn anode surrounded by OH- gets oxidized 

to zincate ions (Zn(OH)4
2-), which is soluble in the electrolyte. The dissolved Zn(OH)4

2- 

gradually diffuses to the bulk electrolyte leading to corrosion of the Zn anode. Nevertheless, 

as the concentration of Zn(OH)4
2- species at the electrode|electrolyte interface reaches the 

saturation limit, the Zn(OH)4
2- further reacts to form insoluble ZnO precipitation on the 

anode.31 Such precipitate passivates the anode surface and accelerates the dendritic growth 

damaging the scope of rechargeability in Zn-based alkaline batteries. Some of the recent 

research has demonstrated rechargeable Zn||Ni alkaline cell and Zn||air battery;32,33 however, 

several challenges are yet to be addressed to meet the benchmark performance and cycle life 

required for commercialization. Besides, the highly corrosive nature of alkaline electrolytes 

raises safety and environmental concerns. 
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Figure 1.10. Pourbaix diagram of Zn/H2O system including the hydrogen evolution reaction 

overpotential. (Reproduced with permission from reference 35, Copyright © 1990 Published 

by Elsevier Ltd.). 

 Interestingly, the electrochemical behaviour of Zn in an aqueous electrolyte can be 

regulated by varying the electrolyte pH and applied potential. This can be easily understood by 

looking at the Pourbaix diagram of the Zn/H2O system in Figure 1.10.34,35 As shown in the 

diagram, Zn can be oxidized (electro-oxidation) to four different stable forms, Zn2+, Zn(OH)2, 

HZnO2
-, and ZnO2

2-, depending on the pH of the water or electrolyte. At a higher electrolyte 

pH (pH > 6-7), the formation of Zn(OH)2, HZnO2
- and ZnO2

2- gradually becomes more 

pronounced due to the high concentration of OH- ions. On the contrary, oxidation of Zn to Zn2+ 

is predominant at pH = 4-6. This infers that Zn2+ ions can freely exist in an aqueous electrolyte 

with nearly neutral pH, and assist the reversible electrochemical Zn|Zn2+ conversion, similar to 

the plating/stripping of Li+ on Li metal anode in LMBs. Therefore, Zn|Zn2+ electrochemistry 

in neutral electrolytes accomplishes the rechargeability in Zn anode-based aqueous batteries. 

 The pH of aqueous electrolytes also influences the overpotential for HER. 

Theoretically, if the solution pH increases from pH = 4 to pH = 10, the HER potential shifts 

from -0.23 to -0.59 V vs. SHE, indicating high kinetic overpotential at high pH. As already 

mentioned, the reduction of Zn2+ to Zn occurs at a thermodynamic potential of -0.76 V vs. 

SHE. This means that the HER is thermodynamically more favourable than the reduction of 

Zn2+ to Zn (Zn plating) in an aqueous solution with pH = 4. However, Zn provides a unique 

advantage in deterring HER, resulting in a significant shift in the HER potential to the more 

negative potential than the theoretically predicted value (Figure 1.10).34 As a result, Zn plating 

could happen well before the hydrogen evolution in mild acidic electrolytes.  The high kinetic  
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 Figure 1.11. Schematic representations of (a) ARZMB and (b) ARZIB configurations 

employing Zn metal and Zn2+-host material as the anodes, respectively. ((a) Reproduced from 

reference 47 with permission from Springer Nature, Copyright © 2019. Distributed under a 

Creative Commons Attribution License 4.0 International (CC BY 4.0) 

(https://creativecommons.org/licenses/by/4.0/)). (b) Reproduced with permission from 

reference 63. Copyright© 2020 Wiley‐VCH GmbH). 

overpotential for HER is the fundamental reason behind the effective functioning of aqueous 

rechargeable zinc batteries (ARZBs). 

1.5 Configurations, Components, and Charge Storage Mechanisms of ARZBs 

 Similar to the LBs, the ARZBs can be assembled in two ways, zinc-metal battery 

(ARZMB) and zinc-ion battery (ARZIB) configurations (Figure 1.11). The ARZMB and 

ARZIB configurations are distinct by the electrode materials and electrochemical reactions on 

the anode side. ARZMBs employ Zn metal foil as the anode that experiences Zn 

plating/stripping during the charge/discharge process. On the contrary, the anode in ARZIB 

configuration consists of inorganic or organic materials that can reversibly host/release (or 

insert/extract) Zn2+ ions during the charge/discharge process. Meanwhile, the 

insertion/extraction of Zn2+ happens as the complimentary reaction at the cathode in both 

configurations. 

1.5.1 Charge Storage Mechanism and Classification 

 The charge storage mechanisms in ARZBs depend on the intrinsic properties of the 

electrode materials. Two broad categories of energy storage mechanisms are faradaic redox 

reaction and electrical double layer (EDL) formation. The faradaic redox reaction mechanism 

indicates that the electrochemical reactions or oxidation/reduction (redox) reactions take place  
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Figure 1.12. Schematic representation of (a) ARZMB and (b) ZMHS, where the negative 

electrodes are Zn metal in both cases and the positive electrodes are made of redox-active 

material and high surface area carbon, respectively; (c) cyclic voltammetry profile of a 

battery-type material; (d) GCD profiles representing the diffusion-controlled (black plot) and 

surface-controlled (red plot) mechanisms; (e) CV and (f) GCD plots corresponding to charge 

storage through EDL formation. ((a) and (b) Reproduced with permission from reference 

38.  Copyright © 2020 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (c)-

(f)Reproduced/Adapted with permission from reference 40. Copyright @ 2014 American 

Association for the Advancement of Science). 

at the electrode during the charge storage process (Figure 1.12a). The redox-active materials 

go through different oxidation states to accommodate the Zn2+ ions within the electrode. The 

cycling voltammetry (CV) profiles of such materials exhibit sharp or broad oxidation and 

reduction peaks, signifying the change in their valance states. The redox-assisted charge 

storage is advantageous for achieving high capacity and energy density. Transition metal 

oxides (MnO2, V2O5), transition metal chalcogenides (VS2), conducting polymers 

(polyaniline), etc., are examples of redox-active materials used in ARZB electrodes.36,37 Zn2+ 

ions can also be stored physically through the electrochemical double layer (EDL) formation 

at the interface between the electrode and electrolyte (Figure 1.12b). The CV profile for the 
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charge storage through EDL formation features a nearly rectangular behaviour without 

prominent redox peaks. The EDL formation process is highly reversible and provides ultralong 

cycling stability to the device. Generally, carbon materials with high surface area follow this 

mechanism. To distinguish this electrophysical charge storage mechanism, the corresponding 

electrochemical cells can be called zinc-metal hybrid supercapacitor (ZMHS, where the anode 

is Zn metal) or zinc-ion hybrid supercapacitor (ZIHS, where the anode is Zn2+ host 

material).38,39 As the charge storage in such carbon-based materials occurs purely through the 

electrostatic attraction between the charged electrode surface and electrolyte ions, the ZMHSs 

exhibit limited charge storage capacity and specific energy. Throughout the working chapters 

of this thesis, the Zn2+ ion storage by means of the faradaic redox reaction mechanism is 

emphasized, and the fundamentals are discussed in detail further. 

 According to the physical and chemical properties of the electrode material, the 

Faradaic redox reactions in ARZBs could be diffusion-controlled and surface-controlled. 

Generally, for bulk material (material with large particle size and low surface area), the Zn2+ 

ions are forced to diffuse into the bulk electrode material for accessing the redox-active centres. 

The kinetics of the redox reactions and the charge storage capacity depends on how facile the 

Zn2+ ions can diffuse into the bulk electrode; hence the process is called the diffusion-controlled 

process. The electrode materials following this mechanism are categorized as battery-type 

materials. The galvanostatic charge-discharge (GCD) profile with the well-defined discharge 

plateau is the characteristic of the diffusion-controlled mechanism (Figure 1.12d).40 On the 

contrary, the redox-active centres of the electrode can be exposed at the surface or near-surface 

region by nanosizing the battery-type materials. As a result, the electrolyte ions can easily 

access the active centres, resulting in faster kinetics of the redox reactions. This charge storage 

mechanism is called the surface-controlled redox process. The voltage vs. time profile 

corresponding to the surface-controlled process does not show a distinct discharge plateau. Due 

to the fast kinetics, the surface-controlled process contributes to high rate performance and high 

power capability, whereas diffusion-controlled reactions are associated with high energy 

density.40 It can be noted that the electrode materials in ARZBs often display electrochemical 

signature that implies both diffusion-controlled and surface-controlled kinetics, thereby 

offering high energy density along with high power density.41 

 1.5.2 Cathode Materials for ARZBs 

 In the last few years, a large variety of inorganic and organic cathode materials offering 

high capacity and long cycling stability are reported for ARZBs. Based on the crystal structure 
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 Figure 1.13. The crystal structure of some of the intercalation cathode materials used in RZBs: 

(a) tunnelled -MnO2, (b) layered -MnO2, (c) layered vanadium oxide, (d) layered VOPO4, 

and (e) Prussian-blue analogue. ((a) and (b) Reproduced with permission from reference 45. 

Copyright © 2020, IOP. (c) Reproduced with permission from reference 49. Copyright © 2018 

Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Reproduced with permission from 

reference 44. Copyright © 2019, American Chemical Society. (e) Reproduced with permission 

from reference 46. Copyright © 2016 Elsevier). 

and nature of active sites, the host cathode can accommodate Zn2+ ions through intercalation, 

coordination, and conversion process. If not specified, a general terminology 

insertion/extraction can represent any of these three categories. 

Intercalation cathode 

 Intercalation/deintercalation means the inclusion/exclusion of ions or molecules into 

the layered material. The Zn2+ ions intercalation is reported with tunnel structured -MnO2, -  

MnO2, layered V2O5, layered MoS2, copper hexacyanoferrate, metal-organic framework, etc.42-

47 The crystal structure of some of the intercalation cathode materials in AZMBs is given in 

Figure 1.13. The open structure of these materials constructed from layers/channels/tunnels 

assists the to and fro movement of Zn2+ ions into the crystal lattice. The difficulties in designing 

intercalation cathodes for ARZBs stem from the high charge density of Zn2+ ions. Divalent 

Zn2+ ions firmly coordinate with six surrounding water molecules and form large size (~5.5 Å) 

clathrates in an aqueous solution.42 As a consequence, a cathode material with smaller 

interlayer spacing cannot intake the hydrated Zn2+ ions. In this case, the charge storage is 

accompanied by desolvation of Zn2+ from its solvation shell and breaking of Zn-H2O bonds. 

This desolvation process causes a hefty energy penalty and hinders the diffusion of Zn2+ across 
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the electrode interface.48 None the less, the Coulombic interaction between the divalent Zn2+ 

and the host crystal matrix makes the solid-state diffusion process even more challenging. 

These intricacies could lead to low specific capacity and rapid capacity fading during the long 

term cycling. Therefore, the host structures with large interlayer spacing are attractive for 

designing intercalation cathode for ARZBs. Encouragingly, tuning the interlayer spacing by 

incorporating water molecules and/or other cations between two layers of the crystal lattice is 

found to be an effective strategy to increase the Zn2+ diffusivity and ease the intercalation into 

the layered hosts.41,49  In Chapter 4 of this thesis, enlarging the interlayer spacing of hydrated 

vanadium oxide cathode by manganese ion doping and its positive implications on the 

electrochemical performance of ARZMB are discussed. 

Coordination cathode 

 Challenges associated with the intercalation materials also bring an opportunity to 

develop 'beyond-intercalation' cathodes, among which coordination cathodes are important. 

The electronegative oxygen and nitrogen-rich small organic molecules (viz. perylene-3,4,9,10-

tetracarboxylic diimide, p-Chloranil, pyrene-4,5,9,10-tetraone, etc.) or polymers (viz. poly(o-

phenylenediamine) belong to this class.50,51 Upon discharge, the oxygen and nitrogen centres 

present in the organic cathodes coordinate to the Zn2+ ions and release them in the reverse 

cycle.52 This redox-assisted coordination/uncoordination mechanism for charge storage 

reduces the risk of volume changes and pulverization within the electrode microstructure.53 

Conversion cathode 

 Conversion type materials are another class of 'beyond-intercalation’-type cathode 

materials. So far, only a few materials are reported as conversion cathodes in ARZBs. For 

example, Co(III) rich Co3O4 cathode in a ZnSO4-based aqueous (2M ZnSO4+0.2M CoSO4) 

electrolyte undergoes a conversion reaction between  CoO and Co3O4 phase.54 Similarly, the 

-MnO2 cathode in the ZnSO4 electrolyte forms the MnOOH phase through conversion 

reaction.55 It is interesting to note that the conversion of Co3O4 and MnO2 cathodes in aqueous 

electrolytes entail H+ as the charge carrier instead of Zn2+. Moreover, the conversion reactions 

are reversible, and the ARZBs employing conversion cathodes exhibit good capacity and 

prolonged lifespan. 

Zn2+ and H+ coinsertion cathode 

 Aqueous solutions of Zn2+ salt show pH within the range of 3 to 5, indicating the 

slightly acidic nature. Therefore, the presence of H+ in the aqueous solution of Zn salts is 
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Figure 1.14. Schematic representation of the stepwise dendrite nucleation and growth on the 

Zn anode in ARZMB. 

inevitable. As the free H+ is small in size (H+ < Zn2+), they can quickly diffuse to the charge 

storage sites in the electrode materials and contribute to the electrochemical processes in 

ARZBs. The H+ insertion has been proved with MnO2, diquinoxalino[2,3-a:2',3'-c]phenazine, 

polyaniline, and few other cathodes.55,56 Depending on the cathode materials, the H+ uptake 

may or may not be associated with the subsequent Zn2+ uptake. The involvement of both H+ 

and Zn2+ in the charge storage process is discussed in Chapter 5. 

 One important consequence of the H+ insertion mechanism is the formation of layered 

double hydroxide (LDH)-type materials at the cathode during the discharge.57 The insertion of 

H+ increase OH- concentration near the cathode|electrolyte interface resulting in a change in 

the local pH. The reactions between the excess OH- ions and the dissolved Zn salts form LDHs.  

The composition and properties of the so formed LDHs mainly depend on the Zn salt used in 

the electrolyte. For instance, ZnSO4 salt produces water-insoluble Zn4SO4(OH)6.nH2O (zinc 

hydroxy sulfate, ZHS) LDH, whereas the Zn(TFSI)2[Zn(OH)2]3.xH2O (zinc hydroxy 

trifluorosulfonylimide, ZHT) LDH formed with Zn(TFSI)2 salt is water-soluble. The higher 

solubility of ZHT is proved to be advantageous in achieving low ohmic and charge transfer 

resistance in Zn(TFSI)2 electrolyte compared to that in ZnSO4 electrolyte.58 Kundu et al. and 

few other groups reported the LDH precipitation is a reversible process, and the precipitate 

almost disappears upon charging.57 The precipitation/dissolution of LDH helps maintain the 

pH in the mild acidic range, thereby assisting the H+ insertion throughout the discharge process. 
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Apart from the inorganic materials, organic small molecules and polymers can also 

accommodate/release H+ through the coordination mechanism. However, reports on the LDH 

precipitation mechanism in the context of the organic cathodes is rare. Moreover, how the 

LDHs created with different Zn-salts affects the performance and rechargeability of ARZB 

cathodes is still not completely understood, and further research is required in this direction. 

1.5.3 Anode Material for ARZBs 

Zn metal anode in ARZMB 

 Commercial Zn foil is directly used as the anode in ARZMBs. The electrochemical 

reactions associated with Zn metal anode are plating and stripping of Zn, as shown below; 

 Zn → Zn2+ + 2e- (Stripping during charge) 

 Zn2+ + 2e- → Zn (Plating during discharge) 

Zn plating process in ARZMB forms disordered Zn deposits leading to the growth of high 

surface area Zn (HSAZ) and Zn dendrites (similar to Li plating in LMBs).59 The steps involved 

in the nucleation and growth of Zn dendrite in ARZMB are schematically described in Figure 

1.14. During the first charging cycle, Zn plating creates small protuberance on the anode 

surface. In the following plating cycles, these protrusions exhibit a strong electrical field 

compared to the other regions of the Zn anode. With the non-uniform distribution of the 

electrical field, Zn deposition preferably occurs around the tips instead of on the smooth regions 

of the anode. The prolonged electrochemical cycling of ARZMBs amplifies this process 

leading to Zn dendrites.60 The HSAZ or dendrite growth is driven by nucleation overpotential, 

the concentration of Zn2+, electrolyte pH, ionic conductivity of the electrolyte, etc.61 Zn 

dendrites in nearly neutral aqueous electrolytes generally exhibit hexagonal plate-like 

morphology with a sharp edge. However, the morphology may vary depending on the 

electrolyte, pH, temperature, and electrochemical conditions. As a general representation, the 

inhomogeneous depositions are referred to as Zn 'dendrite'. Regardless of the morphological 

variation, such disordered deposition is always undesired and detrimental to the overall 

electrochemical performance. Nevertheless, Zn protrusions can pierce the separator and bridge 

the gap between anode and cathode, leading to failure of the cell.  

 Facile transport of electrons and Zn2+ ion at the anode|electrolyte interface are the two 

necessary conditions for dendrite-free plating/stripping of Zn. Being metal, the Zn anode easily 

dissipates the electrons, which helps to control the deposition morphology and delay the 

dendrite growth. On the other hand, the Zn2+ ions go through a series of processes before 

meeting the electrons available at the Zn anode surface. At first, the hydrated Zn2+ ions diffuse 
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through the electrolyte toward the electron-rich anode. Zn2+ ions close to the electrode surface 

undergo stripping of the hydration sheath and participate in the subsequent electrochemical 

deposition process. However, the divalent Zn2+ ions strongly interact with the water molecules, 

which makes the diffusion and desolvation of hydrated ions challenging. Thus controlling the 

transport of Zn2+ ions and homogeneous Zn2+ flux is crucial for dendrite-free Zn deposition.62 

Insertion anode in ARZIB   

 The anode in ARZIB reversibly host/release Zn2+ ions during the charging/discharging 

process, which is similar to the charge storage process in LIBs.63 High specific capacity, low 

redox potential (vs. Zn|Zn2+), long cycling stability, and high Coulombic efficiency are 

prerequisites for efficient anode materials. As discussed for cathodes, the anode materials can 

accommodate Zn2+ ions through the intercalation or coordination process. For instance, 

ZnMo6S8, Mo6S8, and Na0.14TiS2 are intercalation-type anodes as their layered crystal structure 

could allow the reversible intercalation/deintercalation of Zn2+ ions.64,65 Organic anode 

material based on PTCDI is also reported in ARZIB.66 However, the reports on anode materials 

are still minimal compared to the rapidly growing interest in the cathode materials of ARZMBs. 

Chapter 5 of this thesis deals with the development of organic anode material for ARZIBs. 

1.5.4 Electrolyte Formulation 

Electrolyte salt 

 The electrochemical stability and ionic conductivity of the electrolyte have a 

remarkable impact on the performance of ARZBs. The most common electrolytes are ZnSO4 

and Zn(CF3SO3)2. Among the other Zn salts ZnCl2, ZnClO4, etc., are also being used for the 

electrolyte preparation. The solvation sheath structure of Zn2+ ions in aqueous electrolytes is a 

crucial feature that decides the Zn anode performance in ARZMBs. In a low-concentration 

electrolyte, water molecules in the solvation sheath are firmly coordinated with the Zn2+ ion. 

The hydrated Zn2+ in these diluted electrolytes are forced to overcome a high energy barrier to 

shed off the water molecules (desolvation) during the plating process. This incurs irregular Zn 

deposition over the anode. Increasing the electrolyte concentration is a practical approach to 

regulate the solvation sheath structure of Zn2+ ions. The solvation shell of Zn2+ in the 

concentrated electrolyte contains fewer water molecules than that in the diluted electrolyte. As 

a result, the desolvation of Zn2+ encounters a low energy penalty in the concentrated electrolyte, 

which is favourable for smooth and uniform deposition of Zn. Besides, a significantly high salt 

concentration can shift the oxidation potential of water to higher overpotential, widening the 
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electrochemical stability of the electrolyte (as depicted in Figure 1.8). For example, the 

aqueous solution of ZnCl2 with 30 m concentration exhibits an ESW of 2.3 V, which is much 

higher than the ESW of ZnCl2 electrolyte with 5 m concentration (1.6 V).67 Zn salts with large 

counter anions such as Zn(TFSI)2 and Zn(CF3SO3)2 also favour dendrite-free Zn deposition.  

Electrolyte additive  

 The performance of ARZBs can be improved with the aid of organic and inorganic 

electrolyte additives, which can help in stabilizing both anode and cathode during 

electrochemical cycling. Organic additives such as SDBS, SDS, PEG, and triethyl phosphate 

in the aqueous electrolytes are capable of directing the crystallographic orientation of Zn 

deposits and control the growth of Zn protrusions.34 Addition of Na-salts in the electrolyte help 

to regulate the local current distribution at the Zn anode surface.68 Na+ ions with substantially 

low reduction potential than Zn2+ can form a positively charged shield around the tips of Zn 

deposits. This electrostatic shield mechanism compels the Zn2+ ions to get reduced at the 

adjacent regions of the anode instead of the tip.69 In effect, such mixed electrolytes can avoid 

the localized growth of Zn deposits compared to additive-free Zn-electrolyte. Use of dual salt 

electrolyte with very high salt concentration (e.g., 21 m LiTFSI/1M Zn(CF3SO3)2), eutectic 

electrolyte (e.g., acetamide/Zn(TFSI)2), and ionic liquid additives are also effective for 

controlling the uneven Zn plating.34 

 Similarly, different salts are being used as electrolyte additives in the ARZBs to deal 

with undesired cathode dissolution. A small amount of MnSO4 or Mn(CF3SO3)2 salt in ZnSO4 

or Zn(CF3SO3)2 electrolyte can reduce the dissolution of Mn2+ ions from the manganese oxide 

cathodes in ARZBs.70 An optimum concentration of Na2SO4 additive in the ZnSO4 electrolyte 

prevents the loss of Na+ from the crystal structure of NaV3O8·1.5H2O cathode and stabilizes 

the Zn anode in ARZMB.68 Apart from salt, phosphoric acid (H3PO4) is also being used as an 

additive to stabilize the VOPO4.xH2O cathode. The presence of PO4
3- ions in the electrolyte 

shifts the decomposition equilibrium of the VOPO4 and prolongs the battery life.71 

Gel electrolyte 

 The transition from liquid electrolytes to gel polymer electrolytes (GPEs) is approached 

in the ARZBs in recent years. The use of GPEs simplifies the cell packaging process and 

provides flexibility to the battery. GPEs for ARZBs are prepared by dissolving a polymer (e.g., 

PVA, polyacrylamide, cellulose, etc.) into the aqueous solutions of Zn-salts. During the 

preparation of GPEs, a large amount of liquid electrolyte can be trapped inside the polymer 

matrix without compromising the ionic conductivity. GPEs with good mechanical stability 
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protect the Zn anode from the dendrite nucleation. The low liquid content in GPEs can also be 

beneficial to mitigate the dissolution of electrode material in ARZBs. 

1.5.5  Separator  

 Unlike the electrode materials and electrolytes, the separators do not directly participate 

in the electrochemical reactions; however, the microstructure and intrinsic properties of 

separators have strong implications on the battery performance. Separators must have the 

characteristics of good mechanical stability, low thickness, high affinity (wettability) to the 

electrolyte, and facile permeability to the electrolyte ions. 

Porous separator 

 Most of the separators used in ARZBs are made of polyolefin polymers (e.g., 

polypropylene), glass fiber paper, and cellulose membrane.72 All these separators have porous  

microstructure with various pore size. The pore spaces hold the liquid electrolyte, and these 

regions are responsible for the easy transport of electrolyte ions. Therefore, the ion conduction 

in a battery cell also relies on the interaction between the separator surface and electrolyte. For 

aqueous electrolyte, a porous separator with good wettability in water ensures the complete 

filling of the pores with the electrolyte, which is crucial for achieving homogeneous ion 

transport. If the separator is hydrophobic, the partial filling of the pores blocks the ion transport 

pathways. This increases the electrolyte resistance within the cell and imposes a high 

overpotential to the electrochemical reactions. 

 The commercial porous separators do not contain any functional groups and are 

chemically neutral. This means both cation and anions can freely pass through the pores filled 

with electrolytes. Therefore, the transport of ions through the porous separators is much like 

the ion transport in a liquid electrolyte. The transference number of cation (𝑡+) varies within 

the range of 0.2-0.3 in the liquid electrolyte. This signifies that the fraction of current carried 

by the cations is less compared to the current carried by the anions. The porous separator soaked 

with liquid electrolyte also shows similar 𝑡+value. A low 𝑡+value of the electrolyte component 

hampers the distribution of Zn2+ flux over the Zn anode and creates a gradient in Zn2+ 

concentration at the anode|electrolyte interface. The concentration gradient leads to the 

nucleation of Zn dendrite in porous separator-based ARZMBs (Figure 1.15a). Therefore, the 

electrolyte component offering 𝑡+ value close to ~1 is ideal for ARZMBs and any other 

rechargeable metal-ion batteries (e.g., ARZIBs, LBs, magnesium batteries, etc.). 
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Figure 1.15. Schematic illustration of the influence of separators in ARZMB: (a) porous 

separator allows the transport of both cations and anions and favours the dendrite growth on 

the Zn metal anode; (b) cation-selective ionomer separator allows only the cation transport 

and favours the smooth, dense and uniform deposition of Zn. 

Cation-selective separator 

 Interestingly, the separators can be equipped with suitable functional groups to 

accomplish the selectivity toward cation conduction. One way to design a cation-selective 

separator is to modify the existing microporous separators by creating thin layers of negatively 

charged materials (e.g., graphene oxide) over them. This negatively charged layer allows the 

cations to pass through and repeals the anions.73 As an alternate way, negatively charged 

polymer membrane (viz., Nafion) can be utilized as the separator for improving the 𝑡+ of the 

electrolyte component. These polymers possess anionic functional groups tethered to the 

polymer backbone. The negatively charged units build cation transport channels throughout 

the separator, which imparts a high transference number for cation conduction. Therefore, the 

modified porous separators and ionomer separators with polyanionic attributes can serve dual 

roles in ARZMBs. One is to keep the physical barrier between the electrodes, which is the 

general function of a separator. At the same time, the cation-selective separator suppresses the 

nonuniform deposition of Zn over the Zn anode and eliminates the risk of HSAZ and Zn 

dendrite growth. For better understanding, the effect of the porous separator and charged 

polymer separator on the morphology of Zn deposits in ARZMBs is schematically in Figure 

1.15a and b, respectively. The advantage of cation-selective separator over the porous neutral 

separators in aqueous ARZMBs is discussed in Chapter 2 and Chapter 3. 
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1.6  Conclusions, Scope, and Objectives of the Thesis 

 In summary, this introductory chapter of the current thesis provides a brief overview of 

the current energy scenario and the importance of batteries as electrochemical energy storage 

devices (EEDs). This chapter explains the fundamentals of batteries and their components, 

which play a vital role in the charge storage process. The benefits and concerns associated with 

the state-of-the-art LIBs and the necessary transition from LIBs to LMBs and post-lithium 

batteries (PLBs) are thoroughly discussed. In the context of PLBs, the importance of post-

lithium-ion batteries (PLIBs) and post-lithium-metal batteries (PLMBs) are discussed with an 

emphasis on the advantages of aqueous electrolytes. It is envisaged that rechargeable Zn 

batteries employing neutral aqueous electrolyte could be one of the promising PLB 

technologies. The aqueous rechargeable zinc batteries (ARZBs) are intrinsically safe, cost-

effective, and environmental-friendly in nature. Despite these advantages, the Zn metal anode 

in ARZMBs persistently suffers from low reversibility and poor Coulombic efficiency in the 

aqueous electrolyte due to the growth of HSAZ and Zn dendrite, restraining the advancement 

ARZMBs beyond the lab-level. Unfortunately, if the existing literature reports are considered, 

most of them are focused on exploring the cathode materials and little attention has been paid 

to address the issues related to the Zn anode. Tuning the electrolyte component (combination 

of electrolyte and separator) can improve the electrochemical performance of the Zn anode by 

suppressing the HSAZ and Zn dendrite growth. Besides, the inherent limitations associated 

with the Zn anode can be overcome by switching from Zn to insertion-type anode material to 

device aqueous rechargeable zinc-ion batteries (ARZIBs). Therefore, this thesis emphasizes 

the development of both the electrolyte component and electrode materials for improving the 

overall performance of ARZBs. 

 In most of the ARZMB literature, porous separators are extensively used in 

combination with Zn2+-conducting liquid electrolytes. However, Zn anode coupled with porous 

separator exhibits the dendrite growth, which causes severe capacity fading and cell failure by 

leading to short-circuit. The use of a cation-selective separator integrated with Zn2+-conducting 

electrolyte can improve the performance of ARZMBs. 

 In the second chapter (Chapter 2) of this thesis, the prospect of Nafion ionomer 

membrane as an effective alternative to the conventional porous separator in ARZMB 

is demonstrated by taking the example of the Zn||V2O5 cell. The Zn2+-integrated Nafion 

separator improves the cycling stability of ARZMB by suppressing the dendrite growth 

on the Zn metal anode. The ionomer character and cation-selective nature of Nafion 

help maintain a uniform flux of Zn2+ ions near the anode|electrolyte interface, ensuring 
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low overpotential for reversible plating/stripping of Zn. The superiority of the Nafion 

separator over the porous separator is proven through physical and electrochemical 

characterizations of the Zn||V2O5 cells. 

 MnO2 is recognized as high voltage cathode material for ARZMB. The dissolution of 

MnO2 in the aqueous electrolyte causes active material loss from the cathode side during 

electrochemical cycling, thereby hampering the long-term cycling stability of the Zn||MnO2 

cells. The use of Mn2+ salt additive in the aqueous electrolyte is proved to be a viable solution 

to mitigate the performance drop in many reports. However, the optimization of Mn2+ 

concentration adds additional steps to the cell fabrication and the additive can lead to the 

overestimation of cell capacity. 

 In the third chapter (Chapter 3), the benefits of the Nafion separator is further exploited 

in Zn||MnO2 cells. The electrochemical analyses reveal that the use of the Nafion 

separator can improve the cycling stability of the Zn||MnO2 cell without requiring the 

Mn2+ additive. The influence of the type of electrolyte salt and concentration of the 

liquid electrolyte on the performance is also investigated. Moreover, the Nafion-based 

Zn||MnO2 cells with single-component electrolyte outperform the cells prepared with 

porous separators. The ionomer character of the Nafion membrane is found to be 

effective in controlling the morphology of the Zn anode, which further validates the 

cation-selective separator will be a better choice over the porous separator of ARZMBs, 

as already evidenced in Chapter 2. 

 The development of efficient cathode material to facilitate the reversible 

insertion/extraction of Zn2+ ions is also important for improving the overall performance of 

ARZMBs. Being a divalent cation with high charge density, insertion/extraction of 

hydrated Zn2+ ions is challenging and destabilize the crystal structure of the cathode. 

Layered hydrated vanadium oxide with large interlayer spacing and multiple oxidation 

states have attracted prominent interest as the cathode material in ARZMBs. 

 The fourth chapter (Chapter 4) of this thesis deals with the facile synthesis of 

manganese-doped hydrated vanadium oxide as the cathode material in ARZMB. 

The porous morphology of the material designed by using anionic surfactant during 

the preparation, enhances the diffusion of electrolyte ions and electrons, resulting 

in high charge storage capacity of the ARZMB cell. The doping of Mn-ion helps 

expand the interlayer spacing of the material compared to the undoped counterpart. 

The advantage of manganese-doped is evidenced in the improved capacity retention 
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during the long-term cycling stability of the ARZMB cell. The performance of 

manganese-doped hydrated vanadium oxide is also demonstrated in a quasi-solid-

state ARZMB pouch cell. 

Along with the zinc-metal battery, the development of zinc-ion battery configuration 

utilizing insertion-type anode material is also important. However, reports on anode 

material for ARZIBs is rare. Therefore, exploring anode material with high capacity, 

suitable redox potential, and good cycling stability is interesting and essential for advancing 

the ARZIBs. 

 The fifth chapter (Chapter 5) of this thesis introduces the applicability of organic 

anhydride molecule as the anode material in ARZIB. The electrochemical analysis 

of the anhydride molecule shows reversible redox behaviour at a low potential 

region (vs. Zn|Zn2+). The electrochemical studies also reveal the involvement of 

Zn2+ and H+ in the charge storage process. The ARZIB cell fabricated with the 

anhydride anode and MnO2 cathode participates in the reversible charge/discharge 

cycles. As both Zn2+ and H+ are found to be active charge carriers, the full-cell is 

coined as zinc-proton hybrid ion battery. 

In brief, this thesis highlights the importance of post-lithium aqueous batteries with a special 

emphasis on rechargeable zinc batteries. The key results presented in this thesis show that the 

research on electrode material and electrolyte component should go hand-in-hand to achieve a 

significant leap in the performance of ARZBs. Ultimately, the connection between emerging 

electrochemistry and advanced materials is the key to develop efficient and reliable batteries. 
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The quest for alternative energy storage systems to complement the lithium-ion batteries (LIBs) 

is of utmost importance. Aqueous electrolyte-based post-lithium batteries aiming at improved 

safety, low cost, and environmental benignity have received significant attention in recent years 

as one of the promising alternatives to LIBs. Among the numerous candidates, aqueous 

rechargeable zinc batteries (ARZBs) comprising a near-neutral aqueous electrolyte offer the 

advantages such as high capacity, long-term cycling stability, and adequate energy density. The 

present thesis deals with optimizing electrolyte components (combination of electrolyte and 

separator) and developing electrode materials to advance the ARZB technology. The 

dissertation begins with (Chapter 1) a brief overview of the importance of ARZBs in the 

context of the current energy scenario. Chapter 1 further introduces the components and 

working principles of two different ARZB configurations, namely aqueous rechargeable zinc-

metal batteries (ARZMBs) and aqueous rechargeable zinc-ion batteries (ARZIBs). The 

challenges associated with ARZMBs include the growth of irregular dendrite-like Zn deposits 

over the Zn metal anode, sluggish diffusion kinetics of hydrated Zn2+ ions in the electrolyte, 

and lack of efficient cathode materials, which are explained in Chapter 1. The introductory 

chapter also discusses the limitations and opportunities toward developing insertion-type anode 

materials for ARZIBs. The following chapter (Chapter 2) introduces a novel concept of using 

a cation-selective Nafion membrane integrated with Zn2+-conducting aqueous electrolyte as 

the dendrite-suppressing separator in ARZMB, taking Zn||V2O5 cell as an example. Herein, the 

negatively charged Nafion separator outperforms the classical porous separator counterparts. 

The advantage of Nafion is exploited further in Chapter 3 in another ARZMB cell comprising 

MnO2 cathode. The Zn||MnO2 cell benefitted from the dendrite-suppressing Nafion ionomer 

endows outstanding cycling stability without the requirement of any foreign electrolyte 

additives such as manganese salts. Besides, the same chapter sheds light on the influence of 

different Zn salts and their concentration on the electrochemical processes occurring at the 

electrode|electrolyte interface. Chapter 4 is dedicated to developing a facile and scalable 

synthesis route for hydrated vanadium oxides (HVO) as the cathode materials in ARZMB. 

Chapter 4 also discusses the positive implications of the preinsertion of Mn ions in the HVO 

lattice, which in turn improves cycling stability. Utilizing the know-how generated in these 

chapters, Chapter 5 explores the possibility of replacing the Zn metal with a Zn2+ insertion 

anode based on an organic anhydride molecule to realize the ARZIB configuration. Herein, the 

role of H+ and Zn2+ in the charge-storage mechanism is discussed by introducing a new concept 

of zinc-proton hybrid ion battery. Chapter 6 summarizes the key findings presented in each 

working chapter of this thesis and provides future directives for further improving the 

performance of ARZBs.
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Chapter 2 

Dendrite Growth Suppression by Zn2+-Integrated Nafion 

Ionomer Membrane: Beyond Porous Separators toward 

Aqueous Zn||V2O5 Battery with Extended Cycle Life 

The dendritic/irregular growth of Zn deposits in the anode surface is often considered as a 

major intricacy limiting the lifespan of the aqueous zinc-metal batteries. The effect of 

separators on the evolution of the surface morphology of the metallic Zn anode has been rarely 

studied. In this chapter, we demonstrate the 

efficacy of the Zn2+-integrated Nafion ionomer 

membrane as the separator to effectively suppress 

the growth of irregular Zn deposits in the metallic 

anode of an aqueous Zn||V2O5 battery. The Zn2+ 

ions coordinated with the SO3
- moieties in Nafion 

result in a high transference number for the Zn2+ 

ion conduction all the while facilitating high ionic 

conductivity. The Zn2+-integrated Nafion 

membrane enables the Zn||V2O5 cell to deliver a high specific discharge capacity of ~510 mAh 

g-1 at a current of 0.25 A g-1, which is close to the theoretical capacity of the anhydrous V2O5 

(589 mAh g-1). Moreover, the same cell exhibits excellent cycling stability with 88% retention 

of the initial capacity even after 1800 charge-discharge cycles, superior to that of the Zn||V2O5 

cells comprising conventional porous separators. 
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2.1 Introduction 

 The widespread utilization of renewable energy sources and their intermittent nature 

demands the concomitant development of cost-effective and high performing energy storage 

devices.1,2 The lithium-ion batteries (LIBs) are the benchmark energy storage aid owing to their 

wide range of applications extending from micro-electronics to electric vehicles. However, 

their high cost and the use of flammable organic electrolytes raise several concerns on the 

safety and environmental benignity.3,4 These drawbacks propel the research toward the 

development of low-cost rechargeable aqueous batteries.5-7 Although aqueous electrolyte 

prototypes are available for LIBs,8 the use of highly concentrated expensive electrolytes make 

the aqueous LIBs unsuited for commercial applications. The reactive Li metals cannot generate 

a stable interface with an aqueous electrolyte, damaging the prospects of realizing futuristic 

metal battery designs.9-11 Therefore, aqueous battery chemistries beyond Li-ion are evolving 

as an important area in the energy storage research.12,13 

 Recently, Xu et al. reported an aqueous rechargeable zinc-metal battery (ARZMB) 

prototype using metallic Zn, MnO2, and aqueous ZnSO4 as the anode, cathode, and electrolyte, 

respectively. 14 Compared to the previously known Zn||MnO2 non-rechargeable aqueous 

batteries based on corrosive alkaline electrolytes, discussions regarding the aforementioned 

system have dominated research in recent years. This has opened up new challenges as well as 

opportunities in the realisation of more efficient ARZMBs with variety of other cathode 

materials.15-21 Despite the availability of efficient cathode materials, the ARZMBs often suffer 

from severe performance deterioration during prolonged cycling. The inferior lifespan of 

ARZMBs originates due to the dendritic growth of Zn deposits and formation of high surface 

area Zn (HSAZ) on the metallic anode during cycling.22,23 The use of electrodeposited Zn on 

foreign substrates instead of commercial Zn foil is found to be an effective way to suppress the 

formation of the Zn dendrite.24 Pre-treatment of the Zn surface with carbon-based materials is 

also found to minimize the dendrite growth.23,25 However, such complicated procedures 

preclude the use of these strategies beyond the lab-level. Therefore, exploring practical 

strategies to impede the formation of Zn dendrites and HSAZ is indeed important despite the 

challenges involved. In this context, the separators may have a decisive role in the structural 

evolution of the anode surface. Unfortunately, no study has been carried out to decipher the 

influence of different separators in the cycling stability of ARZMBs.  

 Here, for the first time, we demonstrate the fabrication of an aqueous Zn||V2O5 battery 

combining Zn metal, cation-selective Zn2+-integrated Nafion ionomer membrane, and electro-

deposited V2O5 as the anode, separator, and cathode, respectively. The Nafion ionomer 
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membrane separator is found to effectively suppress the formation of Zn dendrites compared 

to the conventional porous separators (glass fiber, filter paper, and polypropylene) based 

ARZMBs.  The non-porous cation-selective Nafion membrane offers preferential transport of 

Zn2+, which helps to maintain uniform ion flux close to the anode surface. This is reflected in 

the augmented lifespan of the Nafion based Zn||V2O5 cell, all-the-while, the electrochemically 

synthesized cathode (nano-structured V2O5 over a pre-functionalized carbon fiber paper) helps 

in achieving high capacity. A specific discharge capacity of 510 mAh g-1 is delivered by the 

Zn2+-integrated Nafion based Zn||V2O5 cell, which is close to the theoretical Zn2+ storage 

capacity of anhydrous V2O5 (589 mAh g-1).26 Apart from the high discharge capacity, the 

system is found to retain 88% of the initial capacity even after prolonged cycling for 1800 

cycles at a current rate of 10 A g-1. This study reveals the drawbacks of the porous separators 

and proposes a viable way to suppress the dendrite growth in ARZMBs. 

2.2  Experimental Section  

2.2.1  Materials 

 Vanadium sulfate oxide hydrate (VOSO4.xH2O) was procured from Alfa-Aesar. 

Lithium perchlorate (LiClO4) was purchased from Sigma-Aldrich. Zinc sulfate (ZnSO4. 7H2O) 

was purchased from HiMedia Laboratories Pvt. Limited. Toray carbon paper, Glass fiber paper 

(grade GF/F), Celgard® separator (polypropylene membrane), and Whatman cellulose filter 

paper were supplied by Global Nanotech. Nafion 212 was purchased from Du Pont, USA. 

2.2.2  Fabrication of the V2O5 electrode 

 The free-standing V2O5 electrode was prepared by the electrodeposition method.27 A 

piece of Toray carbon fiber paper (pCP) was electrochemically functionalized (fCP) in an 

aqueous electrolyte (by applying a bias voltage of 10 V in 0.1 M Na2SO4 electrolyte) and 

washed with deionized (DI) water. After that, the fCP paper was dried and used as the working 

electrode for chronopotentiometric electrodeposition of V2O5 in a three-electrode cell. The 

precursor solution for the electrodeposition contains 0.2 M VOSO4 salt and 0.25 M LiClO4 as 

the supporting electrolyte in a mixture of DI water and ethanol with a 1:1 ratio. Following 

Faraday’s Law (Equation 2.1) a constant current of 3 mA cm-2 was applied for 177 secs to 

obtain a loading of 1 mg of V2O5 in 1 cm2 area of fCP.   

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑔) =
𝐼 (𝑚𝐴)×𝑀𝑜𝑙.𝑤𝑡.𝑜𝑓 𝑉2𝑂5 (𝑔/𝑚𝑜𝑙)×𝑡 (sec)

𝑛 ×𝐹
   (Equation 2.1) 
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Here, ‘I’, ‘t’, ‘n’, and ‘F’ are the applied current, deposition time, number of electron transfer, 

and Faraday’s constant, respectively. After careful washing with DI water, the obtained 

electrode was subjected to annealing at 250o C for 2 h and marked as VCP. 

2.2.3  Pre-treatment of the Nafion ionomer membranes 

 Prior to use, the Nafion (abbreviated as NAF) ionomer membrane (Nafion 212), was 

treated sequentially at 80oC for 30 min. in (1) 4 wt% H2O2, (2) DI water, (3) 0.8M H2SO4, and 

(4) DI water, respectively, with the numbers representing the order of treatment.28 The coupons 

of the as-obtained activated Nafion ionomer membrane (thickness 60 µm) were dipped in the 

desired electrolyte (aqueous ZnSO4.7H2O) with a salt concentration of 0 and 3M, for three 

days. The respective membranes are marked as NAF-Y, where ‘Y’ stands for the concentration 

of the electrolytes solution used. 

2.3.4  Modification of the conventional porous membranes 

 To study the effect of conventional porous separators on the performance of the 

ARZMB, three different porous membranes (Celgard (CEL), Whatman filter paper (FP), and 

glass fiber paper (GFP) with a thickness of 40, 175, and 270 µm, respectively) were used. All 

the porous membranes were also soaked in 3M ZnSO4.7H2O before the use. The electrolyte 

soaked separators were labelled as CEL-3, FP-3, and GFP-3.  

2.3.5  Assembly of Zn||V2O5 cells 

 All the Zn||V2O5 cells were assembled in CR2032 coin cell in a traditional fashion 

where a Zn foil (area 1 cm2), a freshly prepared VCP electrode (area 1 cm2), and desired Nafion 

membrane (NAF-0 or NAF-3) were used as the anode, cathode, and separator, respectively. 

Here, the terms anode and cathode are used for the negative and positive electrodes, 

respectively, considering the discharge state of the cell. For the purpose of comparison, the 

Zn||V2O5 cells were also assembled in a similar fashion (CR2032 coin cell) using the CEL-3, 

FP-3, and GFP-3 separators. In accordance with the various separators used, the respective 

cells are designated as Zn|X-Y|VCP. Here also, ‘X’ stands for the type of the separator used 

and ‘Y’ for the concentration of the ZnSO4.7H2O electrolyte used. 

2.3.6  Material characterization 

 Morphological investigations of the VCP samples were carried out with field emission 

scanning electron microscope (FESEM) Nova Nano SEM 450 and FEI-Quanta 450-FEG 

instrument. The morphology of the various separators was obtained with ESEM-Quanta 200-

3D instrument. Energy dispersive X-ray spectroscopy (EDS) elemental mapping was 
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performed with the ESEM-Quanta 200-3D instrument. Transmission electron microscopy 

(TEM) imaging was carried out using a Tecnai T-20 instrument at an accelerating voltage of 

200 kV. Fourier transform infrared (FTIR) analysis of the sample was carried out with a Bruker 

Tensor27 FTIR instrument. A Thermo K-alpha+ X-ray spectrometer was used for the X-ray 

photoelectron spectroscopy (XPS) analysis. X-ray diffraction (XRD) analysis was carried out 

using Rigaku, MicroMax-007HF with high-intensity Microfocus rotating anode X-ray 

generator (Cu Kα (α = 1.54 Å). 

2.3.7  Electrochemical measurements 

 The electrochemical analyses were carried out in a BioLogic VMP3 Potentio-

Galvanostat instrument. Electrochemical impedance spectroscopy (EIS) analysis was used to 

determine the ionic conductivity of Zn2+ in various membranes. The frequency for the EIS 

analysis was varied from 1 MHz to 1  Hz against an open circuit potential with a sinus 

amplitude of 10 mV (Vrms = 7.07 mV). The conductivity cells were fabricated in the CR2032 

coin cell by keeping the desired membranes in between two stainless steel plates with 1 mm 

thickness. The conductivity measurements were carried out between 20 to 60o C at every 10o C 

interval. The temperature was controlled by using an Espec environmental test chamber. 

Finally, the ionic conductivity and activation energy values were calculated from Equation 2.2 

and Equation 2.3, respectively. 

𝜎 (𝑆 𝑐𝑚−1) =
𝑙

𝑅𝐴
        (Equation 2.2) 

σ = Conductivity of the electrolyte soaked separator 

R = bulk resistance obtained from the Nyquist plot  

A = Area of the electrolyte soaked separator 

l = Thickness of the electrolyte soaked separator 

The Arrhenius relationship is given in Equation 2.3,  

σ = σo exp (−Ea/RT)          (Equation 2.3) 

In Equation 2.3, σ, σo, Ea, R, and T represent the ionic conductivity, the pre-exponential factor, 

the activation energy for ion transport, the gas constant, and the absolute temperature, 

respectively. The activation energy of the electrolyte soaked separator is obtained from the 

linear fitting of the ln σ vs. 1/T plot. 

 Zn plating/stripping experiments in the presence of various separators were carried out 

in symmetric cell configuration with two Zn foils separated by desired separators. The cells are 

designated as Zn|X-Y|Zn, where ‘X’ and ‘Y’ carry the same information as mentioned in the  
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Figure 2.1. Schematic representation of the different Zn||V2O5 cells containing the Zn2+-

integrated Nafion ionomer membrane and the conventional porous separator. (Reprinted 

(adapted) with permission from Energy Technology, 2019, 7, 1900442. Copyright © 2019 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

previous section. These cells were characterized by galvanostatic cycling at a current rate of 

0.1 mA cm-2 (30 min Zn-plating and 30 min Zn-stripping). The oxidation stability (anodic 

stability) and reduction stability (cathodic stability) of the electrolytes soaked in various 

separators were studied by cyclic voltammetry at a scan rate of 5 mV s-1. For this purpose, the 

electrochemical cells (Zn|X-Y|CP) were assembled using pCP (1 cm2 area) as a working 

electrode, a piece of Zn foil (1 cm2 area) as a counter and reference electrode, and the desired 

separator in the CR2032 coin cell.  

 For measuring the transference number of Zn2+ (𝑡𝑍𝑛2+)) in the presence of various 

separators, the chronoamperometry experiments were carried out at 25 mV potential in Zn|X-

Y|Zn symmetric cell configuration. The resistance values before and after the DC polarization 

were obtained from the EIS analyses and 𝑡𝑍𝑛2+  values for the different separators were 

calculated from Equation 2.4 proposed by Abhraham et al. 29,30: 

𝑡𝑍𝑛2+ =  
𝐼𝑆𝑆𝑅𝛺,𝑆𝑆(∆𝑉− 𝐼0𝑅𝑐𝑡,0)

𝐼0𝑅𝛺,0(∆𝑉− 𝐼𝑆𝑆𝑅𝑐𝑡,𝑆𝑆)
       (Equation 2.4) 

Here, V is the DC polarization voltage, 𝐼0  and 𝐼𝑆𝑆 are the initial and steady-state current 

response during the DC polarization, 𝑅𝛺 and 𝑅𝑐𝑡  stand for the ESR and charge transfer 

resistance obtained from the Nyquist plot.30  



CHAPTER 2 

 

 

48 AcSIR, CSIR-NCL | Meena Ghosh 

 

Figure 2.2. (a)-(b) FESEM images, (c)-(e) elemental mapping of C, O, and V, and (f) TEM 

image of VCP sample; (g) deconvoluted XPS spectra of V and O present in the VCP specimen. 

(Reprinted (adapted) with permission from Energy Technology, 2019, 7, 1900442. Copyright 

© 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

 To check the performance of the Zn||V2O5 cells, CV (at scan rates of 1.0, 0.5, 0.3, and 

0.1 mV s-1) and galvanostatic charge-discharge (GCD) (at constant current rates of 0.25, 0.5, 1 

3, 5, 7 and 10 A g-1) analyses were carried out in the voltage window of 1.6 V-0.2 V. The 

cycling stability tests were performed by GCD experiment at current rates of 5 A g-1 and 10 A 

g-1.  

2.3  Result and discussion 

2.3.1  Physical characterization 

 The preparation of the VCP electrode and fabrication of the Zn||V2O5 cells using the 

Nafion and porous separators are schematically presented in Figure 2.1. For the preparation of 

the VCP cathode, a Toray carbon fiber paper (pCP) was electrochemically functionalized for 

improving the hydrophilic nature of the paper. Generally, the pCP is hydrophobic in nature 

(contact angle for water >120o), which prevents the infiltration of the precursor solution during  
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Figure 2.3. FTIR spectra of the commercial Nafion, activated Nafion, and Zn2+-integrated 

Nafion (NAF-3). (Reprinted (adapted) with permission from Energy Technology, 2019, 7, 

1900442. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

the electrodeposition process leading to nonuniform deposition of the desired material. The 

electrochemical functionalization under 10 V applied voltage introduces OH- functional groups 

on the carbon fibers without damaging the interconnected microstructure of pCP. The enhanced 

wettability of functionalized carbon fiber paper (fCP) assures the uniform coating of V2O5 on 

the carbon fibers of fCP during the electrochemical deposition.27 

 The FESEM images of the VCP specimens (Figure 2.2a and b) display the growth of 

the V2O5 nano-structure on the carbon fibers. The elemental mapping analysis (Figure 2.2c-e) 

confirms the distribution of V and O on the carbon fibers. As evidenced from the TEM image 

of VCP in Figure 2.2f, the electrodeposited material possesses an interlayer spacing of ~0.9 

nm, which can facilitate the insertion/extraction of Zn2+ and/or H+ during the electrochemical 

cycling of the cell.31,32 In the XPS data (Figure 2.2g), the peaks located at the binding energies 

of 517.3 and 525.2 eV correspond to the +5 oxidation state of V2p3/2 and V2p1/2 doublets. The 

presence of the +4 oxidation state is also observed at the binding energies of 515.9 and 523.8 

eV.33,34 In the O1s XPS spectra, the peaks located at 530.0 and 532.6 eV are attributed to the 

oxygen coordinated with vanadium (O-V) and carbon (O-C) in the VCP specimen, 

respectively.35 

2.3.2  Selection of the separator 

 The coordination of Zn2+ with the Nafion ionomer is confirmed from the FTIR analysis 

(Figure 2.3). Followed by the impregnation of Zn2+ in the Nafion membrane, the FTIR peak 

in the commercial Nafion and activated Nafion at 1730 cm-1 shows a red shit to 1640 cm-1. 

This observation suggests the exchange of H+ in the activated Nafion membrane with Zn2+ ions 

from ZnSO4 electrolyte.36,37 In Figure 2.4a, the ln σ vs. 1/T plots for the electrolyte soaked  
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 Figure 2.4. (a) ln σ vs 1/T plots for the NAF-3, GFP-3, FP-3, and CEL-3 separators; (b) CV 

profiles, (c) Nyquist plots for Zn|X-Y|CP cells; (d) CV profiles for Zn|NAF-0|CP cell in the 

initial cycles and at 15th cycle (inset); (e) chronoamperometry data of Zn|NAF-3|Zn cell; (f) 

the Nyquist plots of Zn|NAF-3|Zn cell at the initial state and after chronoamperometry. 

(Reprinted (adapted) with permission from Energy Technology, 2019, 7, 1900442. Copyright 

© 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

separators are compared. As shown in the figure, the NAF-3 and GFP-3 separators exhibit 

better ionic conductivity compared to FP-3 and CEL-3 counterparts. At 30oC, the conductivity 

value obtained with NAF-3 is 2.6 mS cm-1. The interaction of Zn2+ with the SO3
- moieties  

present in Nafion can enhance the dissociation of ZnSO4, which could facilitate the transport 

of Zn2+. The slightly higher ionic conductivity (2.8 mS cm-1) in GFP-3 may be due to its better 

wettability and intrinsic porous nature. The activation energy toward ion conduction is also 
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calculated from the slope of the ln σ vs. 1/T plots. Compared to the porous separators, NAF-3 

exhibits the lowest activation energy (0.069 eV). 

 The anodic and cathodic stability of the electrolyte impregnated in various separators 

are analyzed by CV experiments in Zn|X-Y|CP cells. As shown in Figure 2.4b, all the cells 

display negligible current response during the anodic scan revealing good oxidation stability 

of the ZnSO4 electrolyte beyond 1.85 V (vs. Zn|Zn2+). The clear and sharp redox peaks 

observed in the lower potential region (below 0.4 V vs. Zn|Zn2+) correspond to the plating and 

stripping processes of Zn. The voltage gap between the onset potentials of redox peaks 

corresponding to plating and stripping of Zn in Zn|NAF-3|CP cell is only 75 mV (Figure 2.4b 

inset), which is lower compared to the porous separator based counterparts. The values 

obtained for Zn|GFP-3|CP, Zn|FP-3|CP, and Zn|CEL-3|CP cells are 84, 92, and 263 mV, 

respectively.  Nevertheless, as shown in the Nyquist plots in Figure 2.4c, Zn|NAF-3|CP cell 

exhibits low charge transfer resistance (Rct) compared to the other Zn|X-Y|CP cells. Therefore, 

the higher ionic conductivity, low activation energy, and low Rct value along with the better 

interface formed by the Nafion ionomer membrane with the Zn anode and working electrode 

are the reasons for the better plating/stripping behavior of Zn in the case of the NAF-3 separator 

(Figure 2.4b). 

 Several literatures highlight that the charge storage in ARZMBs can be due to the 

intercalation of Zn2+ or H+ or by the co-intercalation of both Zn2+ and H+.31,38 The existence of 

H+ in the electrolyte of the ARZMBs is expected due to the low pH (pH ≈ 4) of the ZnSO4 

aqueous solution. Therefore, it is indeed important to understand the effect of H+ ions alone in 

the charge storage mechanism of ARZMB. For this purpose, we have fabricated Zn|NAF-0|CP 

cell using ZnSO4-free Nafion ionomer membrane (NAF-0). As observed in Figure 2.4d, there 

is no significant positive current response during the oxidation of Zn in the first cycle of the 

CV. However, as we move from the first to third cycle, the current corresponding to Zn 

oxidation is found to increase gradually. This can directly indicate the occurrence of some sort 

of Zn plating/stripping, even in the absence of ZnSO4 in the system. The acidic nature of the 

activated Nafion ionomer in the NAF-0 membrane causes the dissolution of the Zn electrode, 

which eventually takes part in the plating/stripping reaction on the working electrode. After 

several cycles, the CV profile of the Zn|NAF-0|CP cell (Figure 2.4d inset) appears similar to 

that of Zn|NAF-3|CP cell. However, the low current density and higher overpotential (149 mV) 

in the CV plot indicate the inferior kinetics of the Zn plating/stripping in Zn|NAF-0|CP cell. In 

addition to the above observation, an oxidation peak is observed beyond 1.5 V in the first CV 

cycle (Figure 2.4d) related to the water decomposition. However, this peak diminishes with  
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Figure 2.5. Galvanostatic cycling of the Zn|X-Y|Zn cells fabricated with (a) NAF-3, (b) GFP-

3, (c) CEL-3, and (d) FP-3 separators. (Reprinted (adapted) with permission from Energy 

Technology, 2019, 7, 1900442. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim). 

the evolution of the oxidation peak corresponding to Zn. This confirms that the presence of 

Zn2+ in the electrolyte not only provides better reversibility but also increases the anodic 

stability of the electrolyte. These observations prove the importance of Zn2+ integration in the 

Nafion membrane. 

 The 𝑡𝑍𝑛2+ for the NAF-3 is calculated to be 0.52 (Figure 2.4e and f), which is higher 

than the same obtained for the porous separators (𝑡𝑍𝑛2+  obtained for GFP-3 and FP-3 are 0.32  
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 Figure 2.6. (a) The CV at various scan rates, (b) log i vs. log ν plots, and (c) GCD profiles of 

the Zn|NAF-3|VCP cell at the various current rates; (d) GCD profiles of Zn|X-Y|VCP cells at 

0.25 A g-1 current rate; (e) cycling stability comparison of Zn|X-Y|VCP cells at current rate of 

5 A g-1; (f) cycling stability and Coulombic efficiency of Zn|NAF-3|VCP cell at current density 

of 10 A g-1. (Reprinted (adapted) with permission from Energy Technology, 2019, 7, 1900442. 

Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

and 0.30, respectively). The higher 𝑡𝑍𝑛2+  in NAF-3 indicates the preferential role of Zn2+ 

transport in maintaining the ionic current. The coordination of the Zn2+ with the SO3
- moieties 

in the Nafion ionomer helps in selective migration of the cation in the direction of the electric 

field, resulting in higher 𝑡𝑍𝑛2+  value.39 On the other hand, in the case of the porous separators, 

the low 𝑡𝑍𝑛2+ indicates the lesser extent of contribution toward the ionic conductivity by the 

cation owing to the lack of negatively charged moieties as in the case of Nafion. The higher 

value of 𝑡𝑍𝑛2+in Nafion can reduce the ion concentration gradient near the anode surface, which 

is one of the important factors for preventing the nonuniform deposition of Zn metal. Therefore, 

the preferential transport of Zn2+ offered by the NAF-3 separator makes it a potential candidate 

to be used in ARZMBs. 

 The performance of the various separators soaked in 3M ZnSO4.7H2O electrolyte was 

further evaluated in symmetric cell configuration (Zn|X-Y|Zn). Figure 2.5a-d display the 

voltage vs. time profiles recorded during galvanostatic cycling at a constant current of 0.1 mA 

cm-2. As evident from the enlarged part (Figure 2.5a-d) at various cycles, the Zn|NAF-3|Zn 

cell (Figure 2.5a) displays a significant decrease of overpotential (71 mV at 30th cycle) upon 

cycling. On the contrary, the gradual enhancement in the voltage separation between plating 
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and stripping in case of the porous separator-based Zn|X-Y|Zn cells (at 30th cycle the 

corresponding overpotential of Zn|GFP-3|Zn, Zn|CEL-3|Zn, and Zn|FP-3|Zn are 90 mV, 284 

mV, and 83 mV, respectively, Figure 2.5b-d) indicates the superiority of the NAF-3 ionomer 

separator. 

2.3.3  Electrochemical characterization of the Zn||V2O5 cells  

 Figure 2.6a displays the current response in the CV profiles of Zn|NAF-3|VCP cell 

recorded at different scan rates ranging from 0.10 to 1.0 mV s-1. The appearance of the multiple 

anodic and cathodic peaks can be attributed to the multistep reversible insertion of Zn2+ into 

the VCP cathode. The plot of log (i) vs. log (ν) in Figure 2.6b shows the current dependence 

on the scan rate, and the charge storage behavior is investigated using the following equation: 

𝑖 = 𝑎 𝜈𝑏          (Equation 2.5) 

where, ‘i' is the current, ‘ν’ is the scan rate and ‘a’ and ‘b’ represent adjustable parameters.40 

The b-values corresponding to the peaks O1, O2, R1, and R2 are obtained as 0.94, 0.71, 0.89, 

and 0.80, respectively. The b-values significantly higher than 0.5 indicate that the Faradaic 

reactions in the VCP cathode are predominantly surface-controlled.41,42 This indicates fast 

insertion/extraction kinetics of Zn2+, enabling high power output of the device. 

 Zn|NAF-3|VCP cell is characterized by GCD experiment at current rates of 0.25 to 10 

A g-1.  A high specific discharge capacity of ~510 mAh g-1 is obtained at a current of 0.25 A g-

1 (Figure 2.6c). The discharge capacity is calculated considering the loading of active material 

on the cathode side. In Table 2.1, the charge storage capacity of the Zn|NAF-3|VCP cell is 

compared with some of the previously reported ARZMBs.15-18,25,26,31,42-49 The Zn|NAF-3|VCP 

cell shows a specific discharge capacity of ~330 mAh g-1 (65 % retention of the capacity 

obtained at 0.25 A g-1) at a high current rate of 10 A g-1. The attractive rate performance and 

high discharge capacity of the Zn|NAF-3|VCP cell is credited to the rationally designed binder-

free VCP cathode. The conventional methods for the cathode fabrication involve the use of 

electrically insulating polymer binder and multistep coating of the active material over the 

current collectors, contributing to the high resistance of the electrochemical cell. However, in 

this work, the electrodeposition of V2O5 directly onto fCP (Figure 2.1) provides an 

interconnected pathway for facilitating the transport of electrons throughout the electrode. 

Therefore, the contact resistance is reduced with the added advantage of the increased number 

of accessible redox-active sites, which promotes the Zn2+ uptake capacity leading to the high 

capacity of the cell. The GCD profiles of the other Zn||V2O5 cells under study are compared in  
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 Figure 2.7. (a) FESEM image of the commercial Zn foil; FESEM image of the Zn anode 

recovered from the Zn|NAF-3|VCP cell after (b) 500 and (c)-(d) 1300 charge discharge cycles; 

(e) XRD profiles of the commercial Zn and Zn anodes recovered from the various Zn|X-Y|VCP 

cells after the cycling stability test. (Reprinted (adapted) with permission from Energy 

Technology, 2019, 7, 1900442. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim). 

Figure 2.6d. At a current rate of 0.25 A g-1, the discharge capacity obtained for the Zn|NAF-

0|VCP (480 mAh g-1), Zn|GFP-3|VCP (430 mAh g-1), Zn|CEL-3|VCP (400 mAh g-1), and 

Zn|FP-3|VCP (360 mAh g-1) cells are significantly lower compared to that of the Zn|NAF-

3|VCP cell.  

 The long term cycling stability data of all the Zn||V2O5 cells at a current rate of 5 A g-1 

are compared in Figure 2.6e. The Zn|NAF-3|VCP cell exhibits outstanding cycling stability 

with 84% retention of the initial capacity over 1300 cycles. Besides, at a high current rate of 

10 A g-1 (Figure 2.6f), the same cell could retain 88% of its initial capacity after 1800 cycles 

with 99% Coulombic efficiency. On the other hand, the Zn|GFP-3|VCP and Zn|CEL-3|VCP 

show only 78% retention of the initial capacity after 650 cycles and 65% retention of the initial 

capacity after 500 cycles, respectively (Figure 2.6e). The cycling stability data for Zn|FP-

3|VCP cell is not provided here as the cell is found to be failed just after few initial cycles. 

Therefore, the above discussion indeed points out the superiority of the NAF-3 separator for 

realizing high-performance ARZMB. The cycling stability performance of the Zn|NAF-0|VCP 

cell is also included in Figure 2.6e. From the data, it is evident that irrespective of a sharp 

increase in capacity during the initial few cycles, a sudden drop is observed in the region of 

200 cycles. After 250 cycles, only 38% of the initial capacity is retained. This further supports 

the claim that the integration of Zn2+ into the Nafion separator is the key to achieve the long 

cyclability of ARZMBs. Moreover, the concomitant delivery of long cycle life and high  
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Figure 2.8. FESEM images of post-stability Zn anode recovered from (a)-(b) Zn|GFP-3|VCP 

cell after 650 cycles and (g)-(h) Zn|CEL-3|VCP cell after 500 cycles. (Reprinted (adapted) with 

permission from Energy Technology, 2019, 7, 1900442. Copyright © 2019 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim). 

discharge capacity is rarely found in ARZMB literature (Table 2.1), which highlights the 

importance of the Zn|NAF-3|VCP cell in a futuristic perspective. The underlying reasons 

pertaining to the difference in the cycling stability in the presence of different membranes are 

further deciphered through the post-mortem analyses of the anode and cathode. The results are 

explained in the following sections. 

2.3.4 Post-mortem analysis of anode  

 The FESEM images of the commercial Zn foil and the post-stability Zn anodes 

recovered from the Zn|X-Y|VCP cells are analyzed. Apparently, the commercial Zn foil 

(Figure 2.7a) possesses a very smooth and flat surface. On the other hand, different 

morphological evolution can be observed over the post-cycling Zn anode, which indicates the 

nucleation and growth of Zn deposits on the anode side during the prolonged cycling of the 

Zn||V2O5 cells. The Zn anode recovered from Zn|NAF-3|VCP cell after 500 cycles (Figure 

2.7b) manifests a surface more or less similar to that of the commercial Zn foil, although with 

a few regions of random/irregular morphology. After 1300 cycles, the morphological evolution 

on the Zn anode is found to be more pronounced (Figure 2.7c and d), covering the Zn surface 

more evenly. At higher magnification (Figure 2.7d), this morphology is found to possess a 

nanowall-like growth pattern, which is confirmed to be composed of the Zn deposits from the 

XRD data given in Figure 2.7e. The Zn nanowalls can be considered embedded in the nearly 

flat surface of the original Zn foil.  The two-dimensional, thin, uniform and interconnected  
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 Figure 2.9. FESEM images of the cycled cathode recovered from the (a)-(b) Zn|NAF-3|VCP, 

(c) Zn|GFP-3|VCP, and Zn|CEL-3|VCP cells; (e) XRD profiles of the cycled cathodes 

recovered from the Zn|X-Y|VCP cells under study. (Reprinted (adapted) with permission from 

Energy Technology, 2019, 7, 1900442. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim). 

nanowall pattern (Figure 2.7d) favours the homogeneous distribution of the electric field in 

the anode even after long cycling. This inhibits the polarization of the electrode and the growth 

of the irregular bulk Zn deposits. Moreover, in the XRD profile of the Zn anode in the Zn|NAF-

0|VCP cell (after 1300 cycles), the higher intensity of the (002) plane strongly suggests that the 

dendritic growth in the respective anode is less likely.24 

 The suppressed bulk/dendritic deposition of Zn in Zn|NAF-3|VCP can be due to the 

combined contribution from the inherent single-ion conducting property and the presence of 

the anionic –SO3
- group in the Nafion ionomer. The electrostatic interaction between electron-

rich SO3
- groups in the Nafion ionomer and the positively charged Zn can provide a strong 

interfacial interaction, which suppresses the dendritic growth during the long-term cycling and 
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facilitates the uniform deposition of Zn.50,51 This interfacial interaction assists in maintaining 

an efficient contact between the Zn anode and the Nafion ionomer membrane. This is 

schematically represented in Figure 2.1. The dendrite suppressing nature of the single ion-

conducting electrolytes is already proved in literature.52,53 Interestingly, the Zn deposits in 

the anode coupled with the GFP-3 separator is found to be composed of highly dense 3D-scales 

of Zn with sharp edges and irregular morphology   (Figure 2.8a and b). On the other hand, the 

CEL-3 separator leads to the 3D hexagonal growth of micrometre-sized bulk Zn deposits 

(Figure 2.8c and d). The sharp edges of these protruding Zn deposits can damage the porous 

separators. Such bulk deposits can be due to the absence of electrostatic interaction between 

the anode and porous separators. Moreover, the morphological evolution of the Zn anode 

during cycling is in line with the results obtained from the plating/stripping and cycling stability 

tests in the presence of the NAF-3 separator. 

2.3.5  Post-mortem analysis of cathode 

 The FESEM images of the post-cycling VCP cathodes are given in Figure 2.9a-d. The 

VCP cathode of the Zn|NAF-3|VCP cell possesses a thin and uniform coating of exfoliated 

nanosheets over the porous carbon paper (Figure 2.9a and b). This is different from the dense 

and agglomerated morphology of the VCP cathodes in the Zn|GFP-3|VCP (Figure 2.9c) and 

Zn|CEL-3|VCP (Figure 2.9d) cells. From the XRD analysis (Figure 2.9e), it is apparent that 

the appearance of a new peak at a 2θ value of 12.3o is consistent in all the VCP cathodes, which  

corresponds to the formation of a ZnxV2O5 phase.44 It can also be noted that the XRD plots of 

all cathodes are more or less similar. This draws the conclusion that the plausible limiting factor 

for the cyclic stability of ARZMB is the morphological evolution of both the anode and cathode 

during cycling. 

2.3.6  Ragone plot and real-life demonstration 

 The average voltage of the Zn|NAF-3|VCP cell is found to be ~0.80 V (Figure 2.10a). 

The Ragone plot representing the energy and power density of the Zn|NAF-3|VCP cell is given 

in Figure 2.10b. At the different power densities of 195 and 7800 W kg-1, the device delivers 

high energy densities of 398 and 257 Wh kg-1, respectively (energy density of the cell is 

evaluated considering the loading of V2O5 on the cathode).  The combination of high energy 

and power densities of the Zn|NAF-3|VCP cell can narrow the gap between the supercapacitors 

and batteries. The application of ARZMBs in various real-life situations is also demonstrated. 

Figure 2.10c shows the image of the two cells connected in series being used for powering a 
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Table 2.1. The discharge capacity and cyclic stability data of the Zn|NAF-3|VCP cell are 

compared with some of the high-performance ARZMBs reported in the literature, where 

various separators and electrolytes are used. (Reprinted (adapted) with permission from 

Energy Technology, 2019, 7, 1900442. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim). 

 

Cathode 

material 

Electrolyte Separator Capacity 

@ current rate 

Cycling  

stability 

Ref. 

V2O5 21 m LiTFSI and 1 m   

Zn(CF3SO3)2 

FP 242 mAh g-1  

@ 0.05 A g-1 

83% retention after 

2000 cycles  

15 

V2O5.nH2O 3 M   Zn(CF3SO3)2 GFP 381  mAh g-1  

@ 0.06  A g-1 

71% retention after 

900 cycles  

42 

Zn2V2O7 1M ZnSO4 GFP 227.8  mAh g-1  

@0.3  A g-1 

85% retention after 

1000 cycles  

43 

Zn0.25V2O5· 

nH2O 

1M ZnSO4 - 220  mAh g-1  

@4.5  A g-1 

80% retention after 

1000 cycles  

49 

V2O5 3M ZnSO4 GFP 224  mAh g-1  

@0.1 A g-1 

54% retention after 

400 cycles  

44 

VO2 3 M   Zn(CF3SO3)2 GFP 357  mAh g-1  

@0.1  A g-1 

100% retention after 

50 cycles  

45 

H2V3O8 

NW/graphene 

3 M   Zn(CF3SO3)2 GFP 394  mAh g-1  

@ 0.1 A g-1 

87% retention after 

2000 cycles  

46 

V2O5 3 M   Zn(CF3SO3)2 GFP 470  mAh g-1  

@0.2  A g-1 

91.1% retention 

after 4000 cycles  

26 

VO2 3 M   Zn(CF3SO3)2 GFP 274  mAh g-1  

@0.1 A g-1 

79% retention after 

10000 cycles  

17 

V3O7·H2O/rGO 1 M ZnSO4 - 271  mAh g-1  

@0.3  A g-1 

79% retention after 

1000 cycles  

47 

Na2V6O16· 

3H2O 

1 M ZnSO4 GFP 361  mAh g-1  

@0.1  A g-1 

84.5% retention 

after 1000 cycles  

18 

Zn3V2O7(OH)2·

2H2O 

1 M ZnSO4 CEL 213  mAh g-1  

@0.05  A g-1 

68% retention after 

300 cycles  

48 

NaV3O8· 

1.5H2O 

1 M 

ZnSO4/1 M Na2SO4 

FP 380  mAh g-1  

@0.05  A g-1 

82% retention after 

1000 cycles  

31 

Ca0.24V2O5· 

0.83H2O 

1 M ZnSO4 GFP 72  mAh g-1  

@ 80C 

96% retention after 

3000 cycles  

16 

Na3V2(PO4)2F3 2 M   Zn(CF3SO3)2 GFP 47  mAh g-1  

@1.0 A g-1 

95% retention after 

4000 cycles  

25 

V2O5 3M ZnSO4 NAF 510  mAh g-1  

@ 0.25 A g-1 

88% retention after 

1800 cycles  

This 

work 
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 Figure 2.10. (a) Voltage vs. discharge capacity plot of the Zn|NAF-3|VCP cell recorded at a 

current rate of 0.25 A g-1, (b) Ragone plot (energy density vs. power density) of the Zn|NAF-

3|VCP cell; (b)-(d) real-life demonstration of the Zn||V2O5 battery (c) by lighting a red LED 

bulb, (d) by powering a 1.5 V stopwatch and (e) by powering a smartphone. (Figure 7c). 

(Reprinted (adapted) with permission from Energy Technology, 2019, 7, 1900442. Copyright 

© 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim). 

red LED bulb with a nominal voltage of 1.8 V. The setup is used for powering a digital clock 

continuously for 96 h (Figure 2.10d). Figure 2.10e demonstrates powering of a smartphone 

by using four Zn||V2O5 cells connected in series. 

2.4  Conclusions 

 This work demonstrates the advantage of using a Zn2+-integrated Nafion ionomer 

separator over the conventional porous separators (glass fiber, filter paper, polypropylene, etc.) 

to realize high-performance ARZMBs. The use of a Nafion ionomer separator stabilizes the 

anode in a Zn||V2O5 cell (Zn|NAF-3|VCP) by suppressing the growth of bulk/dendritic Zn 

deposits during cycling. The unique thin and nanowall-like morphology of the Zn surface is 

found to promote the cycling stability of the cell compared to the micrometre sized sharp edged 

deposit obtained with the porous separators. The cathode morphology is also found to have the 

favourable thin ZnxV2O5 phase in the case of the Zn2+-integrated Nafion separator. The high 

Zn2+ transference number and low activation energy offered by the NAF-3 separator reduce the 

overpotential of Zn plating/stripping, which is an added advantage compared to the other 
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separators. The high discharge capacity of ~510 mAh g-1 at a current density of 0.25 A g-1 is 

obtained for Zn|NAF-3|VCP, which is facilitated by the rationally designed V2O5 cathode. The 

Nafion-based cell is found to retain a capacity of 84% even after 1300 continuous charge-

discharge cycles at 5 A g-1 current density. Therefore, it can be concluded that the strategy of 

using the Zn2+-integrated Nafion ionomer separator has several advantages, which are essential 

for achieving the high capacity as well as long cycling life of  ARZMBs. 
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Chapter 3 

Nafion Ionomer-Based Single Component Electrolytes for 

Aqueous Zn||MnO2 Battery with Long Cycle Life 

Recently, aqueous rechargeable Zn||MnO2 batteries are emerging as promising energy storage 

aids owing to their improved safety, low cost of fabrication, and high energy density. However, 

the rapid decay of capacity during extended charge-discharge cycles hinders the prospect of 

this technology beyond lab-scale. In the conventional Zn||MnO2 cell, additives such as Mn2+ 

have been used to tackle the stability issue. Here, we demonstrate that cycling performance of 

the Zn||MnO2 cell can be improved substantially by using Nafion ionomer as the separator in 

combination with Zn2+ ion conducting 

electrolytes. The Nafion ionomer-based 

Zn||MnO2 cells do not require any Mn2+ 

additive in the electrolyte and hence 

termed as ‘single component’ 

electrolytes. The post-mortem study of 

the post-cycled electrodes reveals that 

the structural evolution of both the anode and cathode in various electrolytes (1M Zn(CF3SO3)2, 

1M ZnSO4.7H2O and 3M ZnSO4.7H2O) during prolonged cycling significantly influences the 

cycle life of the respective cells. Optimizing the Nafion ionomer membrane with a suitable 

electrolyte could render the desired combination of high capacity and high cycle life for a 

Zn||MnO2 cell. 

 

Contents of this chapter is published in the article: DOI: 10.1021/acssuschemeng.9b06798. 

Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 2020, 8, 13, 5040–

5049). Copyright (2020) American Chemical Society. 
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3.1 Introduction 

 State-of-the-art lithium-ion batteries (LIBs) use a graphite anode in combination with 

flammable organic electrolytes inciting several safety concerns.1, 2 Although the prospect of 

aqueous electrolyte and solid-state electrolyte based LIBs is heavily researched,3, 4 their 

commercial potential is debated due to the poor interfaces and stability issues. In this scenario, 

post-lithium rechargeable battery chemistries are receiving significant attention. Among them, 

aqueous rechargeable zinc (Zn)-metal batteries (ARZMBs) conceiving the reversible shuttling 

of Zn-ion (Zn2+) between a metallic Zn anode and an insertion cathode are of particular 

interest.5,6 Zn is naturally abundant and possesses a low reduction potential of -0.76 V vs. 

standard hydrogen electrode.7 It is expected that the use of a high capacity Zn anode (820 mAh 

g-1) in combination with a suitable high-voltage cathode could make the ARZMBs reach up to 

190 Wh kg-1; however, due to poor cathode performance, values are around 80-90 Wh kg-1.8 

 MnO2 is considered as one of the promising cathode materials for the reversible 

insertion of Zn2+.9,10 MnO2 cathode exhibits high average potential (~1.4 V) along with high 

capacity (> 200 mAh g-1), which enhances the possible energy output of ARZMB.11 However, 

despite the above-mentioned advantages, the further development of rechargeable Zn||MnO2 

batteries is still constrained due to severe capacity fading during cycling. As per the current 

understanding, this shortcoming originates from the dissolution of Mn2+ into the electrolyte.12 

In this aspect, Mn(II) salts such as MnSO4 and Mn(CF3SO3)2 are employed as additives in the 

Zn2+-conducting electrolytes and are proved to improve the cycle life of the Zn||MnO2 battery.13 

The presence of a Mn(II) salt in the electrolyte maintains an equilibrium concentration of Mn2+ 

at the electrode|electrolyte interface suppressing the dissolution of the electrode material.14, 15 

Also, the Mn(II) salt could be electrodeposited on the cathode during electrochemical cycling 

of the cell, leading to higher loading of the active material.16, 17 This leads to the overestimation 

of the cell performance, which is often not taken into account. Despite the know-how regarding 

the Mn2+ dissolution leading to capacity fading in the Zn||MnO2 battery, the other factors 

contributing to the same still remain ambiguous. Therefore, an alternate strategy to improve 

the cycle life of the Zn||MnO2 battery without a pre-added Mn(II) salt is desirable.  

 Few recent reports have demonstrated that accumulation of an irreversible byproduct 

(such as ZnMn3O7.2H2O or woodruffite structure) on the cathode impedes the reversibility of 

the Zn2+ shuttling, deteriorating the overall performance of the battery.18-20 Besides,  ARZMBs 

suffer from low cycle life owing to the dendrite-like structural evolution on the surface of the 

metallic Zn anode.21-23 In addition to this, recently Zhao et al. have shown the poisoning of the 

anode by means of diffused discharge byproducts from the cathode to be detrimental to the 
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cycling stability of ARZMBs.24 Therefore, in the case of the Zn||MnO2  battery, the poisoning 

of the Zn surface by Mn(II) deposition could possibly be another factor contributing toward 

the observed performance degradation. In fact, reports on a manganese-based LIB cathode have 

proved that dissolved Mn-species diffuse, migrate, and eventually get deposited on the anode, 

leading to poisoning of the solid electrolyte interphase (SEI) on the anode.25 The 

aforementioned intricacies can be mitigated by using a cation selective ionomer membrane 

such as Nafion as the separator. Recently, our group has explored this strategy with two 

different cathodes viz., V2O5 and covalent organic framework (COF).26,27 

 Here, we investigate the electrochemical performance of lab-scale Zn||MnO2 cells with 

Nafion ionomer membrane as the separator in combination with Zn2+ ion conducting liquid 

electrolytes. Unlike the plethora of available reports on ARZMBs, no additional Mn(II) salt is 

added into the electrolytes, and hence they are called ‘single component’ electrolytes. Specific 

attention is dedicated to the Nafion membrane-based Zn||MnO2  cells comprising Zn(CF3SO3)2 

or ZnSO4 electrolytes, which offer a more favourable electrode|electrolyte interface and wide 

electrochemical stability window compared to other salts such as ZnCl2, Zn(OOCCH3)2, and 

Zn(NO3)2. In 1M Zn(CF3SO3)2, the Nafion-based Zn||MnO2  cell exhibits a high capacity of 

350 mAh g-1 at 0.1 A g-1 and excellent cycling stability (89% of the initial capacity is retained 

after 500 cycles at 3 A g-1 current rate) compared to all the other electrolytes. On the other 

hand, in 1M ZnSO4.7H2O, the Zn||MnO2 cell delivers a high initial capacity; however, the 

capacity drops drastically to 110 mAh g-1 after 500 cycles. Such capacity fading is found to be 

reduced in a concentrated electrolyte (3M ZnSO4.7H2O). Most importantly, the current study 

emphasizes that, irrespective of the type of the liquid electrolyte used, all the Nafion-based 

Zn||MnO2 cells outperform the porous separator (glass fiber paper and polypropylene)-based 

counterparts. This highlights the utility of the Nafion-based single component electrolyte to 

eliminate the necessity of Mn(II) additives in the electrolyte in the Zn||MnO2 cells. 

Additionally, through detailed structural analyses of the post-cycling electrodes, we have also 

elucidated the underlying factors contributing to the improved performance of the Nafion-

based Zn||MnO2 cells as a function of different electrolytes. 

3.2 Experimental Section 

3.2.1  Materials 

 Manganese acetate (Mn(OOCCH3)2), ammonium acetate (NH4OOCCH3), zinc 

trifluoromethanesulfonate (Zn(CF3SO3)2), zinc nitrate hexahydrate (Zn(NO3)2.6H2O), zinc 

chloride (ZnCl2), and zinc sulphate heptahydrate (ZnSO4.7H2O) were procured from Sigma 



CHAPTER 3 

 

 

69 AcSIR, CSIR-NCL | Meena Ghosh 

 

Aldrich. Zinc acetate (Zn(OOCCH3)2) was purchased from Rankem Chemicals. Toray carbon 

fiber paper was supplied by Global Nanotech. Nafion® membrane (212) was procured from 

DuPont, USA. Glass fiber (Grade GF/F) and polypropylene-based Celgard® were supplied by 

Global Nanotech. 

3.2.2 Fabrication of the Cathode 

 The precursor solution was prepared by dissolving 432 mg of Mn(OOCCH3)2 (0.1 M) 

and 193 mg of (NH4OOCCH3) (0.1 M) in 25 ml of deionized water. Electrochemical deposition 

of MnO2 was carried out in a three-electrode setup using commercial Toray carbon paper (CP, 

1 cm2 area) as the working electrode, a platinum mesh as the counter electrode, and a platinum 

wire as the quasi reference electrode in a Biologic VMP3 potentiostat instrument. A constant 

current of 4 mA cm-2 was applied for different time intervals of 560, 1663, and 2772 sec to 

obtain the MnO2 loading values of 1, 3, and 5 mg, respectively. Followed by the 

electrodeposition, all the electrodes were rinsed thoroughly with water and dried at 60oC. The 

as-prepared electrodes are marked as MnCP-X, where ‘X’ stands for the loading of the MnO2 

on CP. 

3.2.3 Material Characterization 

 Morphology of the MnCP-X samples was investigated with field emission scanning 

electron microscope (FESEM) Nova Nano SEM 450. Energy-dispersive X-ray spectroscopy 

(EDAX) analysis and EDAX elemental mapping were performed with an ESEM-Quanta 200-

3D instrument. A Tecnai T-20 instrument at an accelerating voltage of 200 kV was used for 

transmission electron microscopy (TEM) imaging. Fourier transform infrared (FTIR) analysis 

was carried out with a Bruker Tensor 27 FTIR instrument. X-ray photoelectron spectroscopy 

(XPS) analysis was performed using a Thermo K-alpha+ X-ray spectrometer. Rigaku, 

MicroMax-007HF with high-intensity Microfocus rotating anode X-ray generator (Cu Kα (α = 

1.54 Å) was used for X-ray diffraction (XRD) analysis. 

3.2.4 Electrochemical Measurements 

 BioLogic VMP3 Potentio-Galvanostat instrument was used for all the electrochemical 

analyses. All the electrochemical cells were fabricated in CR2032 coin cell configuration using 

Nafion membrane as the separator. Prior to use, the Nafion membranes were pre-treated by 

following the previously reported method.26 In this work, aqueous solution of 1M 

Zn(CF3SO3)2, 1M ZnSO4.7H2O, 1M ZnCl2, 1M Zn(NO3)2.6H2O, 1M Zn(OOCCH3)2 or 3M 

ZnSO4.7H2O were used as the electrolytes. The electrolytes in combination with Nafion 
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membrane are represented as NAF-T-1, NAF-S-1, NAF-C-1, NAF-N-1, NAF-A-1, and NAF-

S-3, respectively, where ‘NAF’ stands for Nafion, the letter followed by ‘NAF’ indicates the 

type of conducting salt (‘T’= Zn(CF3SO3)2, ‘S’= Zn(SO4)2, ‘C’= ZnCl2, ‘N’= Zn(NO3)2 and 

‘A’= Zn(OOCCH3)2) and the digits ‘1’ and ‘3’ represent the concentration of the electrolytes. 

Cyclic voltammetry (CV) analyses were carried out in Zn|Y|CP cell configuration using CP 

and Zn foil as the working and reference electrodes, respectively. Here the letter ‘Y’ is used as 

a general representation for the aforementioned electrolyte-soaked Nafion membranes (e.g., 

NAF-T-1, NAF-S-1, etc.). Similarly, the galvanostatic Zn plating/stripping experiments were 

carried out at a current rate of 0.1 mA cm-2 (30 min Zn plating and 30 min Zn stripping) in a 

Zn|Y|Zn symmetric cell configuration. 

 Ionic conductivity values of the electrolytes were determined by the electrochemical 

impedance spectroscopy (EIS) technique. The conductivity cells were fabricated in the CR2032 

coin cell by keeping the desired electrolyte-soaked Nafion membrane in between two stainless 

steel plates with 1 mm thickness. The conductivity measurements were carried out between 20 

to 60o C at every 10o C interval. The temperature was controlled by using an Espec 

environmental test chamber. The transference number of  Zn2+ (tZn
2+) in the electrolyte-infused 

Nafion membranes was also analyzed in the Zn|Y|Zn symmetric cell configuration, and tZn
2+ 

values were calculated from the following equation (Equation 3.1) proposed by Abraham et 

al.28,29 

𝑡𝑍𝑛2+ =
𝐼𝑆𝑆𝑅𝛺,𝑆𝑆(∆𝑉− 𝐼0𝑅𝑐𝑡,0)

𝐼0𝑅𝛺,0(∆𝑉− 𝐼𝑆𝑆𝑅𝑐𝑡,𝑆𝑆)
        (Equation 3.1) 

where, V stands for the DC polarization voltage, 𝐼0  and 𝐼𝑆𝑆 are the initial and steady state 

current response during the polarization, respectively, and 𝑅𝛺 and 𝑅𝑐𝑡  are the equivalent series 

resistance (ESR) and charge transfer resistance obtained from the impedance data at initial and 

steady state, respectively. 

 The electrochemical performance of the MnCP-X cathodes was studied in the CR2032 

coin cell (Zn|Y|MnCP-X), where ‘X’ and ‘Y’ indicate the amount of MnO2 loading on CP and 

the type of electrolyte used. The CV (at scan rates of 1.0, 0.5, 0.3, and 0.1 mV s-1) and 

galvanostatic charge-discharge (GCD) (at constant current rates of 0.1, 0.25, 0.5, 1, and 3 A g-

1) techniques were employed to characterize the Zn||MnO2 cells within the voltage window of 

0.80-2.0 V vs. Zn|Zn2+. The cycling stability tests were performed by the GCD experiment at 

a current rate of 3 A g-1. The specific discharge capacity values of the Zn||MnO2 cells are 

calculated from the GCD plots considering the loading of the active material (MnO2) in the  
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Figure 3.1. Schematic presentation of the fabrication of the MnCP-X electrode. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). 

Copyright (2020) American Chemical Society). 

cathode. The overall resistance of the Zn|Y|MnCP-X cells was monitored by impedance 

analyses within the 1 MHz to 50 mHz frequency range with a sinus amplitude of 10 mV (Vrms 

= 7.07 mV). The spectra were recorded during the 1st and 100th discharge cycles at a potential 

of 1.25 V vs. Zn|Zn2+. For comparison purpose, Zn||MnO2 cells are also fabricated with glass 

fiber paper (GFP) and polypropylene-based Celgard  (CEL) as the porous separator using 1M 

Zn(CF3SO3)2, 1M ZnSO4.7H2O, and 3M ZnSO4.7H2O electrolytes. The cells with GFP are 

represented as Zn|GFP-T-1|MnCP-1, Zn|GFP-S-1|MnCP-1, and Zn|GFP-S-3|MnCP-1, 

respectively. The CEL-based cells are marked as Zn|CEL-T-1|MnCP-1, Zn|CEL-S-1|MnCP-1, 

and Zn|CEL-S-3|MnCP-1, respectively. 

3.3 Results and Discussion 

3.3.1 Physical Characterizations 

 The fabrication of the MnO2 electrode (MnCP-X) and its use as cathode for assembling 

Zn||MnO2 cell are schematically presented in Figure 3.1. The FESEM images in Figure 3.2a 

and b reveal that the surface of the carbon fibers in MnCP-1 sample is uniformly covered with 

the vertically aligned MnO2 nanosheets. The nanosheets are interconnected with each other to 

form a uniform porous network over the carbon fibers. The uniform distribution of manganese 

(Mn) and oxygen (O) over the carbon (C) fibers is confirmed by elemental mapping analysis 

of MnCP-1 (Figure 3.2c). In order to understand the effect of deposition time on the MnO2  
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Figure 3.2. (a)-(b) FESEM images and (c) elemental mapping of C, O, and Mn of the MnCP-

1 sample; FESEM image of the (d) MnCP-3, and (e) MnCP-5 samples;  (f) TEM image, (g) 

XRD profile, (h) Mn2p XPS profile, and (i) O1s XPS profile of the MnCP-1 sample. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). 

Copyright (2020) American Chemical Society). 

morphology, the morphology of MnCP-3 and MnCP-5 samples is also studied. Figure 3.2d 

and e exhibit the formation of dense MnO2 nanosheets in MnCP-3 and MnCP-5. 

 Later, the MnCP-1 sample was subjected to further characterization. The TEM image 

of MnCP-1 (Figure 3.2f) reveals the growth of thin and interconnected MnO2 nanosheets. In 

the XRD data of the MnCP-1 sample (Figure 3.2g), the absence of prominent characteristic 

peaks for MnO2 may be due to the amorphous nature of the sample. The formation of the MnO2 

phase is supported through XPS analysis. In Figure 3.2h, the appearance of two peaks at the 

binding energies of 642.4 and 654.0 eV correspond to the Mn 2p3/2 and Mn 2p1/2 doublet of the 

+4 oxidation state of Mn, respectively. The spacing of 11.7 eV between the doublets validates 

the +4 oxidation state of Mn.30 The O1s spectra at the binding energy of 529.0 eV correspond 

to the Mn-O-Mn coordination in the MnO2 lattice (Figure 3.2i).31 Moreover, the  
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Figure 3.3. (a) CV plots of the Zn|NAF-T-1|CP and Zn|NAF-S-1|CP cells recorded at a scan 

rate of 5 mV s-1; (b) voltage vs. time profiles of the Zn|NAF-T-1|Zn and Zn|NAF-S-1|Zn cells; 

(c) Arrhenius plot representing the linear relationship between Ionic conductivity (σ) and 

temperature (T”) for the NAF-T-1 and NAF-S-1 electrolytes; (d) chronoamperometry data of 

the Zn|NAF-T-1|Zn cell recorded at a bias potential of 25 mV, where the corresponding 

impedance plots are given in the inset. (Reprinted (adapted) with permission from (ACS 

Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) American Chemical 

Society). 

atomic percentage of the elements in MnCP-1 confirms the presence of Mn and O with a 

stoichiometric ratio of ≈1:2. 

3.3.2 Selection of Electrolytes 

 The reversibility of the Zn plating/stripping process in different electrolytes and the 

electrochemical stability of the respective electrolytes are primarily investigated by CV 

analyses at a scan rate of 5 mV s-1. In Figure 3.3a, the pair of the redox peaks corresponds to 

the plating and stripping of Zn in the Zn|NAF-S-1|CP and Zn|NAF-T-1|CP cells. Apart from 

these two peaks, no significant current response is observed in the anodic region up to a 

potential of 2.1 V vs. Zn|Zn2+. The wide potential window suggests the compatibility of the 

aforementioned electrolytes to be employed with a high voltage cathode such as MnO2. 

However, the difference between the onset potential for the plating and stripping processes is 

more in the case of the Zn|NAF-S-1|CP cell. This indicates the lower overpotential and better 

reversibility of Zn plating/stripping in 1M Zn(CF3SO3)2. 
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Figure 3.4. Voltage vs. time profiles of the (a) Zn|NAF-C-1|Zn, (b) Zn|NAF-N-1|Zn, and (c) 

Zn| NAF-A-1|Zn cells; CV plots of the (d) Zn|NAF-C-1|CP, (e) Zn|NAF-N-1|CP, and (f) 

Zn|NAF-A-1|CP cells recorded at the scan rate of 5 mV s-1. (Reprinted (adapted) with 

permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) 

American Chemical Society). 

 The reversibility of the Zn plating/stripping is further confirmed from the long-time 

plating/stripping behavior in the Zn|NAF-S-1|Zn and Zn|NAF-T-1|Zn symmetric cell 

configurations (Figure 3.3b). In both the cells, a gradual drop in the voltage polarization during 

the initial cycles indicates the formation of a stable electrode|electrolyte interface. As given in 

the enlarged image (Figure 3.3b), the plating/stripping overpotential obtained for the Zn|NAF-

T-1|Zn cell is lower (52 mV) than that of the Zn|NAF-S-1|Zn cell (94 mV). Nevertheless, 

compared to the flat voltage profile in 1M Zn(CF3SO3)2, both plating and stripping processes 

in 1M ZnSO4.7H2O experience small voltage shoot up, which is a characteristic of porous and 

non-uniform electrode surface evolved during repeated cycling.32 However, in the previous 

chapter (Chapter 2), a favourable plating and stripping process with a lower overpotential 

value of 71 mV in a concentrated ZnSO4 electrolyte (3M ZnSO4.7H2O) has already been 

proved.26 The superior electrochemical behavior of the Zn|NAF-T-1|Zn cell can be ascribed to 

the bulky CF3SO3
- counterpart present in the Zn(CF3SO3)2 electrolyte.33 The large size of the 

anion reduces the number of solvating water molecules surrounding the Zn2+ ions, which 

facilitates the mobility of the Zn2+ under the applied potential. This could lead to uniform 

plating of Zn during the electrochemical cycling.34 
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 The ion transport properties of the NAF-T-1 and NAF-S-1 membranes are investigated 

through ionic conductivity and Zn2+ ion transference number analysis. The temperature-

dependent ionic conductivities of the NAF-T-1 and NAF-S-1 membranes were measured, and 

the corresponding data are summarized in the form of the Arrhenius plot in Figure 3.3c.35, 36 

At 40oC, NAF-T-1 and NAF-S-1 membranes offer more or less similar ionic conductivity (0.87 

and 0.25 mS cm-1, respectively) and activation energy (0.17 and 0.15 eV, respectively).  In 

order to check the cationic contribution toward the total ionic transport, the Zn2+ ion 

transference numbers (tZn
2+) are evaluated for Zn|NAF-T-1|Zn and Zn|NAF-S-1|Zn cells. The 

tZn
2+ values obtained for 1M Zn(CF3SO3)2 (Figure 3.3d) and 1M ZnSO4.7H2O based 

membranes are 0.54 and 0.51, respectively. The tZn
2+ values higher than 0.50 are credited to the 

cation selective Nafion ionomer membrane as the separator in both the cells.37 

 Later, electrochemical properties of three other Zn2+ ion conducting aqueous 

electrolytes (1M Zn(NO3)2.6H2O, 1M Zn(OOCCH3)2, and 1M ZnCl2) in combination with 

Nafion membrane are studied. The associated electrochemical data are displayed in Figure 

3.4a-f. Among them, only the Zn|NAF-C-1|Zn cell could sustain stable plating/stripping for 80 

h with an overpotential of 80 mV (Figure 3.4a). However, in the CV plot of the Zn|NAF-C-

1|CP cell (Figure 3.4d), the steep increase in the current at 1.2 V vs. Zn|Zn2+ originates from 

the low electrochemical stability of the ZnCl2 electrolyte.38 On the other hand, the cycling data 

of the Zn|NAF-N-1|Zn and Zn|NAF-A-1|Zn cells (Figure 3.4b and c) shows a gradual increase 

in voltage polarization with respect to time. The appearance of spikes in the plating and 

stripping half indicates the internal short circuits by means of the inferior electrode|electrolyte 

interface.39 Such interfacial instability leads to cell failure just after 30 h of operation. 

Nevertheless, the reversible peaks for the Zn plating/stripping process are not observed in the 

CV profile of the Zn|NAF-N-1|CP cell (Figure 3.4e) due to corrosion of Zn in the presence of 

the strong oxidizing NO3
- ions in the electrolyte.40 Therefore, considering the wide 

electrochemical stability, low plating/stripping overpotential, and long cycling stability 

obtained in 1M Zn(CF3SO3)2 and 1M ZnSO4.7H2O electrolytes, we have opted for these two 

electrolytes for the fabrication of Zn||MnO2 cells. 

3.3.3 Electrochemical Analysis of the Zn||MnO2 Cell in 1M Zn(CF3SO3)2 

 The Zn2+ storage property of the MnCP-1 electrode in the 1M Zn(CF3SO3)2 electrolyte 

(Zn|NAF-T-1|MnCP-1 cell) is primarily investigated by CV analysis within a voltage range of 

0.80 to 2.0 V vs. Zn|Zn2+. In Figure 3.5a, the CV plots at different scan rates exhibit a pair of 

redox peaks at potentials of 1.3 V/1.6 V vs. Zn|Zn2+, implying the reversible insertion of Zn2+  
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Figure 3.5. (a) CV plots of the Zn|NAF-T-1|MnCP-1 cell recorded at various scan rates; (b) 

Log(i) vs. Log(ν) plots of the oxidation and reduction peaks as appeared in Figure(a); (c) the 

open-circuit voltage (OCV) vs. time profile, (d) discharge profiles in the initial cycles at a 

current rate of 0.1 A g-1, (e) GCD profiles at various current rates, (f) rate performance of the 

Zn|NAF-T-1|MnCP-1 cell; (g) discharge capacities of the Zn|NAF-T-1|MnCP-X cells 

measured at various current rates. (Reprinted (adapted) with permission from (ACS 

Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) American Chemical 

Society). 

ions into the MnO2 lattice. The charge storage mechanism is investigated by analyzing the 

dependence of the peak current (i) on the scan rate (ν) using the following equation: 

𝑖 = 𝑎 𝜈𝑏        (Equation 3.2)  
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where ‘a’ and ‘b’ are the adjustable parameters.41 In particular, b = 0.5 and b = 1.0 signify the 

contribution from the diffusion-controlled and surface-controlled faradaic processes, 

respectively.42,43 b values for the anodic and cathodic peaks of the Zn|NAF-T-1|MnCP-1 cells 

are obtained from the Log (i) vs. Log (ν) relationship (Figure 3.5b). A b value higher than 0.5 

(0.73 for the oxidation peak and 0.82 for the reduction peak) indicates that the Zn2+ storage in 

the MnCP-1 cathode is hybrid with dominant contribution from the surface-controlled 

process.44 Besides, the Zn|NAF-T-1|MnCP-1 cell could maintain the open-circuit voltage (~1.5 

V vs. Zn|Zn2+) for more than 24 h, indicating negligible self-discharge (Figure 3.5c). 

 The charge storage capacity of the MnCP-1 sample in the 1M Zn(CF3SO3)2 electrolyte 

is analyzed by the GCD method. At a current rate of 0.1 A g-1, the cell achieves high discharge 

capacities of 300 and 350 mAh g-1 in the 1st and 2nd cycles, respectively (Figure 3.5d). To 

assess the rate capability of the Zn|NAF-T-1|MnCP-1 cell, the capacities at various current 

rates are recorded. The cell delivers average discharge capacities of 350, 300, 250, 225, and 

175 mAh g-1 at current rates of 0.1, 0.25, 0.5, 1, and 3 A g-1, respectively (Figure 3.5e and f). 

The obtained capacity values indicate a good rate capability of the cell with 50% retention of 

the capacity when the current rate is varied from 0.1 to 3 A g-1. Notably, when the current rate 

is abruptly decreased to 0.1 A g-1, the cell could recover a discharge capacity of 290 mAh g-1 

(Figure 3.5f). A slight decrease in the capacity at 0.1 A g-1 during the following cycles can be 

due to the degradation of the cathode at a very low current rate. Moreover, the symmetric 

appearance of the charge-discharge profiles at all the current rates (Figure 3.5e) suggests the 

reversible Zn2+ insertion/extraction process occurring in the MnCP-1 cathode. 

 The remarkable capacity and rate performance of the Zn|NAF-T-1|MnCP-1 cell can be 

credited to the unique architecture of the MnCP-1 cathode. The vertically aligned MnO2 

nanosheets (Figure 3.2a) over the carbon fibers can expose more number of redox sites and 

facilitate the access of the electrolyte to the interior of the electrode. This extended 

electrode|electrolyte interfacial contact reduces the diffusion path for the electrolyte ions.45 

Besides, the carbon fiber backbone of the MnCP-1 cathode ensures the easy transport of 

electrons even when the electrochemical reactions are performed at higher current rates. The 

synergic effect of the aforementioned factors maximizes the number of accessible active sites 

for accommodating the Zn2+ ions in the MnCP-1 cathode. 

 The discharge capacities of the other MnCP-X electrodes are also measured as a 

function the MnO2 loading (Figure 3.5g). At a current rate of 0.1 A g-1, the MnCP-3 and 

MnCP-5 samples exhibit discharge capacities of 292 and 216 mAh g-1, respectively. The drop  
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Figure 3.6. (a) CV plots of the Zn|NAF-S-1|MnCP-1 cell recorded at various scan rates; (b) 

Log (i) vs. Log (ν) plots of the redox peaks as shown in (a); (c) discharge profiles in the initial 

cycles recorded at a current rate of 0.1 A g-1, (d) GCD profiles obtained at various current 

rates of the Zn|NAF-S-1|MnCP-1 cell; (e) CV profiles recorded at various scan rates and (f) 

GCD profiles recorded at various current rates of the Zn|NAF-S-3|MnCP-1 cell. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). 

Copyright (2020) American Chemical Society). 

in the discharge capacity with higher loading is obvious as observed in the other charge storage 

devices based on semiconducting MnO2.
46, 47 Due to the thick coating of MnO2 in MnCP-3 and 

MnCP-5, the electrolyte ions can access only a fraction of the active material, which could 

further take part in the associated redox reactions. Still, considering the high loading, the 

specific capacity of MnCP-5 is appreciable in comparison to the other MnO2-based ARZMB 

cathodes reported previously.48-50  
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3.3.4 Electrochemical Analysis of the Zn||MnO2 Cell in 1M ZnSO4 

 The electrochemical performance of MnCP-1 is further explored in the 1M 

ZnSO4.7H2O electrolyte (Zn|NAF-S-1|MnCP-1 cell). The CV profiles (Figure 3.6a) of the 

Zn|NAF-S-1|MnCP-1 cell display two distinct pairs of reversible redox peaks, which could be 

related to the insertion/extraction of H+ (1.5 V/1.39 V) and Zn2+ (1.59 V/1.24 V) ions into the 

MnO2 lattice. The charge storage mechanism of the Zn|NAF-S-1|MnCP-1 cell is also analyzed 

from the current vs. scan rate relationship (Equation 3.2, Figure 3.6b). Similar to the Mn|NAF-

T-1|Zn cell, the b values for the oxidation and reduction peaks are in the range of 0.70-0.80, 

signifying the dominant contribution of the surface-controlled redox reactions. 

 The initial discharge profiles displayed in Figure 3.6c shows that the Zn|NAF-S-

1|MnCP-1 cell achieves a discharge capacity of 420 mAh g-1 (at 0.1 A g-1) in the first cycle 

cycles, a value that is superior to that of the Zn|NAF-T-1|MnCP-1 cell (Figure 3.5e). The 

charge-discharge profiles of the Zn|NAF-S-1|MnCP-1 cell recorded at different current rates 

are given in Figure 3.6d. At a current rate of 3 A g-1, the same cell could retain 120 mAh g-1 

discharge capacity (30% of the obtained capacity at 0.1 A g-1; Figure 3.6d). Unlike the 1M 

Zn(CF3SO3)2, the 1st discharge profile of the Zn|NAF-S-1|MnCP-1 cell appears with a sharp 

voltage plateau, while two sloping voltage curves are observed in the subsequent cycles 

(Figure 3.6d). According to the recent reports, the single discharge platform in the 1st cycle 

associates with the phase transformation in the MnO2 cathode followed by H+/Zn2+ insertion.51, 

52 The electrochemical performance of Zn||MnO2 cell is also recorded in 3M ZnSO4.7H2O 

electrolyte. Note that the preparation of the Zn(CF3SO3)2 electrolyte with the same 

concentration (3M) is difficult due to the low water solubility of the Zn(CF3SO3)2 salt. Also, 

considering the high cost, the use of the concentrated electrolyte with Zn(CF3SO3)2 (~18 times 

more costly than the ZnSO4 salt) is not economically viable. The CV and GCD plots of the 

Zn|NAF-S-3|MnCP-1 cell are presented in Figure 3.6e and f, featuring similar charge storage 

properties as like in 1M ZnSO4.7H2O. 

3.3.5 Cycling Stability and Impedance Analysis of Nafion-Based Zn||MnO2 Cells 

 The cycling stability of Zn|NAF-T-1|MnCP-1 and Zn|NAF-S-1|MnCP-1 cells was 

investigated at a current rate of 3 A g-1 (Figure 3.7a). The Zn|NAF-T-1|MnCP-1 cell exhibits 

a discharge capacity of 151 mAh g-1 and retains 89% of the initial capacity after 500 cycles. 

With continuous cycling, the same cell could still deliver 75% and 69% retention of the initial 

capacity over 1000 and 1200 stability cycles, respectively. To the best of our knowledge, the 

Zn|NAF-T-1|MnCP-1 cell surpasses the cycling performance of all the previously reported  
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Figure 3.7. (a) Comparison of the cycling stability; impedance plots of the (b) Zn|NAF-T-

1|MnCP-1, (c) Zn|NAF-S-1|MnCP-1, and (d) Zn|NAF-S-3|MnCP-1  cells recorded at a 

discharge voltage of 1.25 V vs. Zn|Zn2+ during the 1st and 100th discharge cycles. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). 

Copyright (2020) American Chemical Society). 

single component electrolyte-based Zn||MnO2 cells (see Table 3.1).48, 53-55 It can also be noted 

that the obtained discharge capacity and cyclability of the Zn|NAF-T-1|MnCP-1 cell are 

superior to many of the reported Mn(II) additive-based Zn||MnO2 cells, as shown in Table 

3.1.50, 56-59  

 At the same time, the discharge capacity obtained for the Zn|NAF-S-1|MnCP-1 cell is 

185 mAh g-1. Despite the high initial capacity, in the subsequent cycles, the capacity fading is  
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Table 3.1. The discharge capacity and cyclic stability of the Zn|NAF-T-1|MnCP-1 cell are 

compared with some of the manganese oxide based cathodes reported in the literature. 

(Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–

5049). Copyright (2020) American Chemical Society).  

Cathode 

Material 

Electrolyte Discharge capacity 

 

Cycling stability Ref. 

δ-MnO2 1M ZnSO4 252 mAh g-1 at 0.083 A g-1 44% after 100 cycles at 

0.083 A g-1 

54 

b-MnO2 1M ZnSO4 (with 

MnSO4) 

193 mAh g-1 at 0.132 A g-1 75% after 200 cycles at 

0.2 A g-1 

57 

Ramsdellite 

MnO2 

2M ZnSO4 200 mAh g-1 at 0.02 A g-1 65% after 1000 cycles at 

0.1 A g-1 

55 

ZnMn2O4 3M Zn(CF3SO3)2 150 mAh g-1 at 0.05 A g-1 94% after 500 cycles at 

0.5 A g-1 

48 

Mn3O4 1 M ZnSO4 + 1 M 

MnSO4 

221 mAh g-1 at 0.1 A g-1 92% after 500 cycles at 

0.5 A g-1 

56 

-MnO2/ 

graphene scrolls 

2 M ZnSO4 + 0.2 M 

MnSO4 

382.2 mAh g-1 at 0.3 A g-1 94% after 3000 cycles at 

3 A g-1 

14 

MnO2/rGO 2 M ZnSO4 + 0.1 M 

MnSO4 

332.2 mAh g-1 at 0.3 A g-1 96% after 500 cycles at 6 

A g-1 

59 

ZnMn2O4 1 M ZnSO4 + 0.05 

M MnSO4 

106.5 mAh g-1 at 0.1 A g-1 100% after 300 cycles at 

0.1 A g-1 

50 

-MnO2 2 M ZnSO4 + 0.1 M 

MnSO4 

275.2 mAh g-1 at 1/3 C 86.8% after 140 cycles at 

1C 

58 

CNT-

MnOx@PEDOT 

PVA/LiCl–ZnCl2–

MnSO4 gel 

289 mAh g-1 at 2 mA cm-2 88.7% after 1000 cycles 

at 20 mA cm-2 

23 

MnO2@PEDOT PVA/LiCl–ZnCl2–

MnSO4 gel 

282.4 mA h g−1 at 0.37 A 

g−1 

77.7% after 300 cycles at 

1.86 A g-1 

10 

MnCP-1 NAF-T-1 350 mAh g-1 at 0.1 A g-1 69% after 1200 cycles at 

3 A g-1 

This 

work 
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Table 3.2. Electrolyte resistance, surface resistance and charge transfer resistance of the 

Zn||MnO2 cells during the 1st and 100th discharge cycles. (Reprinted (adapted) with permission 

from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) American 

Chemical Society). 

  

 

 

 

 

 

 

 

 

found to be more prominent, resulting in 61% retention of the initial capacity after the 500 

cycles. Nevertheless, followed by the 1200 cycles, the Zn|NAF-S-1|MnCP-1 cell exhibits only 

43% of the initial capacity. Interestingly, the Zn||MnO2 cell with concentrated electrolyte 

exhibits substantial improvement in capacity retention at the current rate of 3 A g-1. The initial 

discharge capacity obtained for the Zn|NAF-S-3|MnCP-1 cell is 205 mAh g-1 and it gradually 

stabilizes to 150 mAh g-1 within 30 charge-discharge cycles. In the following cycles, the 

capacity drop is reduced, resulting in 112 mAh g-1 capacity after the 1200 charge-discharge 

cycles (55% retention of its initial capacity and 75% retention of the capacity obtained at the 

30th cycle). Despite the initial drop, the overall capacity retention of the Zn|NAF-S-3|MnCP-1 

cell is superior compared to that of its 1M ZnSO4.7H2O counterpart (Figure 3.7a). 

 EIS analyses are carried out to understand the influence of various electrolytes on the 

cycle life of the Zn||MnO2 cells. Impedance spectra are recorded at 1.25 V vs. Zn|Zn2+ in the 

1st and 100th discharge cycles (Figure 3.7b-d). A simple equivalent circuit (Figure 3.7b-d 

inset) is used to fit the impedance spectra, and the obtained resistance values are tabulated in 

Table 3.2. The equivalent circuit consists of the three main components denoted as the bulk 

resistance (Rel), surface resistance (Rsur), and charge transfer resistance (Rct). Rel is the 

equivalent series resistance (ESR) of the cell, which is mainly contributed from the ohmic 

resistance of the electrolyte and cell components. Rsur and Rct represent the nature of the SEI 

layer and resistance to the charge transfer reactions occurring at the electrode|electrolyte  

Zn||MnO2 cell Cycle Rel (Ω) Rsur (Ω) Rct (Ω) 

Zn|NAF-T-1|MnCP-1 1st 1.9 4.1 11.7 

Zn|NAF-T-1|MnCP-1 100th 1.8 0.5 11.5 

Zn|NAF-S-1|MnCP-1 1st 2.1 2.4 33.1 

Zn|NAF-S-1|MnCP-1 100th 2.0 20.0 14.7 

Zn|NAF-S-3|MnCP-1 1st 1.2 2.6 4.9 

Zn|NAF-S-3|MnCP-1 100th 1.3 4.4 15.9 
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Figure 3.8. Cycling stability data of the (a) Zn|GFP-T-1|MnCP-1, (b) Zn|GFP-S-1|MnCP-1, 

(c) Zn|GFP-S-3|MnCP-1, (d) Zn|CEL-T-1|MnCP-1, (e) Zn|CEL-S-1|MnCP-1, and (f) Zn|CEL-

S-3|MnCP-1 cells; impedance plots of the (g) Zn|NAF-T-1|MnCP-1, Zn|GFP-T-1|MnCP-1 and 

Zn|CEL-T-1|MnCP-1 cells recorded at 1.25 V vs. Zn|Zn2+ during the 1st discharge and (h) 

impedance plots of the Zn|NAF-T-1|MnCP-1and Zn|GFP-T-1|MnCP-1 cells after the100th 

discharge cycles. (Reprinted (adapted) with permission from (ACS Sustainable Chem. 

Eng.  2020, 8, 13, 5040–5049). Copyright (2020) American Chemical Society). 

interface, respectively.60,61 The overall resistance of the cells (Rel + Rsur + Rct) is represented as 

Rt. 

 As given in Table 3.2, in the 1st discharge, the Rt values of Zn|NAF-T-1|MnCP-1 (17.7 

Ω) and Zn|NAF-S-3|MnCP-1 (8.7 Ω) cell are much lower than that of the Zn|NAF-S-1|MnCP-

1 cell (37.6 Ω). Followed by cycling, the Rsur of the Zn|NAF-S-1|MnCP-1 cell is increased to 

20.0 Ω, a value much higher than those of Zn|NAF-T-1|MnCP-1 (0.5 Ω) and Zn|NAF-S-

3|MnCP-1 (4.4 Ω). The higher Rsur value indicates the inferior SEI resulting from the low  
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Table 3.3. Electrolyte resistance, surface resistance and charge transfer resistance of the 

Zn||MnO2 cells with porous separators during the 1st and 100th discharge cycles. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). 

Copyright (2020) American Chemical Society). 

 

 

 

 

 

 

Zn|electrolyte interface stability in 1M ZnSO4.7H2O, causing faster degradation of the cell 

performance (Figure 3.7a). The slightly high Rsur of the Zn|NAF-S-3|MnCP-1 cell could be 

responsible for the initial capacity drop in the Zn|NAF-S-3|MnCP-1 cell; however, the 

percentage increase in the Rsur from the 1st to 100th cycles is less than that of 1M ZnSO4.7H2O.  

Hence, the Rsur and Rt values suggest that 1M Zn(CF3SO3)2 and 3M ZnSO4.7H2O electrolytes 

offer much better interfacial compatibility with the Zn anode contributing to the stability of the  

Nafion-based Zn||MnO2 cells. These results further agree with the plating/stripping 

overpotential of Zn in the Zn|Zn configuration in the respective electrolytes (Figure 3.3b). 

3.3.6 Cycling Stability and Impedance Analysis of Porous Separator-Based Zn||MnO2 

 Cells 

 To understand the influence of the Nafion separator, we have carried out the cycling 

stability experiment of the Zn||MnO2 cells using two types of porous separators, GFP and CEL 

(Figure 3.8a-f). The initial capacities of the Zn||MnO2 cells with various separators are more 

or less comparable. However, compared to the Nafion-based cells, all the porous separators 

exhibit dramatic deterioration in terms of capacity retention. Over 250 stability cycles, the 

Zn|GFP-S-1|MnCP-1 cell retains only 46% of its initial capacity, whereas the Zn|GFP-T-

1|MnCP-1 and Zn|GFP-S-3|MnCP-1 cells display 58 and 56% capacity retention, respectively 

(Figure 3.8a-c). Nevertheless, capacity retention in the CEL cells are found to be even lower, 

and all the cells failed after few initial cycles due to the internal short circuit. The Zn|CEL-T-

1|MnCP-1, Zn|CEL-S-1|MnCP-1, and Zn|CEL-S-3|MnCP-1 cells deliver 80, 76, and 42% of 

their initial capacity after the 70, 12, and 100 charge-discharge cycles, respectively (Figure  

 

Zn||MnO2 cell Cycle Rel (Ω) Rsur (Ω) Rct (Ω) 

Zn|GFP-T-1|MnCP-1 1st 0.9 5.2 10.0 

Zn|GFP-T-1|MnCP-1 100th 0.9 10.5 7.2 

Zn|CEL-T-1|MnCP-1 1st 2.1 18.2 109.5 
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Figure 3.9. (a) XRD profiles of the cycled cathodes recorded before washing; (b) XRD profiles 

of the cycled cathodes recorded after washing; FESEM image of (c) the Zn|NAF-T-1|MnCP-1 

cathode, (d) the Zn|NAF-S-1|MnCP-1cathode, and (e) the Zn|NAF-S-3|MnCP-1 cathode 

recorded after the cycling stability test. (Reprinted (adapted) with permission from (ACS 

Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) American Chemical 

Society). 

3.8d-f). Hence, the above discussion points out the critical role of the ionomer membrane in 

maintaining the performance of the Zn||MnO2 cell in the Mn(II) additive-free electrolyte. 

 The impedance analysis for the Zn||MnO2 cells is extended to the GFP and CEL 

separators. As the Zn(CF3SO3)2 electrolyte provides better cycling stability in all the cases, the 

impedance data with porous separators are taken in 1M Zn(CF3SO3)2, and the related EIS data 
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are compared in Figure 3.8g-h and Table 3.3. The Rt of the Zn|GFP-T-1|MnCP-1 cell (16.9 

Ω) in the 1st cycle is close to that of the Zn|NAF-T-1|MnCP-1 cell. However, at the 100th cycle, 

the Rsur of the GFP cell is increased to 10.5 Ω, suggesting the formation of the inferior SEI that 

hampers the transport of Zn2+ ions at the Zn|electrolyte interface. On the other hand, the Nyquist 

plot of the Zn|CEL-T-1|MnCP-1 cell shows an exceptionally high resistance (Rt = 129 Ω) in 

the 1st cycle. This could be due to the low electrolyte retention capacity of the CEL separator. 

Nevertheless, we could not compare the change in impedance after cycling of Zn|CEL-T-

1|MnCP-1 due to failure of the cell within 80 cycles. 

 Based on the aforementioned observations, the extraordinary cycle life of the Zn|NAF-

T-1|MnCP-1 and Zn|NAF-S-3|MnCP-1 cells is attributed to the influence of the Nafion 

ionomer separator. In contrast to the conventionally used porous separators, Nafion membrane 

offers improved interfacial stability to the anode and cathode of the respective cells, which can 

potentially improve the capacity retention. Additionally, the ionomer separator arrests the 

diffusion of the undesired discharge side products from the cathode and mitigates the surface 

poisoning on the anode. 

3.3.7 Physical Characterization of the Post-Stability Electrodes 

 We have investigated the composition of the post-stability cathodes of the Nafion-based 

Zn||MnO2 cells using XRD analyses. The XRD data presented in Figure 3.9a are taken without 

any prior washing of the recovered cathodes under consideration. Compared to the pristine 

MnCP-1 sample (Figure 3.2g), the XRD data of the cycled cathodes exhibit several intense 

peaks, apparently formed due to associated structural changes occurred during the prolonged 

cycling of the cells. In the case of Zn|NAF-T-1|MnCP-1, the XRD peaks are found to match 

with that of the Zn(CF3SO3)2 salt and Mn3O4 (JCPDS 01-075-0765) phase. On the other hand, 

in the case of Zn|NAF-S-1|MnCP-1, along with the characteristic peaks of the ZnSO4 salt 

(JCPDS 00-031- 0818), the new peaks found at 12.7, 18.6, 39.4, and 40.3o could be indexed to 

the woodruffite phase (ZnMn3O7.2H2O, JCPDS 00-047-1825). Few peaks corresponding to the 

Mn2O3 (JCPDS 00-041-1442) phase are also detected in the XRD data. 15 The formation of the 

woodrufite phase is also evidenced in the XRD profile retrieved from the cathode of the 

Zn|NAF-S-3|MnCP-1 cell (Figure 3.9a). In addition to this, few new peaks appeared at 7.9, 

16.0, and 24.3o could be assigned to Zn4SO4(OH)6.5H2O layered double hydroxide (LDH).62 

Recently, Kundu et al. proposed that the LDH formed on the cathode surface plays a favourable 

role in maintaining the stable capacity of the Zn||MnO2 cells, which could be responsible for  
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 Figure 3.10. FESEM image of the (a)-(b) Zn|NAF-T-1|MnCP-1 anode, (c)-(d) Zn|NAF-S-

1|MnCP-1 anode, and (e)-(f) Zn|NAF-S-3|MnCP-1 anode after the cycling stability test. 

(Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–

5049). Copyright (2020) American Chemical Society). 

better cycling stability of the Zn|NAF-S-3|MnCP-1 cell.63 It is interesting to note that the peaks 

related to the woodruffite phase are absent in the Zn|NAF-T-1|MnCP-1 cell. This indicates the 

influence of the electrolytes in directing the structural changes in the cathode of the Zn||MnO2 

cells. 

 The XRD data associated with the post-stability cathodes followed by washing (with 

water) are also collected and compared with the pristine MnCP-1 sample (Figure 3.9b). 

Interestingly, in the case of ZnSO4 and Zn(CF3SO3)2 salt-based cells,  the XRD profiles overlap 

with each other. This in turn indicates that the structural changes mostly took place at the 

surface of the electrode material, whereas the bulk remains more or less similar to the pristine 

electrode, except for the three new peaks observed at 18.5, 30.5, and 39.1o. Despite the 

aforementioned similarity, the difference in the electrochemical performance indicates that the 

side reactions occurring at the electrode surface are rather important in line with determining 

the stability of the Zn||MnO2 cells. 

 Apart from the change in the electrode composition, the morphological changes on the 

electrode surface are also an important factor influencing the cycling stability of the 

electrochemical cells. In the following sections, we have discussed the change in morphology 

of both the cathode (Figure 3.9c-e) and anode (Figure 3.10a-f) of the post-stability cells 

through FESEM analyses. The FESEM images are taken after washing the respective  
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 Figure 3.11. FESEM images of the post-stability zinc anodes recovered from the (a)-(b) 

Zn|GFP-T-1|MnCP-1 and (c)-(d) Zn|CEL-T-1|MnCP-1 cells. (Reprinted (adapted) with 

permission from (ACS Sustainable Chem. Eng.  2020, 8, 13, 5040–5049). Copyright (2020) 

American Chemical Society). 

electrodes to avoid any interference from the precipitated electrolyte salt or other side reaction 

products present on the surface. As seen in Figure 3.9c, no obvious structural change is 

observed in the Zn|NAF-T-1|MnCP-1 cathode, and the contact between the electrode material 

and carbon fibers remains unaffected during the cycling. On the contrary, the FESEM image 

of the Zn|NAF-S-1|MnCP-1 cathode (Figure 3.9d) reveals a significant number of cracks and 

fractures causing detachment of the active material from the carbon fiber skeleton. The 

disconnection between the active material and conductive support hinders the Zn2+ uptake in 

the cathode of the Zn|NAF-S-1|MnCP-1 cell, which could deteriorate the battery life. The 

cathode morphology in the concentrated ZnSO4 electrolyte (Zn|NAF-S-3|MnCP-1 cathode) 

looks (Figure 3.9e) more or less similar to that of the Zn|NAF-T-1|MnCP-1 cell. This suggests 

the superiority of Zn(CF3SO3)2 and concentrated ZnSO4 electrolytes over the low-concentrated 

ZnSO4 counterpart. 

 Later, the morphology of the post-cycled Zn anode of all the three cells is also 

compared. As shown in Figure 3.10a and b, the surface of the Zn|NAF-T-1|MnCP-1 anode 

looks smooth and dense, which is similar to the commercial Zn foil (Chapter 2, Figure 2.7a). 

The absence of any obvious protrusion indicates the uniform plating of Zn during cycling in 

1M Zn(CF3SO3)2, whereas the Zn|NAF-S-1|MnCP-1 anode consists of a significant number of 

protruded Zn deposits (Figure 3.10c and d) and microscale cracks, which are responsible for 

the origin of the porous Zn surface with large holes (Figure 3.10c). The evolution of such a 
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non-uniform surface and numerous grain boundaries impedes the reversible electrochemical 

reactions occurring at the Zn|electrolyte interface. 

 Despite the presence of the Nafion ionomer separator, the undesired morphology 

(Figure 3.10d) of the Zn anode as observed in Zn|NAF-S-1|MnCP-1 cell is responsible for the 

higher voltage polarization during the plating/stripping of Zn (Figure 3.3b). Also, a low 

concentration of the electrolyte induces the Zn2+ ion concentration gradient near to the anode 

surface, resulting in localized deposition of Zn. This effect is believed to be mitigated in the 

concentrated electrolyte,64 which is indeed confirmed from the smooth and dendrite-free 

surface of the Zn|NAF-S-3|MnCP-1 anode (Figure 3.10e and f). Therefore, it is reasonable to 

say that the difference in the electrode morphology evolved during the prolong cycling is the 

critical reason for the different cycle life displayed by the Nafion-based Zn||MnO2 cells under 

study. 

 For comparison, post-cycling morphology of the Zn metal surface coupled with GFP 

and CEL separators are also characterized by FESEM analyses. The uneven and rough surface 

of Zn is clearly evident in Figure 3.11a-d. It is worth mentioning that, in the case of the porous 

separators, such a morphology evolved just after few initial charge-discharge cycles. While the 

Zn anode coupled with the NAF-T-1 or NAF-S-3 electrolyte maintains an almost flat surface, 

the flake-like deposits with sharp edges are observed with the CEL-T-1 and CEL-S-3 

electrolytes (Figure 3.11c and d). At the same time, the granular and flaky morphology on the 

Zn surface of the GFP-based cells is also evident (Figure 3.11a and b). This indicates that the 

favourable surface structure evolution on the anode surface, as in the case of Nafion, promotes 

the improved cycle life and reduced cell resistance compared to the GFP and CEL separator-

based Zn||MnO2 cells. 

3.4 Conclusions 

 In conclusion, this study shows the remarkable performance of the Zn||MnO2 cells in 

single component electrolytes or, in other words, Mn(II) salt-free electrolytes by utilizing the 

Nafion ionomer separator. The improved stability of the Nafion-based cells originates from the 

suppression of the Zn dendrite growth compared to the traditional GFP or CEL separators. 

Also, compared to 1M ZnSO4.7H2O, 1M Zn(CF3SO3)2, and 3M ZnSO4.7H2O offer the 

evolution of dendrite-free anode morphology and at the same time preserving the structural 

integrity of cathode. This in turn helps in achieving longer cycle life of the Zn||MnO2 cell with 

75% retention of capacity over 1000 cycles. Unlike the existing ARZMB reports emphasizing 

the importance of Mn(II) salts in the Zn||MnO2 cells, this work directs an alternate way to 
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realize the long cycle life of the Zn||MnO2 cells in the absence of any electrolyte additive. The 

results provide significant evidence that an ionomer membrane along with an appropriate Zn2+ 

ion conducting electrolyte is effective in maintaining the desired structural evolution of the 

electrodes and preventing the capacity loss of the Zn||MnO2 cell.  
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Chapter 4 

Scalable Synthesis of Manganese-Doped Hydrated 

Vanadium Oxide as a Cathode Material for Aqueous 

Zinc-Metal Battery 

Aqueous rechargeable aqueous zinc-metal batteries (ARZMBs) are considered as the potential 

energy storage devices for stationary applications. Despite the significant developments in 

recent years, the performance of ARZMBs is still limited due to the lack of advanced cathode 

materials delivering high capacity and long cycle life.  In this work, we report a low-

temperature and scalable synthesis method following a surfactant-assisted route for preparing 

manganese-doped hydrated vanadium 

oxide (MnHVO-30) and its application as 

the cathode material for ARZMB. The as-

prepared material possesses a porous 

architecture and expanded interlayer 

spacing. Therefore, MnHVO-30 cathode 

offers fast and reversible insertion of Zn2+ 

ions during the charge/discharge process 

and delivers 341 mAh g-1 capacity at 0.1 A g-1. Moreover, the Zn||MnHVO-30 cell retains 82% 

of its initial capacity over 1200 stability cycles, which is higher compared to that of the undoped 

system. Besides, a quasi-solid-state home-made pouch cell with an area of 3.3×1.6 cm2 and 3.6 

mg cm-2 loading is assembled, achieving 115 mAh g-1 capacity over 100 stability cycles.  

Therefore, this work provides an easy and attractive way for preparing efficient cathode 

materials for aqueous ARZMBs. 

 

Contents of this chapter is published in the article: DOI: 10.1021/acsami.0c13221.  

Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–

48552. Copyright (2020) American Chemical Society. 
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4.1 Introduction 

 In recent years, multivalent ion-based aqueous batteries (such as Zn2+, Mg2+, and Al3+) 

are receiving immense research interest because of their high capacity, easy fabrication, and 

inherent safety.1,2 Aqueous rechargeable zinc-metal batteries (ARZMBs) comprising metallic 

zinc as the anode and a Zn2+ ion insertion cathode in mild aqueous zinc-ion conducting 

electrolytes are at the forefront of next-generation aqueous batteries. Considering the high 

theoretical capacity of metallic zinc (820 mAh g-1), ARZMBs have the potential to surpass the 

energy density of graphite anode (theoretical capacity of ≈380 mAh g-1)-based commercial 

lithium-ion batteries.3-5 However, like the other electrochemical devices, the advancement of 

ARZMBs requires the development of suitable electrolyte, electrode materials, separator, and 

cell-fabrication techniques. Although significant efforts have already been made toward this 

direction, unfortunately, the overall performance of ARZMBs in terms of capacity, cell voltage, 

and cycle life is still inadequate to meet the commercial need. 

 To date, several inorganic and organic compounds have been demonstrated as efficient 

hosts for the Zn2+ ion, viz., vanadium oxide, manganese oxide, Prussian blue analogues, 

conducting polymers, and so on.6-10 The performance of ARZMBs constructed with different 

cathodes depends on the nature of the redox centre, the number of electron transfer during the 

faradaic reactions, reaction kinetics, and the associated reaction mechanism involving the 

participation of Zn2+ and/or H+ ions.11 For instance, the average discharge-voltage plateau for 

manganese oxide often appears at 1.25 V vs. Zn|Zn2+ with a specific capacity of 200-300 mAh 

g-1.4 Despite the high capacity and average voltage, manganese oxide experiences low capacity 

retention due to the dissolution of active material and irreversible phase transition during 

battery cycling.12 Zn2+ insertion in the Prussian blue analogue occurs at an even higher voltage 

(~ 1.5 V vs. Zn|Zn2+); however, the maximum discharge capacity obtained with this material is 

only around 65 mAh g-1.9 Furthermore, the cathode materials based on vanadium oxides exhibit 

an average voltage at 0.80 V vs. Zn|Zn2+.13 However, the high specific capacity offered by the 

multiple oxidation states of vanadium (+5, +4, and +3) as well as the excellent structural 

stability for >1000 charge/discharge cycles makes them attractive cathodes for ARZMBs.14 

Similarly, polyaniline and organic molecules are also found to deliver good capacity. Still, they 

often suffer from a low voltage plateau and inferior cycle life.15,16 In short, designing of a 

ARZMB cathode with high capacity, cell voltage, and long lifespan is still challenging. 

 Hydrated vanadium oxides (HVOs), which are layered-type compounds, have been 

recently employed as cathode materials in ARZMBs. The HVO structure consists of water 

molecules intercalated between the two-dimensional V2O5 layers with large interlayer spacing 
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ranging from 8.8 Å to 13.8 Å.17 These water molecules reduce the electrostatic interaction 

between the bivalent Zn2+ and the host lattice, ensuring the resilience of the electrode material 

against the back and forth movement of Zn2+ ions across the layered framework. In a recent 

report, Yan et al. have demonstrated that the intercalated water molecules in the V2O5.nH2O 

lattice lubricate the insertion of the Zn2+ ion, showing excellent electrochemical stability.18 

Various strategies have been developed to reinforce the electrochemical performance of HVOs. 

These include designing nanostructured HVOs, tuning the interlayer spacing, and integrating 

with carbon materials. Zhang et al. have reported electrodeposition of V5O12.6H2O with 1.18 

nm interlayer spacing delivering a Zn2+ storage capacity of 354.8 mAh g-1.19 The preinsertion 

of foreign cations (viz., Mn2+, Co2+, Na+, Ca2+, Al3+, etc.) into the HVO lattice could tune the 

interlayer spacing, resulting in better stability of the host framework.20-23 It is observed that the 

Al-doped V10O24.12H2O cathode could retain 98% of the initial capacity of over 3000 cycles, 

which is significantly higher than that of the undoped V10O24.12H2O (68% retention).24 Cao et 

al. have reported remarkable improvement in the cycling stability of the HVO cathode by 

chemically inserting Mn2+ ions into the HVO lattice.25 However, the complex and multistep 

synthesis methods involving hydrothermal treatment, high-temperature annealing, etc., make 

them unsuited for large-scale production. Therefore, the development of the facile and green 

synthesis of nanostructured HVOs is indeed important. 

 Herein, we report a low-temperature one-pot synthesis of HVO by an evaporation-

assisted method from an aqueous solution of V2O5 in the presence of anionic dodecyl sulfate 

as a surfactant. The synthesis method is facile and scalable, producing a high yield of HVO. 

The lab-scale ARZMB cell fabricated with the HVO cathode delivers a specific capacity of 

330 mAh g-1 with excellent rate performance. To improve the cycling stability of the HVO 

sample, we introduced Mn doping into the HVO lattice during the synthesis step. The final 

Mn-doped HVO shows a homogeneous distribution of Mn, and no separate manganese oxide 

phase was detected. Moreover, compared to the undoped sample (78% retention of the initial 

capacity after 800 cycles), the Mn-doped HVO sample shows a profound improvement in 

capacity retention (91% of the initial capacity over 800 cycles). The physical analyses of both 

the doped- and undoped HVO samples justify the observed change in the electrochemical 

performance. Finally, we have demonstrated the scalability of the synthesis strategy by 

fabricating a large electrode with 3.3×1.6 cm2 area and 3.6 mg cm-2 loading, and the 

electrochemical performance was demonstrated in a home-made pouch cell. 
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4.2 Experimental Section 

4.2.1 Materials  

 Vanadium pentoxide (V2O5), manganese chloride tetrahydrate (MnCl2. 4H2O), zinc 

trifluoromethanesulfonate (Zn(CF3SO3)2), sodium dodecyl sulfate (SDS) and  

poly(vinylalcohol) (PVA, molecular weight 85000) were procured from Sigma-Aldrich. 

Nafion (212) membrane separator was supplied by DuPont. Grafoil roll was supplied by Global 

Nanotech. 

4.2.2 Synthesis of Hydrated Vanadium Oxide  

 In a typical process, at first, 150 mg of the SDS surfactant was dissolved in 15 ml of 

deionized water followed by the addition of 180 mg of commercial bulk V2O5 powder. Later, 

2.5 ml of 30% H2O2 was added into the solution for the complete dissolution of V2O5. The 

solution was stirred for 1 h at room temperature. Finally, the solution (Solution A) was 

transferred into a Petri dish and kept at 40-45oC for 3 days for complete evaporation of the 

water. The obtained green-colored powder material was washed with a copious amount of 

water to remove the SDS surfactant, and this was finally dried at 60oC. The sample was labeled 

as HVO-30, where the number ‘30’ represents the concentration of SDS (in mM) in the reaction 

mixture. Also, different amounts of SDS (30 and 500 mg) were added while preparing the 

reaction mixture, and the corresponding samples were marked as HVO-6, and HVO-100, 

respectively. The numbers 6, and 100 also represent the concentration of SDS in the precursor 

solution. For comparison purposes, the HVO sample without the SDS surfactant (HVO-0) was 

prepared, and the sample was dark-orange in color. 

4.2.3 Synthesis of Mn-doped Hydrated Vanadium Oxide 

 100 mg of MnCl2. 4H2O salt was added into Solution A (as mentioned in the previous 

section) and was stirred for another 15 min. (Solution B). Solution B was transferred into a 

Petri dish, the temperature of which was maintained at 40-45oC for 3 days leading to complete 

evaporation of the water. The final sample was obtained after washing with water and dried at 

60oC. This sample was marked as MnHVO-30. The average yields of all the HVO samples 

were 80-85% of the total weight of the solid-state commercial bulk V2O5 precursor used in the 

synthesis. 

4.2.4 Preparation of Electrolyte 

  The electrolyte used in this study is an aqueous solution of 1M Zn(CF3SO3)2 salt. A 

piece of preactivated Nafion membrane26 was soaked in this liquid electrolyte for 2 days, and 
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the electrolyte-impregnated Nafion membrane was employed as a separator. For the fabrication 

of a scaled-up cell, PVA/Zn(CF3SO3)2 gel electrolyte was prepared by dissolving 0.7 g of PVA 

in 4 ml of water at 110oC. In the next step, 1 g of Zn(CF3SO3)2 salt was dissolved into the 

transparent PVA solution. 

4.2.5 Fabrication of ARZMB Cells 

 The electrochemical cells were fabricated in CR2032 coin cell in an open atmosphere. 

To prepare the cathode, the HVO-0, HVO-30 or MnHVO-30 sample, conducting carbon, and 

poly(vinyldene fluoride) (PVDF) binder were taken with a weight ratio of 80:15:5, and the 

mixture was blended in N-methylpyrrolidone (NMP) for 5 h. The uniform slurry was coated 

on a Grafoil sheet to obtain 1 mg cm-2 loading. Finally, the electrode was dried overnight at 

70oC. CR2032 coin cells were fabricated with metallic zinc anode, liquid electrolyte-soaked 

Nafion membrane separator, the Grafoil loaded with the desired material as the cathode, and 

1M Zn(CF3SO3)2 liquid electrolyte. The coin cells were marked as Zn||HVO-0, Zn||HVO-30, 

and Zn||MnHVO-30. In a similar way, the electrochemical cells were fabricated for analyzing 

the performance of HVOs prepared with different amounts of SDS, and the cells were marked 

as Zn||HVO-6 and Zn||HVO-100. 

 For fabricating the scaled-up prototype home-made pouch cell, a thick slurry was 

prepared by mixing the MnHVO-30 sample, conducting carbon and PVDF binder in 80:15:5-

weight ratio in NMP. The slurry was probe-sonicated for 15 min and coated over a Grafoil 

sheet with the help of a bar coater, and the MnHVO-30 coated Grafoil sheet was dried at 80oC 

for 12 h. The coated Grafoil sheet was cut into a 3.3×1.6 cm2 area, and the required amount of 

the PVA/Zn(CF3SO3)2 gel electrolyte was spread over the electrode. A thin layer of the gel 

electrolyte was also coated over a piece of zinc foil with the same area. Two small-sized copper 

tapes were attached to the respective electrodes, which serve as the anode and cathode current 

collectors. Later, the electrodes were sandwiched together by keeping the Nafion separator for 

preventing contact between the electrodes. The cell was correctly sealed with adhesive tape to 

minimize the electrolyte evaporation. This quasi-solid-state pouch cell was labeled as Q-

Zn||MnHVO-30. 

4.2.6 Material Characterization 

 A Rigaku, MicroMax-007HF with a high-intensity microfocus rotating anode X-ray 

generator (Cu Kα (α = 1.54 Å) was used for X-ray diffraction (XRD) analysis. The morphology  
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Figure 4.1. Schematic representation for the synthesis and application of the MnHVO-30 

sample. For simplicity, the anionic counterpart of the electrolyte is not shown in the figure. 

(Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–

48552. Copyright (2020) American Chemical Society). 

of the HVO-0, HVO-30, and MnHVO-30 samples was analyzed with a field emission scanning 

electron microscope (FESEM) Nova Nano SEM 450. The elemental composition was 

investigated through energy-dispersive X-ray spectroscopy (EDAX) analysis, and EDAX 

elemental mapping was performed with an ESEM-Quanta 200-3D instrument. The 

transmission electron microscopy (TEM) imaging was recorded with a Tecnai T-20 instrument 

at an accelerating voltage of 200 kV. A Bruker Tensor 27 FTIR instrument was used to perform 

Fourier transform infrared (FTIR) analysis. X-ray photoelectron spectroscopy (XPS) analysis 

was performed using a Thermo K-Alpha+ X-ray spectrometer. Thermogravimetric analysis 

(TGA) was performed with an SDT Q600 DSC-TGA instrument under an air atmosphere with 

a temperature ramp of 10 °C per min. Brunauer-Emmett-Teller (BET) analysis was carried out 

in a Quantachrome Quadrasorb instrument for studying the N2 adsorption/desorption properties 

and pore size distribution patterns of the samples. 

4.2.7 Electrochemical Measurements 

 The electrochemical performance of the cathode samples HVO-0, HVO-30, and 

MnHVO-30 was studied in a CR2032 coin cell. The cells were characterized by cyclic 

voltammetry (CV) (at scan rates of 1.0, 0.5, 0.3, and 0.1 mV s-1) and galvanostatic charge-

discharge (GCD) (at constant current rates of 0.1, 0.25, 0.5, 1.0, and 3.0 A g-1) techniques 
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within the voltage window of 0.2 V- 1.6 V vs. Zn|Zn2+. The capacity of the cells was calculated 

considering the loading of the active material in the cathode. The cycling stability tests were 

performed by a GCD experiment at a current rate of 3.0 A g-1. The impedance analyses were 

carried out in the frequency range of 1 MHz to 100 mHz frequency range with a sinus amplitude 

of 10 mV (Vrms = 7.07 mV). The Q-Zn||MnHVO-30 cell was tested by CV at the scan rate of 

1.0 mV s-1 and the GCD technique at a current rate of 1.3 A g-1. For the ex situ characterization 

of the Zn||MnHVO-30 cell, the cathodes were recovered from the cells after the 1st complete 

discharge to 0.20 V and complete charge to 1.6 V, respectively, at 0.1 A g-1 current rate. 

4.3 Results and Discussion 

4.3.1 Physical Characterization 

 The synthesis of the MnHVO-30 sample is schematically presented in Figure 4.1. The 

desired material is obtained from an aqueous solution of the commercial V2O5 and MnCl2 

additive in the presence of the SDS surfactant and 4 wt% H2O2. The adopted synthesis protocol 

is cost-effective and eco-friendly, and the process does not require any additional high-

temperature treatment. Here, we have selected anionic surfactant so that it can strongly interact 

with the cationic species generated in the reaction mixture to form a surfactant-metal cation 

composite.27 

 The processes occurring during the evolution of the aforementioned reaction mixture 

can be briefly explained as follows. In the diluted solution of H2O2, the bulk V2O5 powder 

undergoes a vigorous reaction forming O2 gas and the diperoxo anion [VO(O2)2(OH2)]
-, which 

later decomposes into the monoperoxo cation [VO(O2)(OH2)3]
+.28 These complexes further 

react to form [VO2]
+ ions in the solution, liberating O2 bubbles;29 the change in solution color 

from yellow to dark-orange indicates the formation of different intermediates during the 

reaction. The associated chemical reactions are given below: 

V2O5 + 4 H2O2 → 2[VO(O2 )2(OH2 )]
- + 2H+ + H2O 

V2O5 + 2H+ +2H2O2 +3H2O → 2[VO(O2)(OH2)3]
+ + O2 

2[VO(O2 )2(OH2 )]
-  + 4H+ + 2H2O → 2[VO(O2)(OH2)3]

+ + O2 

2[VO(O2)(OH2)3]
+ → 2[VO2]

+ + O2 + 6H2O 

In the presence of SDS with 30 mM concentration (>> critical micelle concentration of SDS), 

the surfactant molecules are likely to form micellar structures, which could serve as soft 

templates. The [VO2]
+ ions can get absorbed over these micelles through the electrostatic 

interaction with the SDS. During aging, [VO2]
+ ions start to nucleate and undergo the  
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Figure 4.2. FESEM images of (a)-(b) MnHVO-30, (c)-(d) HVO-30, and (e)-(f) HVO-0. 

(Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–

48552. Copyright (2020) American Chemical Society).  

crystallization process to form V2O5.nH2O. During the crystal growth, the preadded Mn2+ 

species in the reaction mixture could intercalate between the layers of V2O5.nH2O, resulting in 

the doping of Mn into the HVO lattice. 

 As given in Figure 4.2a and b, the MnHVO-30 sample exhibits porous 3D architecture 

consisting of randomly assembled nanoflake structures. For comparison, we have prepared a 

control sample without introducing Mn doping (HVO-30). The HVO-30 sample also possesses 

(Figure 4.2c and d) self-assembled microstructures similar to that of the Mn-doped material. 

This implies that the addition of Mn2+ salt in the precursor reaction mixture does not induce 

significant morphological change except for the doping of Mn. Contrarily, the sample prepared 

in the absence of SDS surfactant (HVO-0) agglomerated and showed less porous (Figure 4.2e 

and f) morphology. Hence, it is evident that the SDS surfactant present in the solution acts as 

a pore-creating as well as a structure-directing agent during the synthesis.  

 The elemental mapping profile validates the uniform dispersion of the V, Mn, and O in 

the MnHVO-30 sample, proving the Mn-doping (Figure 4.3a-c).The morphology of MnHVO-

30 is further characterized by TEM analyses. Figure 4.3d shows the aggregation of the 

nanoflakes in a randomly orientated manner. Figure 4.3e reveals that the nanoflakes possess 

an average interlayer spacing of ~0.8 nm, possibly resulted from the insertion of water 

molecules and Mn2+ ions into the interlayer space of the lattice structure. In fact, such higher 

interlayer spacing could favour the fast and reversible diffusion of the Zn2+ ions when 

employed as the cathode material in ARZMBs. The TEM image of HVO-30 also points out a  
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Figure 4.3. Elemental mapping of (a) V, (b) Mn, and (c) O in MnHVO-30; TEM images of  (d)-

(e) MnHVO-30, (f) HVO-30, and (g) HVO-0; (h) EDAX data of the MnHVO-30 sample; 

Selected area electron diffraction (SAED) patterns of the MnHVO-30, HVO-30, and HVO-0 

samples are shown in the inset of (h), (f), and (g), respectively; (i) the atomic percentage of the 

elements in HVO-30 and HVO-0 samples obtained from EDAX analysis. (Reprinted (adapted) 

with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright 

(2020) American Chemical Society). 

layered structure with an interlayer spacing of ~0.8 nm (Figure 4.3f). It may be noted that the 

interlayer spacing in both the samples is obtained after averaging the measurements from the 

different sections of the TEM sample. For comparison, the TEM image of HVO-0 is provided 

in Figure 4.3g. The SAED patterns of MnHVO-30 (Figure 4.3h inset), HVO-30 (Figure 4.3f 

inset), and HVO-0 (Figure 4.3g inset) show the polycrystalline nature of the samples.30 The 

EDAX data of MnHVO-30 (Figure 4.3h) displays the presence of O, V, and Mn in the sample.  

The sample also contains a small amount of Na coming from the cationic counterpart of the 

SDS surfactant.  
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Figure 4.4. (a) XRD profile of commercial V2O5; (b) XRD profiles, (c) TGA profiles, (d) Raman 

data, and (e) FTIR data of the MnHVO-30, HVO-30, and HVO-0 samples. (Reprinted (adapted) 

with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright 

(2020) American Chemical Society). 

Similarly, the elemental composition of the HVO-30 and HVO-0 samples obtained from 

EDAX analysis is given in Figure 4.3i. 

 Later, the crystal structure of the samples was studied by XRD analyses (Figure 4.4a-

b). The XRD patterns of all the samples (Figure 4.4b) appear different from that of the 

commercial bulk V2O5 (C-V2O5, Figure 4.4a), indicating the changes that occurred in the 

original crystal structure of the C-V2O5 after the reaction with H2O2. The XRD data of the 

HVO-0 sample matches with the diffraction pattern of V2O5.nH2O (JCPDS 40-1296), as 

reported earlier.31,32 The strong peak at the 2θ value of 7.2o is assigned to the (001) plane of 

V2O5.nH2O. The additional peaks at 22.9o, 30.8o, and 38.7o correspond to (003), (004), and 

(005) planes of V2O5. nH2O, which indicate the layered structure of HVO-0, showing a 

preferred orientation along the (00l) planes. In addition to the above (00l) planes, the small 

peak appearing at the 2θ value of 25.4o relates to the in-plane (hkl) reflection of the HVO, as 

mentioned in the previous reports.31  

 The XRD patterns of HVO-30 and MnHVO-30 exhibit a strong peak at 2θ < 10o related 

to the (001) plane of V2O5.nH2O, suggesting that the layered crystal structure is preserved.  The 

increased intensity of the (hkl) reflection compared to HVO-0 is due to the reduced stacking of 

the vanadium oxide layers. 33 Moreover, the XRD patterns of HVO-30 and MnHVO-30 match  
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Figure 4.5 (a) Elemental composition of the MnHVO-30, HVO-30, and HVO-0 samples 

obtained from the XPS analysis sample; (b) V2p, (c) Mn2p, (d) O1s XPS profiles of MnHVO-

30 sample; V2p XPS profiles of (e) HVO-30 and (f) HVO-0 samples. (Reprinted (adapted) with 

permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright (2020) 

American Chemical Society). 

with the previously reported cation inserted (viz. Na+, Mn2+, Ni2+, K+, etc.) V2O5.nH2O.25,34,35 

Besides, no significant diffraction peaks corresponding to the crystalline phase of the 

manganese oxide are observed in MnHVO-30. Interestingly, the strongest peak at 2θ < 10o for 

MnHVO-30 relates to an expanded interlayer spacing of 13.3 Å, a value higher than 11.2 Å 

calculated for HVO-30. The observed shift indicates the incorporation of Mn2+ ions into the 

interlayer space of MnHVO-30.22,25 However, the interplanar spacing calculated from the XRD 

data is slightly higher than the values obtained from the corresponding TEM data. This could 

be due to the shrinkage of the interlayer spacing during the TEM experiment as a consequence 

of the evaporation of the interlayer water molecules under the intense electron beam in 

vacuum.36,37 The presence of water molecules in the samples is also supported through TGA 

analysis. In Figure 4.4c, the TGA profiles of all the three samples show a rapid weight loss 

before 100oC due to the removal of loosely bound water molecules. After that, the gradual 

removal of crystalline water molecules is observed in the temperature range of 100-200oC.38,39 

These water molecules residing in the interlayer space of HVO could act as ‘lubricant’ and 

facilitate the electrochemical insertion/extraction of the divalent Zn2+ ions.18 
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Figure 4.6. (a) BET isotherm data and (b) pore size distribution profiles for the HVO-30 and 

HVO-0 samples. (Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 

12, 43, 48542–48552). Copyright (2020) American Chemical Society. 

 In the Raman spectra of HVO-0 (Figure 4.4d), the peak at 155 cm-1 is related to the 

vibration of the V-O-V chain in the layered V2O5.nH2O.31,35 A similar lattice vibrational mode 

in HVO-30 and MnHVO-30 is observed at 143 cm-1.40 Besides, other peaks located at 282, 

404, 698, and 993 cm-1 match with that of the different vibrational modes of the cation inserted 

V2O5.nH2O. The FTIR data of all of the samples in the frequency range of 997-1006 cm-1 are 

compared in Figure 4.4e. The observed FTIR peak at this region originates from the 

characteristic V=O stretching vibration in the samples.41 Figure 4.4e shows a red shift of the 

V=O stretching in the cases of HVO-30 and MnHVO-30 (997 cm-1) compared to that of HVO-

0 (1006 cm-1). This observed shift signifies a weakening of the V=O bond in the former due to 

the reduction of a small amount of the V5+ to the V4+ state.25 

 The oxidation states of the elements in the respective HVO samples are analyzed by 

XPS. From the XPS elemental analysis of MnHVO-30, the contents of V and Mn are obtained 

as 32.5 and 1.3%, respectively (Figure 4.5a), suggesting the low doping level of Mn. The 

deconvoluted XPS profiles of V, Mn, and O in the MnHVO-30 sample are given in Figure 

4.5b-f. In O1s XPS data of MnHVO-30 (Figure 4.5d), the characteristic strong peak at the 

binding energy of 530 eV corresponds to the surface O atom coordinated with V.42 The other 

peaks at the higher binding energy values (531.2 and 532.9 eV) with low intensity come from 

the hydroxyl group bonded with V atom and surface-absorbed water molecules, 

respectively.40,43 The characteristic signal of Mn2p3/2 at 640.9 and 642.6 eV (Figure 4.5c) 

implies that the preinserted Mn ions are present in both the divalent as well as the higher valent 

oxidation states. The ionic radius of Mn4+ is similar to that of V5+, and Mn2+ possesses a higher 

radius; therefore, the latter accounts for the observed structural changes in MnHVO-30 upon 

Mn doping.44 The intense V2p3/2 spectra (Figure 4.5b) are deconvoluted into two peaks at  
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Figure 4.7. (a), (c), and (e) CV profiles recorded at various scan rates for MnHVO-30, HVO-

30, and HVO-0 samples, respectively; (b), (d), and (f) Log i vs. Log ν plots for the MnHVO-30, 

HVO-30, and HVO-0 samples, respectively; (g) i/ν1/2 vs. ν1/2 relationship, and (h) capacitive 

contribution of MnHVO-30 at different scan rates calculated for the reduction peak at 0.5 V 

vs. Zn|Zn2+. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 

43, 48542–48552). Copyright (2020) American Chemical Society). 

517.3 and 516.1 eV, which signify the coexistence of V5+ and V4+.45 The mixed vanadium 

valances may augment the electrochemical performance of the material when employed as the 

cathode in ARZMB.46 Both V4+ and V5+ states are detected in HVO-30 (Figure 4.5e) as well; 

however, the ratio of [V5+]/[V4+] in HVO-30 (ca. 7.8) is slightly high compared to that of 

MnHVO-30 (ca. 4.2). It is reported that the insertion of Mn2+ ions into the lattice of HVO 

creates more low valance states of V (such as V4+) and more oxygen vacancies in the doped 

sample.25,47,48 This phenomenon is also observed for other vanadium oxide cathodes followed 

by the introduction of different ionic species, including Mn2+ and K+.35,49,50 Meanwhile, in 

HVO-0 (Figure 4.5f), the vanadium signal shows only the presence of the V5+ state. Therefore, 

the V4+ created in MnHVO-30 and HVO-30 can influence the V-O bond strength, which is 

reflected in the FTIR spectra of the respective samples, as discussed in the previous section 
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(Figure 4.4e). These observations imply that the SDS surfactant has an impact on directing the 

electronic structure of HVO. 

 The effect of the anionic SDS surfactant on the nature of porosity and the surface area 

of the samples has been validated by BET surface area analyses. The specific surface area 

(Figure 4.6a) of HVO-30 is 16 m2 g-1, a value substantially higher than that of HVO-0 (3 m2 

g-1). A drastic difference is observed in the pore size distribution profiles as well. Figure 4.6b 

displays that the size of pores in HVO-0 is in the range of 6-13 nm, whereas HVO-30 contains 

a wide range of pore size distributions within 6-50 nm. This clearly indicates the role of the 

surfactant as the soft template for creating a porous structure. 

4.3.2 Electrochemical characterization 

 The electrochemical performance of all of the samples is first characterized through the 

CV analyses within the potential range of 0.2-1.6 V vs. Zn|Zn2+. The CV plots of the 

Zn||MnHVO-30 cell (Figure 4.7a) at various scan rates (0.1, 0.3, 0.5, and 1.0 mV s-1) display 

two pairs of oxidation and reduction peaks. The redox peaks located at 0.72/0.48 V and 

1.12/0.89 V vs. Zn|Zn2+ associate with the V4+/V3+ and V5+/V4+ redox couples, respectively.51 

The CV profiles at various scan rates recorded for the Zn||HVO-30 and Zn||HVO-0 cells are 

given in Figure 4.7c and e, respectively.  As observed from the CV profiles, the nearly 

overlapping position of the redox peaks suggests that all the three cathodes undergo faradaic 

reactions during the charge/discharge process of the respective ARZMB cells. However, the 

current response traced by the CV curves for the Zn||HVO-0 cell (Figure 4.7e) is inferior 

compared to both the Zn||MnHVO-30 (Figure 4.7a) and Zn||HVO-30 (Figure 4.7c) cells. 

 The kinetics of the Zn2+ insertion/extraction process is analyzed from the peak current 

(i) vs. scan rate (ν) relationship (𝑖 = 𝑎𝜈𝑏 , where, a, and b are adjustable parameters) for the 

oxidation and reduction peaks, and the data are summarized in the form of Log i vs. Log ν plot 

corresponding to Zn||MnHVO-30 (Figure 4.7b), Zn||HVO-30 (Figure 4.7d), and Zn||HVO-0  

(Figure 4.7f).52 The slope of the plot represents parameter b, which indicates the capacitive 

contribution in the electrochemical reaction. Typically, the b value approaching 1.0 suggests 

that the charge storage utilizing surface-controlled or capacitive mechanism is dominant, 

whereas b close to 0.5 indicates the dominance of the diffusion-controlled mechanism.53,54 The  

calculated b values for the peaks 1, 2, 3 and 4 (Figure 4.7b) in Zn||MnHVO-30 cell are 0.91, 

0.97, 0.96, and 0.92, respectively. This suggests that the faradaic reactions at the peak regions 

are mainly influenced by the surface controlled process within the scan rate ranging from 1.0 

to 0.1 mV s-1.17,19 The b values calculated for the Zn||HVO-30, and Zn||HVO-0 cells are also 
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Table 4.1. The capacity, voltage window, and cycling stability of the MnHVO-30 cathode are 

compared with some of the reported high performance of vanadium oxide-based cathode for 

ARZMBs.  

Material Voltage 

window 

Electrolyte Capacity Cycling stability Ref.  

V5O12.6H2O 0.2-1.6 V 3M 

Zn(CF3SO3)2 

354.8 mAh g-1 @ 

0.5 A g-1 

94% retention over 

1000 cycles 

19 

Mn0.15V2O5. nH2O 0.2-1.7 V 1M Zn(ClO4)2 

in propylene 

carbonate 

367mAh g-1 @ 

0.1 A g-1 

100% retention over 

8000 cycles 

21 

MnVO 0.2-1.6 3M 

Zn(CF3SO3)2 

415 mAh g-1 @ 

0.05 A g-1 

92% retention over 

2000 cycles 

25 

V2O5. 2.2 H2O 0.3-1.6 V 3M 

Zn(CF3SO3)2 

450 mAh g-1 @ 

0.1 A g-1 

72% retention over 

3000 cycles 

56 

(NH4)2- 

V10O25.8H2O 

0.7-1.7 V 3M 

Zn(CF3SO3)2 

228.8 mAh g-1 @ 

0.1 A g-1 

94.2% retention over 

1000 cycles 

57 

H11Al2V6O23.2 0.4-1.4V 2M ZnSO4 305.4 mAh g-1 @ 

1 A g-1 

94% retention over 

900 cycles 

58 

Ca0.24V2O5·0.83H2O 0.6-1.6 1M ZnSO4 340 mAh g-1 @ 

0.2 C 

96% retention over 

3000 cycles 

59 

Na0.33V2O5 0.2-1.6 3M 

Zn(CF3SO3)2 

367.1 mAh g-1 @ 

0.1 A g-1 

93% retention over 

1000 cycles 

60 

(Na0.33,Mn0.65)V8O20· 

0.32H2O 

0.3-1.25 3M 

Zn(CF3SO3)2 

150 mAh g-1 @ 4 

A g-1 

99% retention over 

1000 cycles 

49 

CaV3O7 0.2-1.6 V 1M ZnSO4 471 mAh g-1 @ 

0.83 A g-1 

82% retention over 

400 cycles 

62 

VOH/PANI 0.4-1.6 V 3M Zn(TfO)2 + 

6M LiTFSI 

346 mAh g-1 @ 

0.3 A g-1 

91% retention over 

800 cycle 

63 

V2Ox@V2CTx 0.2-1.6 V 1M ZnSO4 224 mAh g-1 @ 

0.1 A g-1 

81.6% retention over 

200 cycle 

64 

MgV2O4 0.2-1.4 V 2M Zn(TFSI)2 272 mAh g-1 @ 

0.2 A g-1 

~80% retention over 

500 cycle 

65 

MnHVO-30 0.2-1.6 1M 

Zn(CF3SO3)2 

341 mAh g-1  @ 

0.1 A g-1 

82% retention over 

1200 cycles 

This 

work 
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Figure 4.8. (a) GCD profiles recorded at various current rates; (b) rate capability plot for the 

Zn||MnHVO-30 cell; (c) GCD profiles for the Zn||HVO-0, Zn||HVO-30, and Zn||MnHVO-30 

cells at 0.1 A g-1; (d) GCD plots for the Zn||HVO-6, Zn||HVO-30 and Zn||HVO-100 cells at 0.1 

A g-1; Nyquist plots corresponding to the Zn||MnHVO-30, Zn||HVO-30, and Zn||HVO-0 cells 

recorded at 0.20 V vs. Zn|Zn2+ (e) after the first discharge and (f) after electrochemical cycling. 

(Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–

48552. Copyright (2020) American Chemical Society). 

close to 1.0, and the related Log i vs. Log ν plots are given in Figure 4.7d and f. The 

contributions of the diffusion-controlled and surface-controlled reactions in the total current 

response obtained in the CV scans in Zn||MnHVO-30 cell are calculated from the following 

equation: 

 𝑖 = 𝑘1𝜈 + 𝑘2𝜈1/2 …        (Equation 4.1) 

where, k1 and k2 are the constant parameters.55 At scan rates of 1.0, 0.5, 0.3, and 0.1 mV s-1, 

the contributions in the current from the capacitive process are calculated as 87.2, 82.7, 78.7, 

and 68.1%, respectively (Figure 4.7g and h) showing that capacitive contribution slightly 

decreases at slower scan rate.  

 The GCD curves for the Zn||MnHVO-30 cell (Figure 4.8a) display slopes at two 

different potential regions that are consistent with the CV data (Figure 4.7a). At the current 

rate of 0.1 A g-1, the cell shows a discharge capacity of 341 mAh g-1, a value comparable or 

superior to many of the previously reported vanadium oxide-based cathodes (Table 

4.1).19,21,25,56-65 Later, the rate performance of the Zn||MnHVO-30 is investigated at various  
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Figure 4.9. Cycling stability data recorded at the current rate of 3.0 A g-1 for (a) Zn||MnHVO-

30 and (b) Zn||HVO-30 cells; FESEM images of the post-stability cathodes recovered from the 

(c)-(d) the Zn||MnHVO-30 and (e)-(f) the Zn||HVO-30 cells. (Reprinted (adapted) with 

permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright (2020) 

American Chemical Society). 

current rates, and discharge capacities of 314, 291, 265, and 208 mAh g-1 are obtained at 0.25, 

0.5, 1.0, and 3.0 A g-1, respectively (Figure 4.8a and b). The observed rate performance (~ 

60% retention of capacity when the current varies from 0.1 to 3.0 A g-1) is attributed to the 

predominantly surface controlled charge storage mechanism of the MnHVO-30 cathode, as 

discussed in the previous section. The layered structure of MnHVO-30 with large interlayer 

spacing facilitates the mobility of the electrolyte ions. It enhances the access of the ions to the 

redox-active centres even at the higher current rate. When the current rate is suddenly changed 

to 0.1 A g-1, the cell could restore 320 mAh g-1 capacity implying the robustness of the 

MnHVO-30 cathode. Moreover, at all the current rates, the GCD plots show ~ 98% Coulombic  

efficiency resulted from the excellent reversibility of the redox reactions associated with the 

Zn2+ insertion/extraction process. 
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 The specific capacities of the Zn||HVO-0 and Zn||HVO-30 cells at 0.1 A g-1 current rate 

are also measured, and the data are compared in Figure 4.8c. The highest capacity obtained 

from Zn||HVO-30 is 333 mAh g-1, which is slightly lower than that of the Zn||MnHVO-30 cell. 

The overlapping GCD plots indicate that the doped Mn in the MnHVO-30 sample does not 

take part in any separate electrochemical process within the mentioned potential range. On the 

contrary, the GCD profile of Zn||HVO-0 cell exhibits significantly less capacity (87 mAh g-1) 

compared to the Zn||MnHVO-30, and Zn||HVO- 30 cells. The effect of SDS concentration 

toward the electrochemical performance of the HVO samples is also studied. Figure 4.8d 

explains that the optimum concentration of SDS is 30 mM delivering the maximum reversible 

capacity among all of the other concentrations. 

 To investigate the resistance of the ARZMB cells under study, the impedance spectra 

are recorded after 1st complete discharge (at 0.2 V vs. Zn|Zn2+, Figure 4.8e) at the current rate 

of 0.25 A g-1. The charge-transfer resistance (Rct) for the Zn||MnHVO-30 cell (72 Ω) is slightly 

lower compared to the Zn||HVO-30 (76 Ω) cell; however, after the electrochemical cycling 

(Figure 4.8f), the resistance values are almost equal, justifying the comparable charge storage 

capacity of these two cells. In contrast, the Zn||HVO-0 cell shows a higher Rct value after the 

1st discharge (87 Ω) as well as after the electrochemical cycling (112 Ω). This is due to the 

absence of the V4+ state in HVO-0 in contrast to the mixed oxidation states of vanadium (V5+ 

and V4+) in the samples prepared with the SDS surfactant. Nevertheless, the low surface area 

and lack of desired porosity in the HVO-0 sample (Figure 4.2f and Figure 4.6a) impede the 

transport of the electrolyte ions to the interior of the electrode in the Zn||HVO-0 cell, which 

also contributes to the high resistance of the cell. Therefore, the above discussion underlines 

the importance of the SDS surfactant during the low-temperature synthesis of HVO for tuning 

the electronic property as well as the surface area of the material. 

 Along with the high capacity, the stability of the electrode material during repeated 

charge/discharge cycling is another important parameter. Therefore, the long-term GCD 

experiment at the current rate of 3.0 A g-1 was carried out for the Zn||HVO-30 and Zn||MnHVO-

30 cells. In Figure 4.9a, the Zn||MnHVO-30 cell exhibits 95% retention of the initial capacity 

(227 mAh g-1) with the Coulombic efficiency close to 100% over 500 charge/discharge cycles. 

After 1200 cycles, the cell could retain 187 mAh g-1 (82% retention) capacity, demonstrating 

excellent electrochemical stability. At the same time, the Zn||HVO-30 cell (Figure 4.9b) 

delivers 217 mAh g-1 initial capacity, and with progressive cycling, the cell experiences faster  
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Figure 4.10. (a) XRD data of the MnHVO-30 electrode recovered from the fully charged (1.6 

V) and discharged (0.2 V) Zn||MnHVO-30 cells; (b) Zn2p XPS spectra of the MnHVO-30 

cathode recovered from the discharged (0.20 V) and charged (1.6 V) Zn||MnHVO-30 cells; 

V2p XPS spectra of the (c) original MnHVO-30 electrode, (d) and (e) MnHVO-30 electrode 

after recovering from the discharged (0.20 V) and charged (1.6 V) Zn||MnHVO-30 cells, 

respectively. (Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2020, 12, 

43, 48542–48552. Copyright (2020) American Chemical Society). 

capacity fading compared to the Zn||MnHVO-30 counterpart. As a result, after 830 stability 

cycles, the specific capacity drops to 169 mAh g-1, which is only 77% of the initial capacity. 

 It must be noted that both cells are fabricated with the Nafion membrane separator. 

Nafion, as a cation-selective ionomer membrane, has already been reported to be effective in 

suppressing the growth of dendritic Zn deposits over the metallic Zn anode during the long-

term cycling, as observed in the case with several previous works on ARZMBs.26,66,67 Hence, 

the observed difference in cycling performance is likely to have originated from the cathode 

side. The superior cycling performance of MnHVO-30 is credited to the unique crystal  
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Figure 4.11. (a) CV profiles recorded at a scan rate of 1.0 mV s-1, and (b) GCD profiles of the 

Q-Zn||MnHVO-30 (at 1.3 A g-1) and Zn||MnHVO-30 (at 1.0 A g-1) cells; (c) cycling stability 

data of the Q- Zn||MnHVO-30 cell recorded at 1.3 A g-1 current rate. (Reprinted (adapted) 

with permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright 

(2020) American Chemical Society). 

structure of the sample with expanded interlayer spacing that ensued from the preinserted Mn2+ 

ions and interlayer water molecules. Besides, a greater V4+ content in MnHVO-30 as explained 

from the XPS study is likely to augment the electrochemical activity. Therefore, all of these 

factors facilitate the reversible insertion of Zn2+ ions into MnHVO-30, ensuring better 

structural stability of MnHVO-30 compared to HVO-30 during prolonged cycling. This is also 

reflected in the morphology of the post-cycling MnHVO-30 and HVO-30 cathodes recovered 

from the respective electrochemical cells after the stability test. The cathode surface of the 

Zn||MnHVO-30 cells looks homogeneous (Figure 4.9c), and the compact microstructure 

shows intimate contact among the particles (Figure 4.9d), which is favourable for better 

transport of the charge carrier species throughout the electrode. On the other hand, the HVO-

30 cathode possesses a nonuniform surface (Figure 4.9e); and the lack of inter-particle contact 

is visible in Figure 4.9f. Therefore, the difference in the morphological change also rationalizes 

the superior cyclability of the MnHVO-30 cathode. 

 For an in-depth understanding of the reversibility of the electrode reactions occurring 

in the Zn||MnHVO-30 cell, the cathode is characterized after recovering from the fully 

discharged (0.2 V) and charged (1.6 V) cells. The XRD data of the electrodes are compared in 

Figure 4.10a. At the discharged state of the cell, a small shift is observed for the (001) plane 

to a higher 2θ value (6.7o) compared to the pristine MnHVO-30 sample (6.6o, Figure 4.4b). 
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Table 4.2. The capacity and cycling stability of the Q-Zn||MnHVO-30 cell are compared with 

some of the previously reported quasi-solid-state ARZMBs. (Reprinted (adapted) with 

permission from ACS Appl. Mater. Interfaces 2020, 12, 43, 48542–48552. Copyright (2020) 

American Chemical Society). 

This is due to the interlayer contraction resulting from the electrostatic interaction between the 

host material and the inserted Zn2+ ions during the discharge process.68 Subsequently, at the 

fully charged state, the Zn2+ ions escape from the cathode, and the (001) diffraction peak 

reappears at the 2θ value similar to that of the pristine sample. The electrodes are subjected to 

XPS analysis (Figure 4.10b-e) after careful washing with water. As displayed in Figure 4.10b, 

the intensity of the Zn2p XPS spectra in the cathode collected from the discharged cell is 

considerably higher than that in the charged cell. The reduced intensity of the Zn2p XPS spectra 

corresponding to the charged electrode indicates that most of the inserted Zn2+ ions leave the 

cathode followed by complete charging.58 Considering the V2p XPS spectra, the peak in the 

recovered cathode after being fully discharged (Figure 4.10d) is deconvoluted into V5+ (2p3/2: 

518.2 eV) and V4+ (2p3/2: 517.5 eV) signals. Interestingly, the intensity of the V4+ signal 

increases significantly compared to the original electrode (Figure 4.10c) which is in accord 

with the reduction of V5+ upon discharge. After complete charging to 1.6 V (Figure 4.10e), the 

intensity of V4+ decreases, and consequently, the ratio of V2p3/2
5+ and V2p3/2

4+ peak area is 

Material Electrolyte Capacity Cycling stability Ref. 

NH4V3O8.1.9 H2O Gelatin/ZnSO4 115 mAh g-1@ 

1 A g-1 

95% retention after 

200 cycles 

69 

V2O5. 2.2 H2O Gelatin/Zn(CF3SO3)2 183 mAh g-1 @1 

A g-1 

85% retention after 

300 cycles 

56 

V5O12.6H2O Gelatin/Zn(CF3SO3)2 300 mAh g-1@ 

0.1 A g-1 

96% retention after 

50 cycles 

19 

LiMn2O4 Gelatin/Li2SO4/ZnSO4 110.2 mAh g-1 

@ 25 mA g-1 

90% retention after 

100 cycles 

70 

PANI PVA/ Zn(CF3SO3)2 101 mAh g-1 @ 

0.5 A g-1 

~100% retention 

for 200 cycles 

10 

MnHVO-30 PVA/ Zn(CF3SO3)2 200 mAh g-1 @ 

1.3 A g-1 

52% retention over 

200 cycles 

This work 
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found to be retrieved as in the pristine MnHVO-30 sample.57 This indeed supports the 

reversibility of the associated electrochemical reactions occurring in the Zn||MnHVO-30 cell. 

 Lastly, the advantage of the adopted synthesis protocol is demonstrated by scaling up 

the process and fabricating a home-made pouch cell with a 3.31.6 cm2 area and 3.6 mg cm-2 

loading of the active material. A PVA/Zn(CF3SO3)2 gel electrolyte is employed for fabricating 

the home-made pouch cell. The CV data of the as-fabricated quasi solid-state Zn||MnHVO-30 

pouch cell (Q-Zn||MnHVO-30) is compared with that of the Zn||MnHVO-30 coin cell with 

liquid electrolyte in Figure 4.11a. Owing to the higher loading of the active material, the CV 

profile of the Q-Zn||MnHVO-30 cell traces a higher current response (in mA cm-2) than the 

latter with 1 mg cm-2 loading. The well-resolved redox peaks are clearly visible in the CV 

profile displaying a similar insertion/extraction mechanism of the Zn2+ ions in the Q-

Zn||MnHVO-30 cell. Q-Zn||MnHVO-30 delivered 200 mAh g-1 discharge capacity at 1.3 A g-

1 current rate (Figure 4.11b), which is comparable to the performance obtained with the 1M 

Zn(CF3SO3)2 liquid electrolyte counterpart tested in coin cell configuration. The durability of 

the Q-Zn||MnHVO-30 cell is tested at the same current rate (Figure 4.11c). During the cycling, 

the specific capacity of the cell gradually decreases in the initial cycles and stabilizes at 116 

mAh g-1 after 50 cycles. Later, the Q-Zn||MnHVO-30 cell delivers almost the same capacity 

over 200 cycles. The lifespan of the Q-Zn||MnHVO-30 cell is relatively short compared to that 

of the Zn||MnHVO-30 cell with 1M Zn(CF3SO3)2 liquid electrolyte in the coin cell 

configuration. This is due to the gradual evaporation of water from the aqueous gel electrolyte 

in the home-made quasi-solid-state cell due to the imperfect packaging and sealing. The 

performance of the Q-Zn||MnHVO-30 cell can be improved by standardizing the method for 

cell packaging, which requires further studies. Moreover, the quasi-solid-state cell shows 

comparable performance in terms of capacity and cycling stability to that of the previously 

reported cells (e.g., Zn||V5O12.6H2O, Zn||NH4V3O8.1.9 H2O, Zn||PANI, etc.) as shown in Table 

4.2.10,19,56,69,70  

4.4 Conclusions 

 In conclusion, we have developed a surfactant-assisted facile and scalable low-

temperature synthesis method for preparing Mn-doped hydrated vanadium oxide (MnHVO-

30). The as-synthesized material possesses porous morphology, which offers easy diffusion of 

the electrolyte ions during the faradaic reactions. In addition, the mixed valance states of 

vanadium in MnHVO-30 created by the anionic surfactant enhance the electrochemical activity 

of the material. As a result, MnHVO-30 serves as an excellent host for the reversible 



CHAPTER 4 

 

 

119 AcSIR, CSIR-NCL | Meena Ghosh 

 

insertion/extraction of the Zn2+ ions, delivering 341 mAh g-1 capacity at 0.1 A g-1. Moreover, 

the expanded interlayer spacing resulting from the introduction of Mn2+ ions significantly 

improves the cycling performance of the MnHVO-30 cathode (82% capacity retention of the 

initial capacity over 1200 cycles) than the sample prepared without the doping. We have also 

tested the performance of the MnHVO-30 cathode in a quasi-solid-state cell with a loading of 

3.6 mg cm-2 and 3.3×1.6 cm2 area. The Q-Zn||MnHVO-30 cell shows ~200 mAh g-1 initial 

capacity and retains more than 100 mAh g-1 capacity for 200 cycles. The current study 

demonstrates a simple synthesis of efficient electrode material following green chemistry 

principles for a less expensive and safe aqueous ARZMB with high capacity and durability. 
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Chapter 5 

Naphthalene Dianhydride Organic Anode for ‘Rocking-

Chair’ Zinc-Proton Hybrid Ion Battery 

Rechargeable batteries consisting of a Zn metal anode and a suitable cathode coupled with a 

Zn2+-conducting electrolyte are recently emerging as promising energy storage devices for 

stationary applications. However, the formation of high surface area Zn (HSAZ) architectures 

on the metallic Zn anode deteriorates their performance during prolonged cycling. In this work, 

we demonstrate the application of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA),   

an organic compound, as a replacement for the Zn-metal anode enabling the design of a 

‘rocking-chair’ zinc-proton hybrid ion battery. The NTCDA electrode material displays a 

multi-plateau redox behavior delivering a specific 

discharge capacity value of 143 mAh g-1 in the 

potential window of 1.4 V to 0.30 V vs. Zn|Zn2+. 

The detailed electrochemical characterization of 

NTCDA in various electrolytes (an aqueous 

solution of 1M Zn(CF3SO3)2, an aqueous solution 

of 0.01M H2SO4, and an organic electrolyte of 0.5 

M Zn(CF3SO3)2/Acetonitrile) reveals that the 

redox processes leading to charge storage involve 

the contribution from both H+ and Zn2+. The 

performance of NTCDA as an anode is further 

demonstrated by pairing it with MnO2 cathode, and the resulting NTCDA||MnO2 full-cell (zinc-

proton hybrid ion battery) delivers a specific discharge capacity of 41 mAh gtotal
-1 (normalized 

with the total mass-loading of both anode and cathode active materials) with an average 

operating voltage of 0.80 V. 

 

 

Contents in this chapter is published in the article: DOI: 10.1039/D0DT04404K. (Reprinted 

(adapted) with permission from Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal 

Society of Chemistry.)  
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5.1 Introduction 

 Recently, the post-lithium battery technology employing Zn electrochemistry is 

receiving significant attention among battery enthusiasts. Compared to the lithium-ion batteries 

(LIBs), the features such as relatively better safety and easy device fabricability by employing 

cost-effective aqueous electrolytes and electrode materials leverage the prospects of the Zn 

batteries.1 A conventional aqueous rechargeable Zn-metal battery (ARZMB) cell consists of a 

metallic Zn anode, an insertion/conversion-type cathode, and a separator soaked in Zn2+ ion 

conducting liquid electrolyte (pH of 4-6).2 However, the major difficulties associated with 

these ARZMBs are the possible growth of High Surface Area Zinc (HSAZ; also known as 

dendrite) deposits and hydrogen evolution reaction (HER) at the metallic-anode during the 

charging steps.3 These drawbacks result in low Coulombic efficiency and cycling stability of 

ARZMBs. 

 The aforementioned challenges have been tackled by adopting various strategies that 

can tune the electrode|electrolyte interface between the Zn-metal and liquid electrolyte in 

ARZMBs. These attempts include the use of different electrolytes (e.g., Zn(CF3SO3)2, 

Zn(TFSI)2, etc.), utilization of cation-selective ionomer separators (e.g., Nafion and 

polyacrylonitrile membranes) instead of neutral porous separators (e.g., glass fiber), and 

surface modification of Zn with carbon, TiO2, CaCO3, etc.4-8 Another logical approach to 

overcome the problems associated with a Zn metal anode is its replacement with an electrode 

material that can facilitate reversible insertion/extraction of Zn2+ ions so that the transition from 

ARZMB to the aqueous rechargeable Zn-ion batteries (ARZIBs) can be enabled. Such insertion 

anode materials are popular with the other post-lithium batteries (Na-ion, Mg-ion, and K-ion 

batteries); the chemistry is rarely explored in the context of ARZIBs. 

 The key features desirable for efficient anode material for ARZIBs are the high 

reversibility and stability toward Zn2+-insertion/extraction at relatively low potentials vs. 

Zn|Zn2+ delivering high specific capacity. Cheng et al. reported the first example of a Zn2+-

intercalating anode that utilizes chevrel phase Mo6S8 nanocubes.9 Kaveevivitchai et al. 

demonstrated the performance of an open-tunnel oxide of ZnxMo2.5+yVO9+z that can be used as 

an insertion anode in both aqueous and nonaqueous electrolytes delivering a high specific 

capacity of 220 mAh g-1.10 Li et al. demonstrated pre-sodiated TiS2 as an insertion anode in 

aqueous ARZIB.11 Despite these few attempts, the research on ‘rocking chair’ ARZIBs, 

especially with organic materials as anodes, is minimal, and therefore, exploring potential 

electrode materials is important. 
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 Organic compounds have received tremendous interest as the anode materials in LIB 

and Na-ion battery applications. Compared to the most commonly used inorganic materials, 

the organic molecular solids facilitate the reversible uptake/release of the charged species by 

undergoing molecular reorientation and accompanied redox reactions.12 In this aspect, 

developing Zn2+-insertion anodes based on organic molecules could be an attractive choice. 

Here, we investigate the electrochemical performance of 1,4,5,8-napthalenetetracarboxylic 

dianhydride (NTCDA) as a reversible Zn2+ host in an aqueous electrolyte. During the 

electrochemical investigation, H+ was also found to be contributing to the charge-storage 

behavior of NTCDA. Finally, to demonstrate the suitability of NTCDA as the insertion anode, 

a prototype ARZIB full-cell was also fabricated by pairing the NTCDA anode against MnO2 

cathode (NTCDA||MnO2). The term ‘zinc-proton hybrid ion battery’ was coined to address the 

fabricated ARZIB to emphasize the role of H+ and Zn2+ in the charge storage mechanism. The 

cell displayed a specific capacity of 41 mAh g-1
total, considering the active material loading in 

both the positive and negative electrodes. The zinc-proton hybrid ion battery cell also displayed 

a good average voltage of ~0.80 V, close to several other ARZMBs based on the other cathodes 

such as V2O5, VS2, and PDA/CNT.13-15 To the best of our knowledge, this is the first report on 

an organic anhydride molecule that can act as an anode capable of storing Zn2+ ions, which is 

used for fabricating aqueous rechargeable ARZIB/zinc-proton hybrid ion batteries. 

5.2 Experimental Section 

5.2.1 Materials 

 1,4,5,8-napthalenetetracarboxylic dianhydride (NTCDA) was purchased from TCI 

Chemicals and used without further purification. Zinc trifluoromethanesulfonate 

(Zn(CF3SO3)2/ZnOTF) was procured from Sigma-Aldrich. Nafion 212 and Grafoil sheets were 

supplied by Du Pont, USA, and Global Nanotech, respectively. The solvent acetonitrile (ACN) 

used for the electrolyte preparation was purchased from Thomas Baker. 

5.2.2 Fabrication of electrodes 

 For preparing the electrode, at first, 4 mg of NTCDA and 1 mg of the conducting 

additive (carbon nanofiber, CNF) (80:20 weight ratio) were dispersed in 250 μl of water-

isopropanol (2:1) mixture and 10 μl of 5 wt. % Nafion solution (DuPont). A required amount 

of the dispersion was spread over 1.0 cm2 area of Grafoil, and the coated electrodes were dried 

at 60oC. The loading of the electrodes was maintained as 1 mg cm-2. The MnO2 electrode with 

a mass-loading of 1 mg cm-2 was prepared by electrodeposition of MnO2 over the Toray carbon 

fiber paper following our previous report. 16  
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5.2.3 Fabrication of electrochemical cell 

 All the electrochemical cells were fabricated in CR2032 coin cell assembly. The 

Zn||NTCDA half-cells were assembled using a piece of Zn foil (area 1.0 cm2) and NTCDA-

coated Grafoil (1.0 mg cm-2) as the negative and positive electrodes, respectively. A Nafion 

212 membrane soaked in an aqueous solution of 1M ZnOTF electrolyte (1M ZnOTF/Aq.) was 

used as the separator. This cell was marked as Zn||NTCDA-(N), where ‘N’ stands for the 

nearly-neutral electrolyte (pH ≈ 4) used for the cell fabrication. For comparison, the NTCDA 

electrode was also tested in 0.01M H2SO4 (pH ≈ 1.7) and 0.5M ZnOTF/ACN electrolytes, and 

the coin cells are labeled as Zn||NTCDA-(A) and Zn||NTCDA-(O), respectively; here, the 

letters ‘A’ and ‘O’ stand for acidic and organic electrolytes, respectively. The electrochemical 

performance of MnO2 was also tested in a similar way using MnO2 (1.0 mg cm-2) as the positive 

electrode and Zn foil as the negative electrode separated by the Nafion membrane pre-soaked 

with the 1M ZnOTF/Aq. electrolyte. The corresponding electrochemical cell was marked as 

Zn||MnO2-(N).  

 The three-electrode characterization of NTCDA electrode in 0.01M H2SO4 and 0.1M 

ZnOTF/Aq. were carried out using NTCDA coated Grafoil as the working electrode, Pt mesh 

as the counter electrode, and Hg/Hg2SO4 as the reference electrode. Similarly, the 

electrodeposited MnO2 electrode was also tested in 0.005M H2SO4 (pH ≈ 2) and 0.1 M 

ZnOTF/Aq. electrolyte in the three-electrode cell assembly. Here, a low concentration of the 

H2SO4 electrolyte was taken to ensure minimum dissolution of the MnO2 in the acid solution. 

For the fabrication of the ARZIB full-cell, the loadings of the NTCDA anode and MnO2 

cathode were calculated from the following equation: 

Mcathode/Manode = Qanode/Qcathode                                   (Equation 5.1) 

where, ‘M’ and ‘Q’ represent the mass-loading and the specific capacity of the electrode 

materials, respectively.17 Here, the specific capacity values of the respective electrodes are 

measured at 0.1 A g-1 current rate from the half-cell study (Zn||NTCDA-(N) and Zn||MnO2-(N) 

cells) with the electrode material mass-loading of 1 mg cm-2. 

MMnO2/MNTCDA = 143 mAh g-1/281 mAh g-1 = 1/1.9    (Equation 5.2) 

Comparing the capacity of the electrode materials, the ratio of NTCDA:MnO2 was taken as ca. 

2:1 (Equation 5.2). Before assembling the full-cell, the MnO2 electrode was activated by 

electrochemical cycling for two discharge cycles at a current rate of 0.5 A g-1 in a two-electrode 

cell configuration, taking MnO2 as the positive and Zn as the negative electrode in aqueous 1M  
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Figure 5.1. (a) XRD data, (b)-(c) FESEM images, and (d) FTIR data of the commercial 

NTCDA. (Reprinted (adapted) with permission from Dalton Trans., 2021, 50, 4237-4243. 

Copyright (2021) Royal Society of Chemistry.). 

ZnOTF/Aq. electrolyte. After that, the MnO2 electrode was recovered carefully and paired with 

the NTCDA electrode for assembling the NTCDA||MnO2 full-cell using the 1M ZnOTF/Aq. 

electrolyte. For calculating the specific capacity of the full-cell, the total capacity was 

normalized with respect to the cumulative mass-loading of the NTCDA anode (2 mg cm-2) and 

MnO2 cathode (1 mg cm-2). 

5.2.4 Electrochemical measurements  

 All the electrochemical measurements were recorded with Biologic VMP3 instrument. 

The cyclic voltammetry (CV) analysis of the Zn||NTCDA-(N) half-cell was carried out at the 

scan rates of 0.1, 0.3, 0.5, and 1 mV s-1. Galvanostatic charge-discharge (GCD) data were 

collected at 0.10, 0.25, 0.50, 1.0, and 2.0 A g-1 current rates. The current rates and capacity 

values in the half-cell study are reported considering the mass-loading of the working electrode 

alone. The NTCDA||MnO2 full-cell was also characterized with CV (at 5 mV s-1) and GCD 

(0.17, 0.33, 0.67, and 1.0 A gtotal
-1, the current rates are normalized with respect to the total 

mass-loading of both electrodes). The GCD data of the Zn||MnO2-(N) half-cell were recorded 

at various current rates (0.1, 0.25, 0.5, and 1 A g-1) using the Neware battery tester instrument.  

5.2.5 Material characterization 

 Field emission scanning electron microscope (FESEM) Nova Nano SEM 450 and scan- 
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Figure 5.2. (a) CV profiles recorded at various scan rates, (b) CV profiles recorded at the scan 

rate of 1.0 mV s-1, (c) GCD profiles recorded at the current rate of 0.1 A g-1, and (d) GCD 

profiles recorded at various current rates for the Zn||NTCDA-(N) cell. (Reprinted (adapted) 

with permission from Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of 

Chemistry). 

ning electron microscope (SEM) Quanta 200-3D FEI instruments were used for investigating 

the morphology of the samples. The elemental composition was investigated through energy 

dispersive X-ray spectroscopy (EDAX) analysis. EDAX elemental mapping was carried out 

with an ESEM-Quanta 200-3D instrument. X-ray diffraction (XRD) analysis was recorded 

with Rigaku, MicroMax-007HF with high-intensity Microfocus rotating anode X-ray generator 

(Cu Kα (α = 1.54 Å). XPS data are collected with Thermo Scientific K-Alpha+ instrument. 

Fourier transform infrared (FTIR) analysis was performed with a Bruker Tensor 27 FTIR 

instrument. 

5.3 Result and discussion 

 The commercial NTCDA molecule possesses monoclinic crystal structure and belongs 

to P21/c space group (a = 7.880 Å, b = 5.322 Å, c = 12.601 Å, α = 90°, β = 107.257°, γ = 90°). 

The XRD pattern (Figure 5.1a) of the commercial NTCDA indicates the crystalline nature of 

the sample. The FESEM images (Figure 5.1b and c) of the material show irregular rod-like 

morphology. FTIR data of the commercial NTCDA (Figure 5.1d) displays a strong peak at  
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Figure 5.3. (a) CV and (b) GCD profiles for the Zn||NTCDA-(O) cell; (c) CV and (d) GCD 

profiles for the Zn||NTCDA-(A) cell; (f) XPS survey spectra of the NTCDA electrodes at the 

original state and after recovering from the Zn||NTCDA-(N), Zn||NTCDA-(A), and 

Zn||NTCDA-(O) cells at the discharged state. (Reprinted (adapted) with permission from 

Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of Chemistry). 

1790 cm-1 corresponding to the C=O bond vibration of the anhydride moiety. At first, the 

electrochemical performance of NTCDA is evaluated in 1M ZnOTF/Aq. electrolyte in the 

Zn||NTCDA-(N) half-cell. As shown in Figure 5.2a, the CV profiles of the cell at different 

scan rates exhibit two pairs of reversible redox peaks. At a scan rate of 1 mV s-1, the cathodic 

peaks appear at 0.45 and 0.31 V vs. Zn|Zn2+ and the anodic peaks at 0.59 and 0.85 V vs. Zn|Zn2+. 

By comparing the first and second CV cycles at the same scan rate (1 mV s-1), a slight drop in 

current response is observed (Figure 5.2b), showing irreversible capacity loss during the 

cycling. 

 The charge/discharge capacity of NTCDA is obtained from the GCD experiment. 

Figure 5.2c represents the GCD plots recorded at the current rate of 0.1 A g-1, showing the 
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initial capacity. The charge and discharge plateaus in the GCD curves (Figure 5.2c and d) are 

consistent with the redox peaks present in the CV profile (Figure 5.2a), suggesting multi-step 

redox reactions. As shown in Figure 5.2c, in the first discharge, NTCDA delivers a high 

discharge capacity of 197 mAh g-1. However, a slight drop in the capacity is observed in the 

subsequent cycles resulting in the discharge capacities of 157 and 143 mAh g-1 in the 2nd and 

3rd discharge, respectively. The capacity loss observed during the initial cycles could be caused 

by the slight irreversibility in the discharging and charging processes due to the trapping of 

ions into the NTCDA matrix, which cannot travel back to the electrolyte during the reverse 

scan. The GCD plots at different current rates (Figure 5.2d) display that NTCDA could deliver 

specific discharge capacities of 112, 89, 70, and 47 mAh g-1 at 0.25, 0.50, 1.0, and 2.0 A g-1, 

respectively. 

 The multi-plateau characteristic of the Zn||NTCDA-(N) cell could be originated from 

the insertion of both the H+ and Zn2+ ions in the NTCDA host assisted by the redox active C=O 

groups present in it. It is known that the Zn2+-based aqueous electrolyte inevitably contains 

protons (H+) that could take part in the electrochemical processes.18 To prove and understand 

the possible contribution from water and proton toward the charge/discharge capacity of 

NTCDA, the electrochemical characterization of NTCDA is investigated in 0.01M H2SO4 

(Zn||NTCDA-(A)) and 0.5M ZnOTF/ACN (Zn||NTCDA-(O)) electrolytes. In aprotic organic 

electrolyte (0.5M ZnOTF/ACN), the NTCDA electrode shows only one pair of oxidation and 

reduction peaks (Figure 5.3a), delivering a specific discharge capacity of 66 mAh g-1 (Figure 

5.3b). The reduction peak of NTCDA (onset potential of 0.47 V vs. Zn|Zn2+) in an aprotic 

electrolyte (Figure 5.3a) appears close to the low-voltage reduction peak (onset potential of 

0.40 V vs. Zn|Zn2+) in 1M ZnOTF/Aq. (Figure 5.2a). This resemblance suggests that the 

coordination of Zn2+ with the reduced C=O groups takes place at a lower potential region (vs. 

Zn|Zn2+) in a Zn2+ conducting electrolyte.19, 20 

 However, the CV feature of NTCDA in H2SO4 electrolyte (Figure 5.3c) shows two 

distinct reduction peaks (onset potential of 0.40 V and 0.65 V vs. Zn|Zn2+). These two peaks 

indicate the plausible interaction of the C=O groups with H+ and Zn2+ in the successive steps 

(Figure 5.3d). In the acidic electrolyte, during the 1st discharge of Zn||NTCDA-(A) cell, the 

metallic Zn anode may dissolve in the electrolyte as Zn2+. Therefore, the dissolved Zn2+ ions 

in the electrolyte can diffuse into NTCDA and interact with the C=O groups during 

electrochemical cycling. To confirm the presence of Zn2+, the NTCDA electrode was collected 

at the discharged state of the Zn||NTCDA-(A) cell and characterized by XPS analysis. As 

shown in the survey spectra (Figure 5.3e), the NTCDA electrode in 0.01M H2SO4 electrolyte  
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Figure 5.4. CV profiles recorded for the NTCDA electrode characterized in the three-electrode 

cell with respect to Hg/Hg2SO4 reference electrode in (a) 0.01M H2SO4 and (b) 0.1M 

ZnOTF/Aq. electrolytes; (c) GCD plots for the Zn||NTCDA-(N) cell (at 0.1 A g-1 current rate) 

showing the potential region for predominant Zn2+ and/or H+ coordination with NTCDA ; (d) 

cycling stability data measured at a current rate of 2 A g-1 for the Zn||NTCDA-(N) cell. 

(Reprinted (adapted) with permission from Dalton Trans., 2021, 50, 4237-4243. Copyright 

(2021) Royal Society of Chemistry). 

displays an intense Zn2p XPS peak similar to the other two electrodes in the ZnOTF/ACN and 

ZnOTF/Aq. electrolytes in the discharged state. Hence, the XPS data supports the Zn corrosion 

in the H2SO4 electrolyte, which justifies the involvement of both H+ and Zn2+ charge carriers 

in the Faradaic reactions leading to the origin of the two reduction peaks as appeared in the CV 

profile of the Zn||NTCDA-(A) cell. 

 To further confirm the H+ association with NTCDA, the CV analysis was carried out in 

a standard three-electrode cell in 0.01M H2SO4 electrolyte taking Pt mesh as the counter 

electrode and Hg/Hg2SO4 as the reference electrode. As displayed in Figure 5.4a, the NTCDA 

exhibits a single reduction peak at an onset potential of -0.84 V vs. Hg/Hg2SO4. It must be 

noted that the aforementioned three-electrode cell does not contain Zn, and H+ is the only 

positive charge carrier present in the electrolyte. Hence, the obtained redox peaks in the CV 

profile (Figure 5.4a) associate H+ uptake by the C=O groups of NTCDA. Interestingly, when 

the electrolyte is switched to 0.1M ZnOTF/Aq. (Figure 5.4b), the reduction peak at higher 

voltage (onset potential -0.75 V vs. Hg/Hg2SO4) is retained followed by the appearance of an  
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Figure 5.5. (a) FTIR data of the NTCDA electrodes obtained at the original state and after 

recovering from the Zn||NTCDA-(N) cells at the discharged and charged states; SEM image 

of the NTCDA electrodes obtained at (b) original state, recovered from the Zn||NTCDA-(N) 

cell at (c) discharged and (d) charged states. (Reprinted (adapted) with permission from 

Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of Chemistry). 

additional peak at a lower voltage (onset potential -1.0 V vs. Hg/Hg2SO4). Based on the 

aforementioned observations, the reduction process of NTCDA in ZnOTF/Aq. electrolyte is 

divided into two steps: the first step at a higher voltage region mainly involves H+ coordination, 

whereas Zn2+ coordination is predominant in the second step (Figure 5.4c).  Therefore, the 

above discussion clearly points out that both the Zn2+ and H+ storage have significant 

contribution to the total capacity obtained for NTCDA electrode in the ZnOTF/Aq. electrolyte. 

 The long-term cycling stability of the Zn||NTCDA-(N) cell is recorded at 2 A g-1 current 

rate. As given in Figure 5.4d, the cell shows a performance drop in the initial cycles reaching 

a discharge capacity of 24 mAh g-1. In the following cycles, the capacity of the cell is found to 

increase gradually, delivering 30 mAh g-1 capacity after 150 cycles. The observed increment 

in the capacity could be due to the electrochemical activation of NTCDA with cycling. 

Moreover, the cell could be cycled over 300 charge/discharge cycles with good capacity 

retention. The gradual capacity loss of NTCDA could be due to the hydrolysis of the anhydride 

groups in aqueous electrolyte (pH ≈ 4).21 
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Figure 5.6. Elemental mapping of the NTCDA electrodes at the (a) original state, and after 

recovering from the Zn||NTCDA-(N) half-cells at the (b) discharged (0.30 V vs. Zn|Zn2+) and 

(c) charged (1.4 V vs. Zn|Zn2+) states; (d) atomic percentage of the elements obtained from the 

EDAX analysis of the NTCDA electrodes recovered from the Zn||NTCDA-(N) half-cells. 

(Reprinted (adapted) with permission from Dalton Trans., 2021, 50, 4237-4243. Copyright 

(2021) Royal Society of Chemistry). 

  To understand the charge storage mechanism of NTCDA, we have recovered the 

electrodes from the Zn||NTCDA-(N) cell at the completely discharged (to 0.30 V vs. Zn|Zn2+) 

and charged (to  1.4 V vs. Zn|Zn2+) states. After recovering from the respective cells, the 

electrodes were carefully washed with water to remove the ZnOTF electrolyte salt from the 

electrode surface. The FTIR data (Figure 5.5a) of the original electrode and the recovered 

electrodes from the discharged and charged cells are compared.  In the pristine electrode, the 

strong peak at 1780 cm-1 corresponds to the anhydride functional group present in the NTCDA 

molecule.22 Upon the first discharge, we have not observed any significant change in the 

anhydride peak. However, a new peak at 1362 cm-1 has been appeared, which is attributed to 

the formation of enolate (C-O-) from the carbonyl group (C=O) of the anhydride 

functionalities.21, 23 Additionally, few other peaks at 1260, 1182, 772, and 647 cm-1 are found 

to evolve after the discharge. These additional peaks indicate the structural changes that  
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Figure 5.7. (a) XRD profiles of the NTCDA cathode recorded at the original state and after 

recovering from the post-cycled Zn||NTCDA-(N) half-cell; (b)-(c) and (d)-(e) show the zoomed 

view of the XRD data of the original electrode and the post stability electrode, respectively; 

(f)-(g) SEM images of the NTCDA electrode recovered from the Zn||NTCDA-(N) half-cell after 

the cycling stability test (the electrodes were washed with water and dried before the analysis). 

(Reprinted (adapted) with permission from Dalton Trans., 2021, 50, 4237-4243. Copyright 

(2021) Royal Society of Chemistry). 

occurred due to the interaction of NTCDA with the H+/Zn2+ ions. Moreover, the intensity of 

the peaks mentioned above diminishes on complete charging, which confirms the reversibility 

of the electrochemical reactions occurring at the electrode. 

 Later, the NTCDA electrodes (original and recovered electrodes from the charged and 

discharged cells) were subjected to SEM imaging and elemental mapping analysis. A 

significant change in the electrode morphology is also observed upon H+/Zn2+-insertion and 

extraction. The original electrode (Figure 5.5b) consists of micrometer size block-like particles 

along with the carbon nanofiber strands, which are used as the conducting additives for 

improving the electronic conductivity. Upon full discharge (Figure 5.5c), the particle 

morphology converts to small granules. Interestingly, after the complete charging (Figure  
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Figure 5.8. CV profiles for the MnO2 electrode characterized in the three-electrode cell with 

respect to the Hg/Hg2SO4 reference electrode in (a) 0.005M H2SO4 and (b) 0.1M ZnOTF/Aq. 

electrolyte; (c) GCD profiles of the Zn||MnO2-(N) half-cell recorded at different current rates; 

(d) schematic presentation of the NTCDA||MnO2 full-cell. (Reprinted (adapted) with 

permission from Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of 

Chemistry). 

5.5d), the morphology of the electrode does not return to the original state. Instead, a non-

uniform morphology is observed in the charged state containing aggregated nanosheets along 

with irregularly shaped particles. The remarkable morphology evolution of NTCDA at the 

discharged and charged states associates with the phase transition, which is evident from the 

sharp redox peak in the CV profile as well as the well-defined plateaus in the GCD curves of 

the Zn||NTCDA-(N) cell. A similar morphological change is also reported with the other 

organic electrode materials (such as p-chloranil) for ARZMBs.12 However, further studies are 

required to understand the underlying mechanism for the observed structural changes in the 

NTCDA electrode. The elemental mapping profiles are summarized in Figure 5.6a-c, which 

display the presence of C, O, and Zn in both the discharged and charged electrodes; however, 

the Zn content is found to be significantly higher in the former. The elemental compositions of 

the original and cycled electrodes obtained from the EDAX analysis (Figure 5.6d) also show 

higher content of Zn in the discharged electrode compared to that of the charged electrode. The 

presence of Zn in the charged electrode could be resulted from the irreversibly consumed Zn2+  
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Figure 5.9. (a) CV profile, (b) GCD profiles recorded at various current rates of the 

NTCDA||MnO2  full-cell; (c) charge/discharge capacities of the Zn||MnO2||-(N), Zn||NTCDA-

(N), and NTCDA||MnO2 cells recorded at the current rate of 0.50 A g-1 (here, the capacity 

values and current rate are normalized with respect to the mass-loading of the electrode 

material in the positive electrode); (d) cycling stability data recorded at the current rate of 

0.33 A gtotal
-1 for the NTCDA||MnO2  full-cell. (Reprinted (adapted) with permission from 

Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of Chemistry). 

by the NTCDA electrode, which results in capacity loss during the first charging cycle (Figure 

5.2b and c). 

 The structural and morphological changes occurring in the NTCDA electrode after the 

cycling stability test are studied. From the XRD profiles of the original and cycled electrodes  

 (Figure 5.7a-e), it is observed that some peaks match with that of the original electrode, as 

indicated in Figure 5.7d and e. Besides, the XRD data of the cycled electrode contains several 

new peaks with good intensity, which could be related to the structural changes associated with 

the electrode material and the residual electrolyte salt trapped in the electrode. The 

morphological evolution of the NTCDA electrode after the cycling is further evident from the 

SEM images given in Figure 5.7f and g. Compared to the original NTCDA electrode possessing 

irregular block-like morphology (Figure 5.5b), the cycled electrode is observed to exhibit 

aggregated nanosheet-like morphology, which resembles that of the charged electrode (Figure 

5.5d).  
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Table 5.1. The electrochemical performance parameters of NTCDA in the Zn||NTCDA half-

cell and NTCDA||MnO2 full-cell configurations are compared with the performance of some 

of the previously reported anode materials for ARZIBs. (Reprinted (adapted) with permission 

from Dalton Trans., 2021, 50, 4237-4243. Copyright (2021) Royal Society of Chemistry). 

 The performance of NTCDA as the insertion anode in full-cell is investigated by pairing 

it with the electrodeposited MnO2 cathode. We have chosen MnO2 as the cathode because of 

its high average voltage and adequate capacity. The MnO2 electrode was characterized in the 

three-electrode cell assembly using 0.005M H2SO4 (Figure 5.8a) and 0.1M ZnOTF/Aq. 

(Figure 5.8b) electrolytes. The broad redox peaks in the cathodic and anodic CV scans suggest 

the redox-assisted H+ storage/release in the MnO2 electrode in the 0.005M H2SO4 electrolyte.  

On the other hand, the CV data taken in 0.1M ZnOTF/Aq. electrolyte shows more distinct 

oxidation and reduction peaks associated with the insertion/extraction of Zn2+ and H+ ions. 

Moreover, several earlier reports on the MnO2 cathode have also confirmed that the charge 

storage behavior in the Zn2+-conducting aqueous electrolytes involves co-insertion of the Zn2+ 

and H+ ions. 24-26 The specific discharge capacity of the Zn||MnO2-(N) half-cell is obtained from 

the GCD analysis, and the related plots are given in Figure 5.8c.  

 Later the NTCDA||MnO2 full-cell was assembled, and the cell is schematically 

presented in Figure 5.8d. The NTCDA||MnO2 ARZIB full-cell facilitated by the Zn2+ and H+ 

insertion at both anode and cathode (as discussed in the previous sections) can be called a 

Zn2+/H+ hybrid battery (or zinc-proton hybrid ion battery). The CV profile of the 

Cathode|| 

Anode 

Performance in half-cell Performance in full-cell Ref. 

Capacity 

(current rate) Voltage 

Cycling 

stability Capacity Voltage 

Cycling 

stability 

PB|| 

PTCDI/rGO 

141  mAh g-1 

(0.5 A g-1) 

0.38  V 95% (1200 

cycles) 

48  mAh gtotal
-1 0.95  V 75% (150 

cycles) 

27 

ZnMn2O4|| 

Na0.14TiS2 

120  mAh g-1 

(0.1 A g-1) 

0.30 V 77% (5000 

cycles) 

38  mAh gtotal
-1 0.95  V 74% (100 

cycles) 

11 

PB|| 

Zn2Mo6S8 

~60  mAh g-1 

(0.128 A g-1) 

0.35  V - 62 mAh gtotal
-1 1.40  V - 28 

MnO2|| 

PI-COF 

92  mAh g-1 

( 0.7 A g-1) 

- 85% (4000 

cycles) 

60  mAh gtotal
-1 ~0.90-

0.80  V 

82.5% 

(2000 

cycles) 

29 

PB|| 

Ferrocene/C 

106  mAh g-1 

(1C) 

- 70% (2000 

cycles) 

30  mAh gtotal
-1 0.90  V 58%  (1000 

cycles) 

30 

MnO2|| 

NTCDA 

143  mAh g-1 

(0.1 A g-1) 

0.46  V ~75% (300 

cycles) 

41  mAh gtotal
-1 0.80  V ~60% (100 

cycles) 

This 

work 
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NTCDA||MnO2 full-cell is shown in Figure 5.9a, which displays the reversible redox processes 

occurring in the cell during the cathodic and anodic scan. The GCD profiles recorded at various 

current rates are given in Figure 5.9b. The full-cell delivers 41, 33, 25, and 20 mAh gtotal
-1 

discharge capacity values at 0.17, 0.33, 0.67, and 1.0 A gtotal
-1 current rates. The term ‘total' in 

the units of capacity and current rates represents the cumulative mass-loading in both the 

positive and negative electrodes. The maximum energy density obtained for the full-cell is 32 

Wh kgtotal
-1. For a better understanding of the average voltage of the full-cell, the GCD profiles 

of NTCDA||MnO2, Zn||MnO2-(N), and Zn||NTCDA-(N) cells are summarized in Figure 5.9c. 

As shown in the figure, the MnO2 and NTCDA electrodes display an average voltage of 1.35 

V and 0.46 V vs. Zn|Zn2+, respectively. When NTCDA is paired with the MnO2 cathode, the 

resulting full-cell shows an average voltage of 0.80 V (Figure 5.9c). The cycling stability of 

the full-cell is investigated at 0.33 A gtotal
-1 current rate. Figure 5.9d shows that NTCDA||MnO2 

cell exhibits capacity fading in the first few cycles reaching a capacity of 22 mAh gtotal
-1 at the 

5th cycle. In the following cycles, the drop in capacity value is found to be reduced, resulting 

in 15 mAh gtotal
-1 capacity retention over 100 cycles. Moreover, the overall performance of the 

full-cell is also comparable to some of the previously reported ARZIB full-cells (Table 5.1).11, 

27-30 Therefore, the replacement of metallic Zn with NTCDA anode shows a new direction 

toward developing aqueous rechargeable batteries based on Zn-ion chemistry. 

5.4 Conclusions 

 In conclusion, this work demonstrates that NTCDA exhibits adequate capacity (143 

mAh g-1) and cycling stability in aqueous 1M ZnOTF/Aq. electrolyte. The electrochemical 

characterizations reveal that both Zn2+ and H+ present in aqueous electrolytes contribute to the 

charge storage performance of NTCDA. The suitable low-voltage plateau (vs. Zn|Zn2+) of 

NTCDA allows its use as the anode material in combination with the MnO2 cathode for 

assembling a zinc-proton hybrid ion battery full-cell (NTCDA||MnO2). The prototype full-cell 

delivers 41 mAh gtotal
-1 initial capacity with an average voltage of 0.80 V higher than that of 

Zn||NTCDA-(N) half-cell. Ultimately, in contrast to the previously reported inorganic 

materials, this work provides new insights to design insertion anodes based on the 

environment-friendly organic molecule for aqueous ‘rocking chair’ ARZIBs. 
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energy storage technologies suitable for large-scale stationary applications. Aqueous 

zinc-metal batteries (ZMBs), comprising metallic zinc anode and an insertion-type 
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the high volumetric capacity, low reduction potential, and good compatibility of zinc 

with water-based electrolytes. However, the zinc anode is prone to form high surface 

area zinc (HSAZ) or dendrite-like zinc deposits during the electrochemical cycling 

causing severe capacity decay. To address this issue, we have demonstrated the 

effectiveness of ionomer separator based on sulfonated tetrafluoroethylene copolymer 

(Nafion) in ZMBs. It is observed that the Nafion membrane combined with Zn2+ion-

conducting aqueous electrolytes (aqueous solution of ZnSO4 or Zn(CF3SO3)2) offers 

stable plating/stripping of zinc in Zn|Zn symmetric cell with lower overpotential 

compared to that observed with traditional porous separators (viz. glass fibre paper 
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and polypropylene separator). This is credited to the cation-selective nature of the 

Nafion, which provides a high Zn2+-ion transference number and maintains uniform 

ion flux near to the electrode surface. Interestingly, the superior performance of the 

Nafion membrane is found to be retained when it is employed as the separator in 

V2O5||Zn and MnO2||Zn cells. The detailed characterization of the post-stability 

electrodes recovered from the ZMB cell reveals that Nafion separator effectively 

suppresses the growth of zinc dendrites or HSAZ by facilitating the uniform and smooth 

deposition of zinc on the anode surface, leading to an improved capacity retention of 

ZMBs over 1000 stability cycles. Besides, the Nafion membrane blocks the diffusion of 

discharge products from the cathode to the anode side, which prevents the poisoning of 

the zinc surface. Therefore, the use of Nafion separator could also eliminate the 

requirement of electrolyte additives which is otherwise necessary for mitigating the 

dissolution of cathode material in porous separator-based ZMBs. Ultimately, this work 

shows a new way toward improving the longevity of rechargeable ZMBs.  
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Dendrite Growth Suppression by Zn2þ-Integrated Nafion
Ionomer Membranes: Beyond Porous Separators toward
Aqueous Zn/V2O5 Batteries with Extended Cycle Life

Meena Ghosh, Vidyanand Vijayakumar, and Sreekumar Kurungot*

The dendritic/irregular growth of zinc deposits in the anode surface is often
considered as a major intricacy limiting the lifespan of aqueous zinc-ion bat-
teries. The effect of separators on the evolution of the surface morphology of the
anode/cathode is never thoroughly studied. Herein, for the first time, the
efficacy of the Zn2þ-integrated Nafion ionomer membrane is demonstrated as a
separator to effectively suppress the growth of irregular zinc deposits in the
metallic anode of an aqueous Zn/V2O5 battery. The Zn

2þ-ions coordinated with
the SO�

3 moieties in Nafion result in a high transference number of the Zn2þ

cation, all the while facilitating a high ionic conductivity. The Zn2þ-integrated
Nafion membrane enables the Zn/V2O5 cell to deliver a high specific capacity of
510 mAh g�1 at a current of 0.25 A g�1, which is close to the theoretical capacity
of anhydrous V2O5 (589 mAh g�1). Moreover, the same cell exhibits an excellent
cycling stability of 88% retention of the initial capacity even after 1800 charge–
discharge cycles, superior to that of the Zn/V2O5 cells comprising conventional
porous separators.

1. Introduction

The widespread utilization of renewable energy sources and their
intermittent nature demands the concomitant development of
cost-effective and high performing energy storage devices.[1,2]

The conventional alkali metal ion batteries (AMIBs) are consid-
ered as the benchmark energy storage aid due to their wide range
of applications extending from micro-electronics to electric
vehicles. However, their high cost and the use of inflammable
organic electrolytes raise several concerns pertaining to the safety
as well as environmental benignity.[3,4] These drawbacks propel
the research toward the development of low-cost rechargeable
aqueous-ion batteries.[5–7] Although aqueous electrolyte proto-
types are available for AMIBs,[8] the high reactive alkali metals

cannot generate a stable interface with an
aqueous electrolyte, damaging the pros-
pects of realizing futuristic metal battery
designs.[9–11] Therefore, aqueous battery
chemistry beyond alkali metal ions is evolv-
ing as an important area in the energy
storage research.[12,13]

Recently, Xu et al. reported a recharge-
able zinc-ion battery (ZIB) prototype using
metallic zinc (Zn), MnO2, and aqueous
ZnSO4 as the anode, cathode, and electro-
lyte, respectively.[14] Compared with the
previously known Zn/MnO2 nonrecharge-
able aqueous batteries based on corrosive
alkaline electrolytes, discussions regarding
the aforementioned system have domi-
nated research in recent years. This has
opened up new challenges as well as oppor-
tunities in the realization of more efficient
aqueous ZIBs (AZIBs) with a variety of
other cathode materials.[15–21] Although
other chemistries based on Al/Al3þ and

Mg/Mg2þ have been proposed,[22–24] the Zn/Zn2þ systems
are considered to be the leading candidate due to the high
theoretical capacity (820 mAh g�1), low redox potential
(�0.76 V vs standard hydrogen electrode [SHE]), natural abun-
dance, and low cost of Zn metal.[25–28]

Despite the availability of efficient cathode materials, the
AZIBs often suffer from severe performance deterioration dur-
ing prolonged cycling. The inferior life-span of AZIBs origi-
nates due to the dendritic growth of Zn deposits in the
metallic anode during cycling.[29,30] The use of electrodeposited
Zn on foreign substrates instead of a commercial Zn foil is
found to be an effective way to suppress the formation of the
Zn dendrite.[31] Pretreatment of the Zn surface with carbon-
based materials is also found to minimize the dendrite
growth.[30,32] However, such complicated procedures preclude
the use of these strategies beyond the laboratory scale.
Therefore, exploring practical strategies to impede the forma-
tion of Zn dendrites is indeed important despite the challenges
involved. In this context, the separators may also have a decisive
role in the structural evolution of the anode surface.
Unfortunately, no study has been carried out to decipher
the influence of different separators in the cycling stability
of AZIBs.

Here, for the first time, we demonstrate the fabrication
of an aqueous Zn/V2O5 battery combining zinc-metal, cation-
selective Zn2þ-integrated Nafion ionomer membrane, and
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electrodeposited V2O5 as anode, separator, and cathode, respec-
tively. The Nafion ionomer membrane separator is found to
effectively suppress the formation of Zn dendrites compared
with the conventional porous separator (glass fiber, filter paper,
and polypropylene)-based AZIBs. The nonporous cation selective
Nafion membrane offers preferential transport of Zn2þ, which in
turn helps to maintain uniform ion flux close to the anode
surface. This is reflected in the augmented lifespan of the
Nafion-based Zn/V2O5 cell; all-the-while, the electrochemically
synthesized cathode (nanostructured V2O5 over a prefunctional-
ized carbon fiber paper) helps in achieving a high capacity. A dis-
charge capacity of 510mAh g�1 is delivered by the Zn2þ-integrated
Nafion-based Zn/V2O5 cell, which, to the best of our knowledge,
is the highest ever reported and is close to the theoretical
Zn2þstorage capacity of anhydrous V2O5 (589mAh g�1).[33]

Apart from the high discharge capacity, the system is found
to retain 88% of the initial capacity even after prolonged cycling
for 1800 cycles at a current rate of 10 A g�1. This study reveals the
drawbacks of the porous separators and proposes a viable way to
suppress the dendrite growth in AZIBs.

2. Results and Discussion

2.1. Physical Characterization

A self-standing, binder-free electrode (V-CP) was prepared
by electrodepositing V2O5 over a prefunctionalized carbon fiber
paper (fCP) (experimental details are given in the Experimental
Section). The synthesis scheme of the V-CP electrode and fabri-
cation of the Zn/V2O5 cell using Nafion and a porous separator
are schematically shown in Figure 1a. The field emission scan-
ning electron microscopy (FESEM) images of the V-CP specimen
in Figure 1b,c confirm the growth of a V2O5 nanostructure on
fCP. An interlayer spacing of 0.9 nm in the V-CP sample is evi-
denced from the transmission electron microscopy (TEM) image
(Figure 1d), which can facilitate the co-insertion/extraction of
Zn2þ and Hþ during the electrochemical cycling of the cell.[34,35]

In the X-ray photoelectron spectroscopy (XPS) data (Figure 1e),
the peaks located at 517.3 and 525.2 eV for the V2p3/2 and
V2p1/2 doublets correspond to the þ5 oxidation state of vana-
dium. The presence of the þ4 oxidation state is also detected

Figure 1. a) Schematic representation of the different Zn/V2O5 cell configurations containing Zn2þ-integrated Nafion ionomer and conventional porous
membrane separator. b) Low and c) high magnification FESEM images of the V-CP sample. d) The TEM image of the V2O5 particle taken from the V-CP
specimen. e) Deconvoluted XPS spectra of vanadium and oxygen in the V-CP specimen.
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from the peaks that appear at a binding energy of 515.9 and
523.8 eV.[36,37] The O1s peak indicates the presence of oxygen
in V-CP. The peaks located at 530.0 and 532.6 eV are attributed
to the oxygen atom coordinated with vanadium (O—V) and car-
bon (O—C) in the V-CP specimen, respectively.[38] Further char-
acterizations of the V-CP sample are given in the Supporting
Information (SI) (Figure S1a–c, Supporting Information). The
morphology of various separator membranes (Nafion, glass fiber,
Celgard, and filter paper) is given in Figure S2a–d, Supporting
Information.

2.2. Electrochemical Analysis

2.2.1. Selection of the Separator

The integration of Zn2þ in the Nafion membrane is confirmed
from the Fourier transform infrared (FTIR) spectra (Figure S3a, b,
Supporting Information). The data with relevant explanations
are given in SI (Section S3, Supporting Information).[39,40]

A schematic representation of the Zn2þ-integrated Nafion is
given in Figure S3c, Supporting Information. In Figure 2a,
the ionic conductivity (at 30 �C) of the Zn2þ-integrated Nafion
ionomer membrane (3M-Nafion) is presented with that of the
conventional porous separators (3M-Glass fiber, 3M-Filter paper,
and 3M-Celgard), which were soaked in a 3m ZnSO4 solution
prior to use. The conductivity value (2.6mS cm�1) is higher than
its 3M-Celgard and 3M-Filter paper counterparts. The interaction
of SO�

3 moieties in Nafion with Zn2þ ions can enhance the dis-
sociation of ZnSO4, which facilitates the transport of Zn2þ. This
is reflected in the lower equivalent series resistance (ESR)
value in the Nyquist plot when 3M-Nafion (Figure S4a–d,
Supporting Information) is used. The slightly higher ionic
conductivity (2.8mS cm�1) in 3M-Glass fiber may be due to

its better wettability and intrinsic porous nature (Figure S2b,
Supporting Information). The activation energy toward ion
conduction is calculated from slope of the ln σ versus 1/T plot
(Figure 2b).[41] The lowest activation energy (0.069 eV) is
obtained with the 3M-Nafion membrane (Figure 2b) and
that with other porous membranes are given in Table S1,
Supporting Information.

The effect of various membrane separators and the concentra-
tion of ZnSO4 electrolyte (0, 1, 2, and 3m) in the plating/
stripping behavior of Zn is analyzed by cyclic voltammetry
(CV) experiments at a scan rate of 5 mV s�1 using pristine carbon
paper (pCP) as a working electrode and Zn foil as counter and
reference electrodes (CP-XM-Y cell, where, “X” and “Y” stands
for the concentration of the electrolyte and type of separator,
respectively. Details of the cell fabrication method are given in
the Experimental Section). The overpotential measured for the
Zn plating/stripping in the CP-3M-Nafion (Figure 2c) cell is
only 75mV (at 5 mV s�1), which is lower compared with
CP-1M-Nafion (115mV) and CP-2M-Nafion (99mV) (the data
corresponding to the effect of ZnSO4 concentration in plating/
stripping behavior are given in Figure S5, Supporting
Information). The increase in the plating/stripping current in
the CV with an increase in ZnSO4 concentration (Figure S5,
Supporting Information) can be a result of the reduced solvation
effect due to the lesser number of water molecules surrounding
Zn2þ.[42] Zn plating on the pCP is confirmed by the FESEM anal-
ysis of pCP after the potential cycling, and the corresponding data
are given in Figure S6a, b, Supporting Information.

Compared with CP-3M-Nafion, all the porous separator-based
CP-3M-Y cells display higher overpotentials for Zn plating/
stripping (Figure 2d–f). The values obtained for CP-3M-Glass
fiber, CP-3M-Filter paper, and CP-3M-Celgards are 84, 92,
and 263mV, respectively. The higher ionic conductivity

Figure 2. a) Ionic conductivity of 3M-Nafion and other porous 3M-Y membranes at 30 �C temperature. b) ln σ versus 1/T plots for 3M-Nafion and 3M-Y
membranes. CV profiles corresponding to the plating/stripping behavior of Zn in c) CP-3M-Nafion, d) CP-3M-Glass fiber, e) CP-3M-Filter paper,
and f) CP-3M-Celgard cells at 5 mV s�1 scan rate.
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(Figure 2a), low activation energy (Figure 2b), and low Rct value
(Figure S7, Supporting Information) along with the better
interface formed by the Nafion ionomer membrane with the
respective electrodes (Zn and pCP) (explained in Section 2.3)
are the reasons for the better plating/stripping behavior of Zn
in case of the 3M-Nafion separator (Figure 2c).

Several literatures highlight that the charge storage in AZIBs
can be due to the intercalation of Zn2þ or Hþ or by the co-
intercalation of both Zn2þ and Hþ.[34,43] The existence of Hþ

in the electrolyte of the AZIBs is expected due to the low pH
of the ZnSO4 aqueous solution (Figure S8, Supporting
Information). Therefore, it is indeed important to understand
the effect of Hþ ions alone in the charge storage mechanism
of AZIB. Here, we have fabricated the CP-0M-Nafion cell using
the ZnSO4-free Nafion ionomer membrane (0M-Nafion). As
observed in Figure S9a, Supporting Information, there is no sig-
nificant positive current response during the oxidation of Zn in
the first cycle of the CV. However, as we move from the first to
the third cycle, the current corresponding to Zn oxidation is
found to increase gradually. This can directly indicate the occur-
rence of some sort of Zn plating/stripping even in the absence of
ZnSO4 in the system. The acidic nature of the activated Nafion
ionomer in the 0M-Nafion membrane causes the dissolution of
the Zn electrode, which eventually takes part in the plating/
stripping reaction on the working electrode.

Interestingly, Figure S9b, Supporting Information, shows
that, after several cycles, the CV profile of the CP-0M-Nafion cell
(15th cycle) appears similar to that of the CP-3M-Nafion cell
(3rd cycle). However, the low current (at 15th cycle) and higher
overpotential (149mV) in the CV plot indicate the inferior
kinetics of the Zn plating/stripping in the CP-0M-Nafion cell.

In addition to the above observation, an oxidation peak is observed
beyond 1.5 V in the first CV cycle (Figure S9a, Supporting
Information) related to the water decomposition. However, this
peak diminishes with the evolution of the oxidation peak corre-
sponding to Zn. This confirms that the presence of Zn2þ in
the electrolyte not only provides better reversibility but also incr-
eases the anodic stability of the electrolyte. These observations
prove the importance of Zn2þ integration in the Nafionmembrane.

The Zn plating/stripping behavior in the presence of the
3M-Nafion ionomer membrane and other porous 3M-Y mem-
branes are further evaluated in the Zn/Zn symmetric cell
(Zn-XM-Y, where, “X” stands for the concentration of the electrolyte
and “Y” represents the type of separator used). Figure 3a–d
shows the voltage versus time profiles during galvanostatic
cycling at a constant current of 0.1mA cm�2. As evident
from the enlarged part (Figure 3a–d) at various cycles, the
Zn-3M-Nafion cell (Figure 3a) displays a significant decrease
in the overpotential (71mV at 30th cycle) upon potential cycling.
On the contrary, the gradual enhancement in the voltage
separation between charging and discharging in case of the
porous separator-based Zn-3M-Y cells (at 30th cycle, the corre-
sponding overpotential of Zn-3M-Glass fiber, Zn-3M-Filter
paper, and Zn-3M-Celgard are 90, 83.3, and 284mV, respectively,
Figure 3b–d) further indicates the superiority of the 3M-Nafion
ionomer membrane separator. The inferior plating/stripping
behavior of the Zn-0M-Nafion cell is shown in Figure S10,
Supporting Information (Section S10, Supporting Information).

The transference number of Zn2þ (tZn2þ ) in the 3M-Nafion
membrane and other porous separators (3M-Glass fibre, 3M-Filter
paper, and 3M-Celgard) are calculated from Equation (1)
proposed by Abhraham et al.[44,45]

Figure 3. Galvanostatic cycling of the Zn/Zn symmetric cell at a current rate of 0.1 mA cm�2 in the presence of a) 3M-Nafion, b) 3M-Glass fiber,
c) 3M-Filter paper, and d) 3M-Celgard membrane separators.
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tZn2þ ¼ ISSRΩ,SSðΔV � I0Rct,0Þ
I0RΩ,0ðΔV � ISSRct,SSÞ

(1)

Here, V is the DC polarization voltage, I0 and ISS are the initial
and steady-state current responses during the DC polarization,
RΩ and Rct stand for the ESR and charge transfer resistance
obtained from the Nyquist plot, respectively.[44,45] The calculated
tZn2þ for the Zn2þ-integrated Nafion ionomer membrane is 0.52,
which is higher than the same obtained for the other porous sep-
arators (tZn2þ obtained for porous separators is close to 0.31).
The higher tZn2þ in 3M-Nafion (transport number corresponding
to the porous separators are listed in Table S2, Supporting
Information and corresponding plots are given in Figure S11,
Supporting Information) indicates the preferential role of Zn2þ

transport in maintaining the ionic current. The coordinated
Zn2þwith the SO�

3 moieties in the Nafion helps in selectivemigra-
tion of the cation in the direction of the electric field resulting
in a higher tZn2þ value.[46] On the other hand, in the case of the
porous separators, the low tZn2þ indicates a lesser extent of contri-
bution toward the ionic conductivity by the cation due to the lack
of negatively charged moieties as in the case of Nafion. The high
transference number of Zn2þ in Nafion can reduce the concentra-
tion polarization near to the anode surface, preventing the nonuni-
form deposition of Zn metal making them a potential candidate
to be used in AZIBs.

2.2.2. Electrochemical Characterization of Zn/V2O5 Cells

The electrochemical performance of the V-CP electrode was
evaluated in the CR2032 coin cell using a Zn foil as an anode,
desired membrane as a separator, and 3m ZnSO4 as an electro-
lyte (V-3M-Y, where “Y” represents the type of membrane used).
Figure 4a shows the current response in the CV corresponding to
the V-3M-Nafion cell at different scan rates ranging from 0.1 to

1.0mV s�1. The overlapping CV plots (Figure S12a, Supporting
Information) indicate a stable performance of the V-3M-Nafion
cell during subsequent scans. The appearance of multiple anodic
and cathodic peaks can be attributed to the multistep reversible
intercalation of Zn2þ into the V-CP cathode. The plot of log (i)
versus log (ν) in Figure 4b shows the current dependence on the
scan rate, and the charge storage behavior is investigated using
the following equation

i ¼ a νb (2)

where i is the current, ν is the scan rate and a and b represent
adjustable parameters.[47] The b-values corresponding to the
peaks O1, O2, R1, and R2 are obtained as 0.94, 0.71, 0.89,
and 0.80, respectively. The b-values that are significantly higher
than 0.5 indicate that the corresponding redox reactions in the
V-CP cathode are surface controlled and capacitive in nature
(Figure 4c).[48,49] This pseudocapacitive behavior indicates the
accelerated intercalation/deintercalation kinetics of Zn2þ, which
is highly desirable for enhancing the power output of the
device.[48]

The V-3M-Nafion cell is characterized by galvanostatic charge–
discharge (GCD) experiment at current rates of 0.25–10 A g�1.
A high average discharge capacity of 510mAh g�1 is obtained
at a current of 0.25 A g�1 (Figure 4d,e, and Figure S12b,
Supporting Information). In Table S3, Supporting Information,
the capacity values reported for various ZIB systems are summa-
rized. To the best of our knowledge, the capacity value obtained
for the V-3M-Nafion cell is the highest ever reported for a AZIB
so far.[15–19,27,32–34,42,43,49–58] In addition, the V-3M-Nafion cell
shows an average capacity of 330mAh g�1 when it is discharged
at a very high current rate of 10 A g�1, which corresponds to 65%
retention of the capacity obtained at 0.25 A g�1.

The high rate capability as well as high discharge capacity can
be attributed to the rational design of the binder-free V-CP

Figure 4. a) The CV plots scanned from 0.1 to 1.0 mVs�1. b) Log i versus log ν plots. c) Contribution ratio of capacitive and diffusion-limited capacities at
various scan rates (at 0.56 V, peak R1). d) Rate capability plot. e) Charge–discharge capacities at various currents of the V-3M-Nafion cell. f) CD profiles of
V-XM-Nafion and V-3M-Y cells at 0.25 A g�1 current density. g) Cycling stability comparison of the V-3M-Nafion cell with other V-XM-Y cells at 5 A g�1

current density and h) cycling stability and coulombic efficiency of V-3M-Nafion cell at current density of 10 A g�1.
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cathode. The conventional methods for cathode fabrication
involve the use of insulating polymer binder and multistep coat-
ing of chemically synthesized V2O5 over various metallic current
collectors. This results in the evolution of a high contact resis-
tance between the current collector and active material, which
may restrict achieving a high capacity. However, in this work,
the thin deposition of V2O5 integrated with the carbon skeleton
(Figure 1b,c) in the V-CP cathode provides an interconnected
pathway that facilitates the transport of electrons throughout
the electrode. Therefore, the contact resistance is reduced with
the added advantage of increased number of accessible redox
active sites that promotes the Zn2þ uptake capacity, thereby con-
tributing to the high capacity of the cell. The better charge trans-
port is evident from the low charge transfer resistance (Rct) value
of 110Ω (Figure S12c, Supporting Information) for the V-3M-
Nafion cell compared with other literature reports adopting
the conventional coating methods.[49,59] The reversible Zn2þ

insertion is further investigated by the XPS analysis, and the cor-
responding data with a relevant explanation is given in SI
(Section S13, Figure S13a–c, Supporting Information).

For comparison, Zn/V2O5 cells are fabricated with a
0M-Nafion membrane and conventional porous separators as
well. The discharge capacity of the V-3M-Nafion cell is compared
with that of the other membrane counterparts (Figure 4f), and
further electrochemical characterizations of these cells are given
in SI (Figure S14–S17, Supporting Information). Figure 4f shows
that the discharge capacity (at 0.25 A g�1) obtained for the V-0M-
Nafion (484mAh g�1), V-3M-Glass fiber (430mAh g�1), V-3M-
Celgard (400mAh g�1), and V-3M-Filter paper (360mAh g�1)
cells are significantly lower compared with that of the V-3M-
Nafion cell. This can be due to the better Zn2þ transport property
of the Nafion ionomer membrane as discussed in the previous
sections (Figure 2 and 3). Explanations for the observed
performance of the V-0M-Nafion cell are given in Section S14,
Supporting Information.

Apart from the high discharge capacity, the V-3M-Nafion cell
exhibits an outstanding cycling stability at 5 A g�1 (Figure 4g and
Figure S18, Supporting Information) and 10 A g�1 (Figure 4h)

with a retention of 84% of the initial capacity after 1300 cycles
and 88% of initial capacity after 1800 cycles, respectively. It is
worth mentioning that a high coulombic efficiency of 99% is
maintained throughout the cycling stability experiment. The
concomitant delivery of long cycle life and high discharge
capacity is rarely found in AZIB literature (Table S3,
Supporting Information), which highlights the importance of
the V-3M-Nafion cell in a futuristic perspective.

Figure 4g also compares the cycling stability of the V-3M-
Nafion cell with other membranes. From Figure 4g, the
V-3M-Glass fiber and V-3M-Celgard show only 78% retention
of the initial capacity after 650 cycles and 65% retention of
the initial capacity after 500 cycles, respectively. The V-3M-filter
paper cell is found to be failed after few cycles (Figure S17b,
Supporting Information). This shows the superiority of the
cation-selective Nafion ionomer membrane for realizing high-
performance AZIB. The cycling stability performance of the
V-0M-Nafion cell is also included in Figure 4g. From the data,
it is evident that irrespective of a sharp increase in the capacity
during the initial few cycles, a sudden drop is observed in the
region of 200 cycles. After 250 cycles, only 38% of the initial
capacity is retained. This further supports the claim that the inte-
gration of Zn2þ into the Nafion membrane is inevitable to
improve the cycling stability of the AZIB. The underlying reasons
pertaining to the difference in stability in the presence of differ-
ent membranes are further deciphered through the postmortem
analyses of the anode and cathode. The results are explained in
the following sections.

2.3. Postmortem Analysis of Anode

The post-stability FESEM images of Zn anode corresponding to
the V-3M-Nafion cell are shown in Figure 5a–d. Figure 5a indi-
cates that the Zn anode in the V-3M-Nafion cell after 500 stability
cycles manifests a surface more or less similar to that of the pris-
tine Zn foil (Figure S19a and b, Supporting Information),
although with a few regions of random/irregular morphology.
At a higher magnification (Figure 5b), this morphology is found

Figure 5. Morphology of the Zn anode after cycling: a,b) 500 cycles of V-3M-Nafion cell; c,d) 1300 cycles of the V-3M-Nafion cell; e,f) 650 cycles of
V-3M-Glass fiber; and g,h) 500 cycles of V-3M-Celgard cell.
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to possess a nanowall-like growth pattern, which is confirmed to
be composed of Zn deposits from the X-ray diffraction (XRD)
data given in SI (Figure S20, Supporting Information). The
Zn nanowalls can be considered embedded in the nearly flat sur-
face of the pristine Zn (Figure S19b, Supporting Information).
After 1300 cycles, the density of the nanowalls is found to have
extended (Figure 5c), covering the Zn surface more evenly.
The 2D, thin, uniform, and interconnected nanowall pattern
(Figure 5d and Figure S21, Supporting Information) favors
the homogeneous distribution of the electric field in the anode
even after long cycling. This inhibits the nonuniform polariza-
tion of the electrode as well as the further growth of the irregular
bulk Zn deposits. Moreover, the higher intensity of the (002)
plane of the fully discharged Zn (after 1300 cycles) in the
V-3M-Nafion cell (Figure S20, Supporting Information) strongly
suggests that the dendritic growth in the respective anode is less
likely.[31]

The suppressed bulk/dendritic deposition of Zn in the
V-3M-Nafion cell can be due to the combined contribution from
the inherent single ion conducting property and the presence of
the anionic —SO�

3 group in the Nafion ionomer. The electro-
static interaction between electron-rich SO�

3 groups in the
Nafion ionomer, and the positively charged Zn can provide a
strong interfacial interaction that suppresses the dendritic
growth during prolonged cycling and facilitates the uniform
deposition of Zn.[60,61] This interfacial interaction assists in
maintaining an efficient contact between the Zn anode and
the Nafion ionomer membrane. This is schematically shown
in Figure 1a. The dendrite suppressing nature of single-ion
conducting electrolytes is already proved in the literature.[62,63]

The anode morphology corresponding to the other separators
(Figure 5e–h and Figure S22, Supporting Information) is also
explored. The Zn deposits in the anode coupled with the glass
fiber membrane is found to be composed of highly dense
3D-scales of Zn with sharp edges and irregular morphology
(Figure 5e,f). On the other hand, the Celgard separator leads
to the 3D hexagonal growth of micrometer-sized bulk Zn depos-
its (Figure 5g,h). The sharp edges of these protruding Zn depos-
its (Figure 5f,h) can damage the porous separators. Such kind of
bulk deposits can be due to the absence of any electrostatic
interaction between anode and porous separators.

The morphology of the Zn anode corresponding to the
V-0M-Nafion cell is given in Figure S22a and b, Supporting
Information. Unlike the porous separator-based cells, the Zn
deposits in V-0M-Nafion is composed of several micrometer-
sized sheets. Despite its inferior stability, the absence of bulk
deposits in V-0M-Nafion is an indirect proof toward the role
electrostatic interaction in suppressing the dendritic growth as
already claimed in the V-3M-Nafion cell (represented in
Figure 1a). The morphology of the Zn deposits during cycling
is in accordance with the excellent plating/stripping behavior
(Figure 2c and 3a) as well as cycling stability obtained in the pres-
ence of the 3M-Nafion membrane as discussed in the previous
sections (Figure 4g).

The energy-dispersive X-ray spectroscopy (EDAX) analysis of
the post-stability Zn anodes of the respective cells is also per-
formed, and the data are summarized in Figure S23a–c,
Supporting Information. The vanadium content in case of the
V-3M-Nafion cell is lower compared with the other porous

separator-based cells. This is a direct indication of the minimized
diffusion of the negatively charged discharge products toward the
anode during the cycling due to the intrinsic cation-selective ion-
conducting nature of the Nafion ionomer. On the contrary,
porous separators (Figure S2b–d, Supporting Information) offer
a facile pathway for the discharge products (Figure 1a), which
may poison the anode surface and in turn decrease the cycle life
of the cells. The digital images of the cathode, anode, and
separator of all the cells under investigation followed by cycling
stability analyses are given in Figure S24a–e, Supporting
Information.

2.4. Postmortem Analysis of Cathode

The FESEM images corresponding to the morphology of the
V-CP cathode of the V-3M-Nafion cell after the stability test
are shown in Figure 6a,b. It possesses a thin and uniform coating
of exfoliated nanosheets over the porous carbon paper. This is
different from the dense and agglomerated morphology of the
V-CP cathode in other separator-based cells (Figure S25a–f,
Supporting Information). From the XRD analysis (Figure 6c),
it is apparent that the appearance of a new peak at a 2θ value
of 12.3� is consistent in all the V-CP cathodes, which corresponds
to the formation of a ZnxV2O5 phase.

[52] It can be also noted that
the XRD plots of all cathodes are more or less similar. This draws
the conclusion that the plausible limiting factor for the cyclic
stability of ZIB is the morphological evolution of both anode
and cathode during cycling.

2.5. Ragone Plot and Real-Life Demonstration

The Ragone plot representing the energy and power density of
the V-3M-Nafion cell is shown in Figure 7a. At the different

Figure 6. a) Lower and b) higher magnification FESEM images of the V-CP
cathode of the V-3M-Nafion cell after the stability test. c) XRD plots of
the V-CP cathodes of the various separator-based cells followed by the
stability test.
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power densities of 195 and 7800W kg�1, the device delivers high
energy densities of 398 and 257Wh kg�1, respectively (energy
density of the cell is evaluated, considering the loading of
V2O5 on cathode, and the corresponding calculations are given
in SI, Section S1 and S20, Supporting Information). This is far
higher than extant AZIBs, which use conventional separa-
tors.[15,42,49–51,53–56,58] The combination of high energy and
power density of the V-3M-Nafion cell can narrow the gap
between the supercapacitors and batteries. The application of
AZIBs in various real-life situations is also demonstrated.
Figure 7b shows two cells connected in series being used for
powering a red light-emitting diode (LED) bulb with a nominal
voltage of 1.8 V. The setup is used for powering a digital clock
continuously for 96 h (Figure 7c). Figure 7d shows powering
of a smart phone by using four Zn/V2O5 cells connected in
series. All the associated videos are compiled and included in
Supporting Information.

3. Conclusions

In this work, we have demonstrated the advantage of using a
Zn2þ-integrated Nafion ionomer membrane over conventional
porous separators (glass fiber, filter paper, polypropylene, etc.,)
to realize high-performance ZIBs. The use of a Nafion ionomer
membrane stabilizes the anode in a Zn/V2O5 cell (V-3M-Nafion)
by suppressing the growth of bulk/dendritic Zn deposits during

cycling. The unique thin and nanowall-like morphology of the Zn
surface is found to promote the cycling stability of the cell com-
pared with the micrometer-sized sharp-edged deposit obtained
with porous separators. The cathode morphology is also found to
have the favorable thin ZnxV2O5 phase in case of Zn2þ-integrated
Nafion separator. The high Zn2þ transference number and low
activation energy offered by the 3M-Nafion ionomer membrane
reduce the overpotential of Zn plating/stripping, which is an
added advantage compared with other separators. The high dis-
charge capacity of 510mAh g�1 at a current density of 0.25 A g�1

obtained for the V-3M-Nafion cell is the highest ever reported
for a ZIB, which is facilitated by the rationally designed V2O5

cathode. The Nafion-based cell is found to retain a capacity
of 84% even after 1300 continuous charge–discharge cycles
at 5 A g�1 current density. Therefore, it can be concluded that
the strategy of using the Zn2þ-integrated Nafion ionomer mem-
brane separator has several advantages, which are essential for
the high capacity as well as long cycling life of AZIBs.

4. Experimental Section

Materials: Vanadium sulfate oxide hydrate (VOSO4.xH2O) was procured
from Alfa-Aesar. Lithium perchlorate (LiClO4) was purchased from
Sigma-Aldrich. Zinc sulfate (ZnSO4.7H2O) was purchased from
HiMedia Laboratories Pvt. Limited. Toray carbon paper, Glass fiber paper
(grade GF/F), Celgard separator (polypropylene membrane), and
Whatman filter paper (Quartz microfiber filters-QMA) were supplied by
Global Nanotech. Nafion 212 was purchased from Du Pont, USA.

Fabrication of the Cathode: The free-standing cathode was prepared by a
method previously reported by our group.[64] A piece of pristine carbon
fiber paper (pCP) was electrochemically functionalized (fCP) in an aque-
ous electrolyte (by applying a bias voltage of 10 V in 0.1m Na2SO4 elec-
trolyte) followed by the chronopotentiometric electrodeposition of V2O5.
A constant current of 3 mA cm�2 was applied for 177 s to obtain a loading
of 1 mg of V2O5 in 1 cm

2 area of fCP. The obtained electrode was subjected
to annealing at 250 �C for 2 h and marked as V-CP.

Pretreatment of the Nafion Ionomer Membranes: Prior to use, the Nafion
ionomer membrane (Nafion 212) was treated sequentially at 80 �C for
30min in 1) 4 wt% H2O2; 2) DI water; 3) 0.8m H2SO4; and 4) DI water,
respectively, with the numbers representing the order of treatment.[50] The
coupons of the as-obtained activated Nafion ionomer membrane (thick-
ness 60 μm) were dipped in the desired electrolyte (aqueous ZnSO4) with
a salt concentration of 0, 1, 2 and 3m, for 3 days. The respective mem-
branes are marked as XM-Nafion, where “X” stands for the concentration
of the electrolyte solution used.

Modification of the Conventional Porous Membranes: To study the effect
of conventional porous separators on the performance of the AZIB, three
different porous membranes (Celgard, Whatman filter paper, and glass
fiber with a thickness of 40, 175, and 270 μm, respectively) were used.
All the porous membranes were also soaked in 3m ZnSO4 prior to the
use and the corresponding membranes termed as 3M-Y, where “Y”
represents the type of the membrane used.

Assembly of Zn/V2O5 Cells: All the Zn/V2O5 cells were assembled in the
CR2032 coin cell in a traditional fashion, where a zinc foil (area 1 cm2), a
freshly prepared V-CP electrode (area 1 cm2), and desired Nafion mem-
brane presoaked in an aqueous ZnSO4 electrolyte (XM-Nafion) were used
as an anode, cathode, and separator, respectively. Here, the terms anode
and cathode are used for the negative and positive electrodes, respectively,
considering the discharge state of the cell. For the purpose of comparison,
several other Zn/V2O5 cells were also assembled in a similar fashion
(CR2032 coin cell) using conventional porous separators. In accordance
with the various separators used, the respective cells are designated as
V-XM-Y. Here also “X” stand for the concentration of the ZnSO4 electrolyte
and “Y” for the type of the membrane used.

Figure 7. a) Ragone plot (energy density vs power density) corresponding
to the V-3M-Nafion cell. b–d) Real-life demonstration of the Zn/V2O5

battery (b) by lighting a red LED bulb, c) by powering a 1.5 V stopwatch,
and d) by powering a smart phone.
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Material Characterization: Morphology investigations of V-CP samples
were carried out with field emission scanning electron microscope
(FESEM) Nova Nano SEM 450 and FEI-Quanta 450-FEG instrument.
The morphologies of the various separators were obtained with ESEM-
Quanta 200-3D instrument. Energy dispersive X-ray spectroscopy
(EDAX) analysis and energy dispersive X-ray spectroscopy (EDS) elemen-
tal mapping were performed with ESEM-Quanta 200-3D instrument.
Transmission electron microscopy (TEM) imaging was carried out using
Tecnai T-20 instrument at an accelerating voltage of 200 kV.
Thermogravimetric analysis (TGA) was performed using an SDT Q600
DSC-TGA instrument with a temperature ramp of 10 �Cmin�1 in a nitro-
gen atmosphere. Fourier transform infrared (FTIR) analysis of the sample
was carried out with a Bruker Tensor27 FTIR instrument. A Thermo
K-alphaþ X-ray spectrometer was used for the X-ray photoelectron spec-
troscopy (XPS) analysis. X-ray diffraction (XRD) analysis was carried out
using Rigaku, MicroMax-007HF with high-intensity Microfocus rotating
anode X-ray generator (Cu Kα [α¼ 1.54 Å]).

Electrochemical Characterization: The electrochemical analyses were
carried out in BioLogic VMP3 Potentio-Galvanostat instrument.
Electrochemical impedance spectroscopy (EIS) analysis was used to deter-
mine the ionic conductivity of Zn2þ in various membranes. The frequency
for the EIS analysis was varied from 1MHz to 1 Hz against an open-circuit
potential with a sinus amplitude of 10mV (Vrms¼ 7.07mV). The conduc-
tivity cells were fabricated in the CR2032 coin cell by keeping the desired
membranes in between two stainless steel plates with 1mm thickness.
The conductivity measurements were carried out between 20 to 60 �C
at every 10 �C interval. The temperature was controlled by using the
Espec environmental test chamber.

To study the effect of Nafion ionomer-based membranes in the plating/
stripping behavior of Zn, electrochemical cells were fabricated by using
pCP (1 cm2 area) as a working electrode, a piece of Zn foil (1 cm2 area)
as a counter and reference electrodes, and the desired Nafion membrane
as a separator in the CR2032 coin cell. For the comparison purposes, the
same kind of cells was prepared with other porous membranes as well.
The cells are designated as CP-XM-Y, where X and Y carry the same infor-
mation as mentioned in the previous section. These Zn/CP cells were
characterized by cyclic voltammetry (CV) analysis. The reversibility of
Zn plating/stripping in the presence of various separator membranes were
also studied in the Zn/Zn symmetric cell with two Zn foils separated by
desired Nafion ionomer membranes or other porous separator mem-
branes. The cells are designated as Zn-XM-Y, where X and Y carry the same
information as mentioned in the previous section. These cells were char-
acterized by galvanostatic cycling at a current rate of 0.1 mA cm�2 for
30min in each half-cycle. For evaluating the transference number of
Zn2þ in the presence of various separators, the chronoamperometry
experiments were carried out at 25mV potential in the Zn/Zn symmetric
cell. The resistance values before and after the DC polarization were
obtained from the EIS analyses.

To check the performance of the Zn/V2O5 cells, CV (at scan rates of 1.0,
0.5, 0.3, and 0.1 mV s�1) and galvanostatic charge/discharge (GCD) (at
constant current rates of 0.25, 0.5, 1 3, 5, 7, and 10 A g�1) analyses were
carried out in the voltage window of 1.6–0.2 V. The cycling stability tests
were performed by the GCD experiment at current rates of 5 and 10 A g�1.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT: Recently, aqueous rechargeable Zn/MnO2 batteries
are emerging as promising energy storage aids owing to their
improved safety, low cost of fabrication, and high energy density.
However, the rapid decay of capacity during extended charge−
discharge cycles hinders the prospect of this technology beyond
lab-scale. In the conventional Zn/MnO2 cell, additives such as
Mn2+ have been used to tackle the stability issue. Here, we
demonstrate that cycling performance of the Zn/MnO2 cell can be
improved substantially by using Nafion ionomer as the separator in
combination with zinc-ion conducting electrolytes. The Nafion
ionomer-based Zn/MnO2 cells do not require any Mn2+ additive in
the electrolyte and hence termed as “single component” electro-
lytes. The postmortem study of the post-cycled electrodes reveals
that the structural evolution of both the anode and cathode in various electrolytes (1 M Zn(CF3SO3)2, 1 M ZnSO4·7H2O, and 3 M
ZnSO4·7H2O) during prolonged cycling significantly influences the cycle life of the respective cells. Optimizing the Nafion ionomer
membrane with a suitable electrolyte could render the desired combination of high capacity and high cycle life for a Zn/MnO2 cell.

KEYWORDS: aqueous Zn-ion batteries, electrodeposition, single component electrolyte, Nafion ionomer separator, cycling stability,
dendrite suppression, MnO2

■ INTRODUCTION

State-of-the-art lithium-ion batteries (LIBs) use a graphite
anode in combination with flammable organic electrolytes
inciting several safety concerns.1,2 Although the prospect of
aqueous electrolyte- and solid-state electrolyte-based LIBs is
heavily researched,3,4 their commercial potential is debated due
to the poor interfaces and stability issues. In this scenario, post-
lithium rechargeable battery chemistries are receiving signifi-
cant attention. Among them, aqueous rechargeable zinc-metal
batteries (ZMBs) conceiving the reversible shuttling of zinc
ion (Zn2+) between a metallic zinc anode and an intercalation
cathode are of particular interest.5,6 Zinc is naturally abundant
and possesses a low reduction potential of −0.78 V versus
standard hydrogen electrode.7 It is expected that the use of a
high-capacity zinc anode (820 mAh g−1) in combination with a
suitable high-voltage cathode could make the ZMBs reach up
to 190 Wh Kg−1; however, due to poor cathode performance,
values are around 80−90 Wh kg−1.8

MnO2 is considered as one of the promising cathode
materials for the reversible insertion of Zn2+ ions.9,10 The
MnO2 cathode exhibits a high average potential (∼1.4 V)
along with a high capacity (>200 mAh g−1), which enhances
the possible energy output of ZMBs.11 However, despite the
abovementioned advantages, the further development of
rechargeable Zn/MnO2 batteries is still constrained due to

severe capacity fading during cycling. As per the current
understanding, this shortcoming originates from the dissolu-
tion of Mn2+ into the electrolyte.12 In this aspect, Mn(II) salts
such as MnSO4 and Mn(CF3SO3)2 are employed as additives
in the Zn-ion conducting electrolytes and are proved to
improve the cycle life of the Zn/MnO2 battery.

13 The presence
of a Mn(II) salt in the electrolyte maintains an equilibrium
concentration of Mn2+ at the electrode/electrolyte interface,
suppressing the dissolution of the electrode material.14,15 Also,
the Mn(II) salt could be electrodeposited on the cathode
during electrochemical cycling of the cell, leading to higher
loading of the active material.16,17 This lead to the over-
estimation of the cell performance, which is often not taken
into account. Despite the know-how regarding the Mn2+

dissolution leading to capacity fading in the Zn/MnO2 battery,
the other factors contributing to the same still remain
ambiguous. Therefore, an alternate strategy to improve the
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cycle life of the Zn/MnO2 battery without a pre-added Mn(II)
salt is desirable.
Few recent reports have demonstrated that accumulation of

an irreversible byproduct (such as ZnMn3O7·2H2O or
woodruffite structure) on the cathode impedes the reversibility
of the Zn2+ shuttling, deteriorating the overall performance of
the battery.18−20 Besides, ZMBs suffer from low cycle life
owing to the dendrite-like structural evolution on the surface of
the metallic zinc-anode.21−23 In addition to this, recently Zhao
et al. have shown the poisoning of the anode by means of
diffused discharge byproducts from the cathode to be
detrimental to the cycling stability in ZMBs.24 Therefore, in
the case of the Zn/MnO2 battery, the poisoning of the zinc
surface by Mn(II) deposition could possibly be another factor
contributing toward the observed performance degradation. In
fact, reports on a manganese-based LIB cathode have proved
that dissolved Mn2+ diffuses, migrates, and eventually gets
deposited on the anode, leading to poisoning of the solid
electrolyte interphase (SEI) layer on the anode.25 The
aforementioned intricacies can be mitigated by using a cation
selective ionomer membrane such as Nafion as the separator.
Recently, our group has explored this strategy with two
different cathodes, viz., V2O5 and covalent organic framework
(COF).26,27

Here, we investigate the electrochemical performance of lab-
scale Zn/MnO2 unit cells with Nafion ionomer membrane as
the separator in combination with zinc-ion conducting liquid
electrolytes. Unlike the plethora of available reports on ZMBs,
no additional Mn(II) salt is added into the electrolytes, and
hence they are called “single component” electrolytes. Specific
attention is dedicated to the Nafion membrane-based Zn/
MnO2 cells comprising Zn(CF3SO3)2 or ZnSO4 in the
electrolytes, which offer a more favorable electrode/electrolyte
interface and wide electrochemical stability window compared
to other salts such as ZnCl2, Zn(OOCCH3)2, and Zn(NO3)2.
In 1 M Zn(CF3SO3)2, the Nafion-based Zn/MnO2 cell exhibits
a high capacity of 350 mAh g−1 at 100 A g−1 and excellent
cycling stability (89% of the initial capacity is retained after
500 cycles at 3 A g−1 current rate) compared to all the other
electrolytes. On the other hand, in 1 M ZnSO4·7H2O, the Zn/
MnO2 cell delivers a high initial capacity; however, the capacity
drops drastically to 110 mAh g−1 after 500 cycles. Such
capacity fading is found to be reduced in a concentrated
electrolyte (3 M ZnSO4·7H2O). Most importantly, the current
study emphasizes that, irrespective of the type of the liquid
electrolyte used, all the Nafion-based Zn/MnO2 cells outper-
form the porous separator (glass fiber paper and polypropy-
lene)-based counterparts. This highlights the utility of the
Nafion-based single component electrolyte to eliminate the
necessity of Mn(II) additives in the electrolyte in the Zn/
MnO2 cells. Additionally, through detailed structural analyses
of the post-cycling electrodes, we have also elucidated the
underlying factors contributing to the improved performance
of Nafion-based Zn/MnO2 cells as a function of different
electrolytes.

■ EXPERIMENTAL SECTION
Materials. Manganese acetate (Mn(OOCCH3)2), ammonium

acetate (NH4OOCCH3), zinc trifluoromethanesulfonate (Zn-
(CF3SO3)2), zinc nitrate hexahydrate (Zn(NO3)2.6H2O), zinc
chloride (ZnCl2), and zinc sulfate heptahydrate (ZnSO4·7H2O)
were procured from Sigma Aldrich. Zinc acetate (Zn(OOCCH3)2)
was purchased from Rankem Chemicals. Toray carbon fiber paper was

supplied by Global Nanotech. Nafion membrane (212) was procured
from DuPont, USA. Glass fiber (Grade GF/F) and polypropylene-
based Celgard were supplied by Global Nanotech.

Fabrication of the Cathode. The precursor solution was
prepared by dissolving 432 mg of Mn(OOCCH3)2 (0.1 M) and
193 mg of (NH4OOCCH3) (0.1 M) in 25 mL of deionized water.
Electrochemical deposition of MnO2 was carried out in a three-
electrode setup using pristine Toray carbon paper (CP; 1 cm2 area) as
the working electrode, platinum mesh as the counter electrode, and
platinum wire as the quasi-reference electrode in a Biologic VMP3
potentiostat instrument. A constant current of 4 mA cm−2 was applied
for different time intervals of 560, 1663, and 2772 s to obtain MnO2
loading values of 1, 3, and 5 mg, respectively. Followed by the
electrodeposition, all the electrodes were rinsed thoroughly with water
and dried at 60 °C. The as-prepared electrodes are marked as MnCP-
X, where “X” stands for the loading of MnO2 on CP.

Material Characterization. Morphology of the MnCP-X samples
was investigated with field emission scanning electron microscopy
(FESEM; Nova Nano SEM 450). Energy-dispersive X-ray spectros-
copy (EDAX) analysis and EDAX elemental mapping were performed
with an ESEM-Quanta 200-3D instrument. A Tecnai T-20 instrument
at an accelerating voltage of 200 kV was used for transmission
electron microscopy (TEM) imaging. Fourier transform infrared
(FTIR) analysis was carried out with a Bruker Tensor27 FTIR
instrument. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Thermo K-alpha+ X-ray spectrometer. A Rigaku
MicroMax-007HF with high-intensity Microfocus rotating anode X-
ray generator (Cu Kα (α = 1.54 Å)) was used for X-ray diffraction
(XRD) analysis.

Electrochemical Characterization. A BioLogic VMP3 Potentio-
Galvanostat instrument was used for all the electrochemical analyses.
All the electrochemical cells were fabricated in a CR2032 coin cell
configuration using Nafion membrane as the separator. Prior to use,
the Nafion membranes were pre-treated by following the previously
reported method.26 In this work, aqueous solutions of 1 M
Zn(CF3SO3)2, 1 M ZnSO4·7H2O, 1 M ZnCl2, 1 M Zn(NO3)2·
6H2O, 1 M Zn(OOCCH3)2, or 3 M ZnSO4·7H2O were used as the
electrolytes. The electrolytes in combination with Nafion membrane
are represented as Naf-T-1, Naf-S-1, Naf-C-1, Naf-N-1, Naf-A-1, and
Naf-S-3, respectively, where “Naf” stands for Nafion, the letter
followed by “Naf” indicates the type of conducting salt (T =
Zn(CF3SO3)2, S = Zn(SO4)2, C = ZnCl2, N = Zn(NO3)2, and A =
Zn(OOCCH3)2) and the digits “1” and “3” represent the
concentration of the electrolytes. Cyclic voltammetry (CV) analyses
were carried out in a Zn|Y|CP cell configuration using CP and metallic
zinc as the working and reference electrodes, respectively. Here, the
letter “Y” is used as a general representation for the aforementioned
electrolyte-soaked Nafion membranes (e.g., Naf-T-1, Naf-S-1, etc.).
Similarly, the galvanostatic Zn plating/stripping experiments were
carried out at a current rate of 0.1 mA cm−2 (30 min Zn plating and
30 min Zn stripping) in a Zn|Y|Zn symmetric cell configuration.

Ionic conductivity values of the electrolytes were determined by the
electrochemical impedance spectroscopy (EIS) technique. The
frequency for the EIS analysis was varied from 1 MHz to 1 Hz
against an open-circuit potential with a sinus amplitude of 10 mV
(Vrms = 7.07 mV). The conductivity cells were fabricated in CR2032
coin cell by keeping the desired electrolyte-soaked Nafion membrane
in between two stainless steel plates with 1 mm thickness. The
conductivity measurements were carried out between 20 to 60 °C at
every 10 °C interval. The temperature was controlled by using an
Espec environmental test chamber. The transference number of Zn2+

ion (tZn
2+) in the electrolyte-infused Nafion membranes was also

analyzed in the Zn|Y|Zn symmetric cell configuration, and tZn
2+ values

were calculated from the following equation (eq 1) proposed by
Abraham et al:28,29

=
Δ −

Δ −
Ω

Ω
+t

I R V I R

I R V I R

( )

( )Zn
SS ,SS 0 ct,0

0 ,0 SS ct,SS
2

(1)
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where V stands for the DC polarization voltage, I0 and ISS are the
initial and steady-state current response during the polarization,
respectively, and RΩ and Rct are the equivalent series resistance (ESR)
and charge transfer resistance obtained from the impedance data at
the initial and steady state, respectively.
The electrochemical performance of MnCP-X cathodes was

studied in the CR2032 coin cell (Zn|Y|MnCP-X), where “X” and
“Y” indicate the amount of MnO2 loading on CP and the type of the
electrolyte used. The CV (at scan rates of 1.0, 0.5, 0.3, and 0.1 mV
s−1) and galvanostatic charge−discharge (GCD) (at constant current
rates of 100, 250, 500, 1000, and 3000 mA g−1) techniques were
employed to characterize the Zn/MnO2 unit cells within the voltage
window of 0.80 V−2.0 V versus Zn|Zn2+. The cycling stability tests
were performed by the GCD experiment at a current rate of 3000 mA
g−1. The gravimetric capacities are calculated from the GCD plots
considering the loading of the active material (MnO2) in the cathode.
The overall resistance of the Zn|Y|MnCP-X cells was monitored by
impedance analyses within the 1 MHz to 50 mHz frequency range
with a sinus amplitude of 10 mV (Vrms = 7.07 mV). The spectra were
recorded during the 1st and 100th discharge cycles at a potential of
1.25 V versus Zn|Zn2+. For comparison purpose, Zn/MnO2 cells are
also fabricated with glass fiber paper (GFP) and polypropylene (CEL)
as the separator using 1 M Zn(CF3SO3)2, 1 M ZnSO4·7H2O, and 3 M
ZnSO4·7H2O electrolytes. The cells with GFP are represented as Zn|
GFP-T-1|MnCP-X, Zn|GFP-S-1|MnCP-X, and Zn|GFP-S-3|MnCP-X,
respectively. The polypropylene-based cells are marked as Zn|CEL-T-
1|MnCP-X, Zn|CEL-S-1|MnCP-X, and Zn|CEL-S-3|MnCP-X, respec-
tively.

■ RESULTS AND DISCUSSION
Physical Characterizations. The fabrication of the MnO2

electrode (MnCP-X) is schematically presented in Figure 1.
The FESEM image of CP (Figure S1) shows the network of
the intertwined carbon fibers possessing a smooth surface.
Followed by the electrodeposition, in the MnCP-1 sample, the
surface of the fibers is observed to be uniformly covered with
vertically aligned MnO2 nanosheets (Figure 2a and Figure
S2a,b). The nanosheets are interconnected with each other to
form a uniform porous network over the carbon fibers. In
order to understand the effect of deposition time on the MnO2
morphology, the electrodeposition was carried out for 1163
and 2772 s to obtain a loading of 3 mg (MnCP-3) and 5 mg
(MnCP-5), respectively. Figure S2c−f exhibits the formation
of dense MnO2 nanosheets in MnCP-3 and MnCP-5. The
TEM image of MnCP-1 (Figure 2b) also reveals the growth of
thin and interconnected MnO2 nanosheets. The uniform
distribution of manganese (Mn) and oxygen (O) over the
carbon (C) fibers is confirmed by elemental mapping analysis

of MnCP-1 (Figure 2c). In the XRD data of the MnCP-1
sample (Figure S2g), the absence of prominent characteristic
peaks for MnO2 may be due to the amorphous nature of the
sample. The formation of the MnO2 phase is supported
through XPS analysis (Figure 2d and Figure S2h,i). In Figure
2d, the appearance of two peaks at binding energies of 642.4
and 654.0 eV correspond to the Mn 2p3/2 and Mn 2p1/2
doublet of the +4 oxidation state of Mn, respectively. The
spacing of 11.7 eV between the doublets validates the +4
oxidation state of Mn.30 The O 1s spectra at the binding
energy of 529.0 eV correspond to the Mn−O−Mn
coordination in the MnO2 lattice (Figure S2i).31 Moreover,
the atomic percentage of the elements in MnCP-1 confirms the
presence of Mn and O with a stoichiometric ratio of 1:2.

Selection of Electrolytes. The reversibility of the Zn
plating/stripping process in different electrolytes and the
electrochemical stability of the respective electrolytes are
primarily investigated by CV analyses at a scan rate of 5 mV
s−1. In Figure 3a, the pair of the redox peaks corresponds to the
plating and stripping of Zn in the Zn|Naf-S-1|CP and Zn|Naf-
T-1|CP cells. Apart from these two peaks, no significant
current response is observed in the anodic region up to a
potential of 2.1 V versus Zn|Zn2+. The wide potential window

Figure 1. Schematic presentation of the fabrication of the MnCP-X electrode.

Figure 2. (a) FESEM image, (b) TEM image, (c) elemental mapping
of carbon, oxygen, and manganese, and (d) Mn 2p XPS of the MnCP-
1 sample.
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suggests the compatibility of the aforementioned electrolytes
to be employed with a high voltage cathode such as MnO2.
However, the difference between the onset potential for the
plating and stripping processes is more in the case of the Zn|
Naf-S-1|CP cell. This indicates the lower overpotential and
better reversibility of Zn plating/stripping in 1 M Zn-
(CF3SO3)2.
The reversibility of Zn plating/stripping is further confirmed

from the long-time plating/stripping behavior in Zn|Naf-S-1|
Zn and Zn|Naf-T-1|Zn symmetric cell configurations (Figure
3b). In both the cells, a gradual drop in the voltage polarization
during the initial cycles indicates the formation of a stable
electrode/electrolyte interface. As given in the enlarged image
(Figure 3b), the plating/stripping overpotential obtained for
the Zn|Naf-T-1|Zn cell is lower (52 mV) than that of the Zn|
Naf-S-1|Zn cell (94 mV). Nevertheless, compared to the flat
voltage profile in 1 M Zn(CF3SO3)2, both plating and stripping
processes in 1 M ZnSO4·7H2O experience small voltage shoot
up, which is a characteristic of porous and non-uniform
electrode surface evolved during repeated cycling.32 However,
in our previous report, a favorable plating and stripping process
with a lower overpotential value of 71 mV in a concentrated
ZnSO4 electrolyte (3 M ZnSO4·7H2O) has already been
proved.26 The superior electrochemical behavior of the Zn|
Naf-T-1|Zn cell can be ascribed to the bulky CF3SO3

−

counterpart present in the Zn(CF3SO3)2 electrolyte.33 The
large size of the anion reduces the number of solvating water
molecules surrounding the Zn2+ ions, which facilitates the
mobility of the Zn2+ ions under the applied potential. This
could lead to uniform plating of zinc during the electro-
chemical cycling.34

The Zn plating/stripping processes are also studied in three
other Zn2+-ion conducting electrolytes (1 M Zn(NO3)2·6H2O,
1 M Zn(OOCCH3)2, and 1 M ZnCl2).The associated data are
displayed in Figure S3a−f. Among them, only the Zn|Naf-C-1|
Zn cell could sustain stable plating/stripping for 80 h with an
overpotential of 80 mV (Figure S3a). However, in the CV plot
of the Zn|Naf-C-1|CP cell (Figure S3d), the steep increase in

the current at 1.2 V versus Zn|Zn2+ originates from the low
electrochemical stability of the ZnCl2 electrolyte.35 On the
other hand, the cycling data of the Zn|Naf-N-1|Zn and Zn|Naf-
A-1|Zn cells (Figure S3b,c) shows a gradual increase in voltage
polarization with respect to time. The appearance of spikes in
the plating and stripping half indicates the internal short
circuits by means of the inferior electrode/electrolyte inter-
face.36 Such interfacial instability leads to cell failure just after
30 h of operation. Nevertheless, the reversible peaks for the Zn
plating/stripping process are not observed in the CV profile of
the Zn|Naf-N-1|CP cell (Figure S2e) due to corrosion of zinc
in the presence of the strong oxidizing NO3

− ions in the
electrolyte.37

Considering the wide electrochemical stability, low plating/
stripping overpotential, and long cyclic stability obtained in 1
M Zn(CF3SO3)2 and 1 M ZnSO4·7H2O electrolytes, we have
opted for these two electrolytes for subsequent studies. The
interaction of Zn2+ with Nafion membrane is confirmed
through FTIR analyses, and the data are given in Figure S4a
(Supporting Information). Later, the temperature-dependent
ionic conductivities of Naf-T-1 and Naf-S-1 membranes were
measured, and the corresponding data are summarized in the
form of Arrhenius plot in Figure 3c.38,39 The related EIS plots
are also given in Figure S4b,c. At 40 °C, Naf-T-1 and Naf-S-1
membranes offer more or less similar ionic conductivity (0.87
and 0.25 mS cm−1, respectively) and activation energy (0.17
and 0.15 eV, respectively) (Table S1). In order to check the
cationic contribution toward the total ionic transport, the Zn2+-
transference numbers (tZn

2+) are evaluated for Zn|Naf-T-1|Zn
and Zn|Naf-S-1|Zn cells. The tZn

2+ values obtained for 1 M
Zn(CF3SO3)2- and 1 M ZnSO4·7H2O-based membranes are
0.54 and 0.51, respectively. The tZn

2+ values higher than 0.50
are credited to the cation selective Nafion ionomer membrane
as the separator in both the cells.40

Electrochemical Analysis of the Zn/MnO2 Cell in 1 M
Zn(CF3SO3)2. The Zn2+ storage property of the MnCP-1
electrode in the 1 M Zn(CF3SO3)2 electrolyte (Zn|Naf-T-1|
MnCP-1 cell) is primarily investigated by CV analysis within a
voltage range of 0.80−2.0 V versus Zn|Zn2+. In Figure 4a, the
CV plots at different scan rates exhibit a pair of redox peaks at

Figure 3. (a) CV plots of Zn|Naf-T-1|CP and Zn|Naf-S-1|CP cells at a
scan rate of 5 mV s−1. (b) Voltage versus time profiles of the Zn|Naf-
T-1|Zn and Zn|Naf-S-1|Zn cells. (c) Arrhenius plot representing the
linear relationship between ionic conductivity (σ) and temperature
(T″) for Naf-T-1 and Naf-S-1 electrolytes. (d) Chronoamperometry
data of the Zn|Naf-T-1|Zn cell at a bias potential of 25 mV, where the
corresponding impedance plots are given in the inset.

Figure 4. (a) CV plots of the Zn|Naf-T-1|MnCP-1 cell at various scan
rates. (b) Log(i) versus Log(ν) plots of oxidation and reduction peaks
as shown in (a). (c) Charge−discharge capacity. (d) Rate perform-
ance of the Zn|Naf-T-1|MnCP-1 cell.
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potentials of 1.3 V/1.6 V versus Zn|Zn2+, implying the
reversible intercalation of Zn2+ into the MnO2 lattice. The
charge storage mechanism is investigated by analyzing the
dependence of the peak current (i) on the scan rate (ν) using
the following equation:

ν=i a b (2)

where a and b are the adjustable parameters.41 In particular, b
= 0.5 and b = 1.0 signify the contribution from the diffusion-
controlled and surface-controlled faradaic processes, respec-
tively.42,43 b values for the anodic and cathodic peaks of Zn|
Naf-T-1|MnCP-1 cells are obtained from the Log(i) versus
Log(ν) relationship (Figure 4b). A b value higher than 0.5
(0.73 for the oxidation peak and 0.82 for the reduction peak)
indicates that the Zn2+ storage in the MnCP-1 cathode is
hybrid with dominant contribution from the surface-controlled
process.44

The Zn|Naf-T-1|MnCP-1 cell could maintain the open-
circuit voltage (1.5 V vs Zn|Zn2+) for more than 24 h,
indicating negligible self-discharge (Figure S5a). The charge
storage capacity of the MnCP-1 sample in the 1 M
Zn(CF3SO3)2 electrolyte is analyzed by the GCD method.
At a current rate of 100 mA g−1, the cell achieves high
discharge capacities of 300 and 350 mAh g−1 in the 1st and
2nd cycles, respectively (Figure S5b).
To assess the rate capability of the Zn|Naf-T-1|MnCP-1 cell,

the capacities at various current rates are recorded. The cell
delivers average discharge capacities of 350, 300, 250, 225, and
175 mAh g−1 at current rates of 100, 250, 500, 1000, and 3000
mA g−1, respectively (Figure 4c,d). The obtained capacity
values indicate a good rate capability of the cell with 50%
retention of the capacity when the current rate is varied from
100 to 3000 mA g−1. Notably, when the current rate is abruptly
decreased to 100 mA g−1, the cell could recover a discharge
capacity of 290 mAh g−1 (Figure 4d). A slight decrease in
capacity at 100 mA g−1 during the following cycles can be due
to the degradation of the cathode at a very low current rate.
Moreover, the symmetric appearance of the charge−discharge
profiles at all the current rates (Figure 4c) suggests the
reversible Zn2+ insertion/de-insertion process occurring in the
MnCP-1 cathode.
The remarkable capacity and rate performance of the Zn|

Naf-T-1|MnCP-1 cell can be credited to the unique
architecture of the MnCP-1 cathode. The vertically aligned
MnO2 nanosheets (Figure 2a) over the carbon fibers can
expose more number of redox sites and facilitate the access of
the electrolyte to the interior of the electrode. This extended
electrode/electrolyte interfacial contact reduces the diffusion
path for the electrolyte ions.45 Besides, the carbon fiber
backbone of the MnCP-1 cathode ensures the easy transport of
electrons even when the electrochemical reactions are
performed at higher current rates. The synergic effect of the
aforementioned factors maximizes the number of accessible
active sites for accommodating the Zn2+ ions in the MnCP-1
cathode.
The discharge capacities of the other MnCP-X electrodes are

also measured as a function the MnO2 loading (Figure S5c). At
a current rate of 100 mA g−1, the MnCP-3 and MnCP-5
samples exhibit discharge capacities of 292 and 216 mAh g−1,
respectively. The drop in the discharge capacity with higher
loading is obvious as observed in the other charge storage
devices based on semiconducting MnO2.

46,47 Due to the thick
coating of MnO2 in MnCP-3 and MnCP-5, the electrolyte ions

can access only a fraction of the active material, which could
further take part in the associated redox reactions. Still,
considering the high loading, the specific capacity of MnCP-5
is appreciable in comparison to the other MnO2-based ZMB
cathodes reported previously.48−50

Electrochemical Analysis of the Zn/MnO2 Cell in 1 M
ZnSO4·7H2O. The electrochemical performance of MnCP-1 is
further explored in the 1 M ZnSO4·7H2O electrolyte (Zn|Naf-
S-1|MnCP-1 cell). The CV profiles (Figure S6a) of the Zn|Naf-
S-1|MnCP-1 cell display two distinct pairs of reversible redox
peaks, which could be related to the insertion/de-insertion of
H+ (1.5 V/1.39 V) and Zn2+ (1.59 V/1.24 V) ions into the
MnO2 lattice. The charge storage mechanism of the Zn|Naf-S-
1|MnCP-1 cell is also analyzed from the current versus scan
rate relationship (eq 2; Figure S6b). Similar to the Zn|Naf-T-1|
MnCP-1 cell, the b values for the oxidation and reduction
peaks are in the range of 0.70−0.80, signifying dominant
contribution of the surface-controlled redox reactions.
The charge−discharge capacity and rate performance of the

Zn|Naf-S-1|MnCP-1 cell are given in Figure S6c,d, respectively.
At current a rate of 100 mA g−1, the cell achieves a discharge
capacity of 420 mAh g−1 (Figure S6c), a value that is superior
to that of the Zn|Naf-T-1|MnCP-1 cell (Figure S4d). However,
at a current rate of 3000 mA g−1, the same cell could retain
only 120 mAh g−1 discharge capacity (30% of the obtained
capacity at 100 mAg−1; Figure S6d). Unlike the 1 M
Zn(CF3SO3)2, the 1st discharge profile of the Zn|Naf-S-1|
MnCP-1 cell appears with a sharp voltage plateau, while two
sloping voltage curves are observed in the subsequent cycles
(Figure S6c). According to the recent reports, the single
discharge platform in the 1st cycle associates with the phase
transformation in the MnO2 cathode followed by H+/Zn2+

insertion.51,52

Cycling Stability of Zn/MnO2 Cells. The cycling stability
of Zn|Naf-T-1|MnCP-1 and Zn|Naf-S-1|MnCP-1 cells was
investigated at a current rate of 3000 mA g−1 (Figure 5a). The
Zn|Naf-T-1|MnCP-1 cell exhibits a discharge capacity of 151
mAh g−1 and retains 89% of the initial capacity after 500 cycles.
With continuous cycling, the same cell could still deliver a
capacity of 114 mAh g−1 (75% retention) and 105 mAh g−1

capacity (69% retention) over 1000 and 1200 stability cycles,
respectively. To the best of our knowledge, the Zn|Naf-T-1|
MnCP-1 cell surpasses the cycling performance of all the
previously reported single component electrolyte-based Zn/
MnO2 cells (see Table S3).

48,53−55 It can be also noted that the
obtained discharge capacity and cyclability of the Zn|Naf-T-1|
MnCP-1 cell are superior to many of the reported Mn(II)
additive-based Zn/MnO2 cells as shown in Table S2.

50,56−59 At
the same time, the discharge capacity obtained for the Zn|Naf-
S-1|MnCP-1 cell is 185 mAh g−1. Despite the high initial
capacity, in the subsequent cycle, the performance drops to
110 mAh g−1 within 500 cycles (with a retention of 61%) and
80 mAh g−1 after 1200 cycles (43% retention of initial
capacity).
Later, the cycling stability of the Zn/MnO2 cell was

performed in the 3 M ZnSO4·7H2O electrolyte. Note that
the preparation of the Zn(CF3SO3)2 electrolyte with the same
concentration (3 M) is difficult due to low water solubility of
the Zn(CF3SO3)2 salt. Also, considering the high cost, the use
of the concentrated electrolyte with Zn(CF3SO3)2 (∼18 times
more costly than the ZnSO4 salt) is not economically viable.
The CV and GCD plots of the Zn|Naf-S-3|MnCP-1 cell are
presented in Figure S7a,b featuring similar charge storage
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properties as in 1 M ZnSO4. Interestingly, the Zn/MnO2 cell
with a concentrated electrolyte exhibits substantial improve-
ment in capacity retention at the current rate of 3000 mA g−1.
To be more specific, the initial discharge capacity obtained for
the Zn|Naf-S-3|MnCP-1 cell is 205 mAh g−1 and gradually
stabilizes to 150 mAh g−1 within 30 charge−discharge cycles
(Figure S8). In the following cycles, the capacity drop is
reduced, resulting in 112 mAh g−1 capacity after 1200 charge−
discharge cycles (55% retention of its initial capacity and 75%
retention of the capacity obtained at the 30th cycle). Despite
the initial drop, the overall capacity retention of the Zn|Naf-S-
3|MnCP-1 cell is superior compared to that of its 1 M ZnSO4·
7H2O counterpart (Figure 5a).
The improved cycle life of the Zn|Naf-T-1|MnCP-1 and Zn|

Naf-S-3|MnCP-1 cells is attributed to the influence of the
Nafion ionomer separator. In contrast to the conventionally
used porous separators, Nafion membrane offers improved
interfacial stability to the anode and cathode of the respective
cells, which can potentially improve the capacity retention with
cycle. Additionally, the ionomer separator arrests the diffusion
of the undesired discharge side products from the cathode and
mitigates the surface poisoning on the anode. In order to
validate this, we have performed the stability experiment of
Zn/MnO2 cells using two types of porous separators, GFP and
CEL (Figures S9−S11). A bar diagram representing the initial
discharge capacities of all the cells with different separators and
electrolytes is given in Figure S9. The initial capacities of the
Zn/MnO2 cells with various separators are more or less
comparable. However, compared to the Nafion cells, all the
porous separators exhibit dramatic deterioration in terms of

capacity retention. Over 250 stability cycles, the Zn|GFP-S-1|
MnCP-1 cell retains only 46% of its initial capacity, whereas
the Zn|GFP-T-1|MnCP-1 and Zn|GFP-S-3|MnCP-1 cells
display 58 and 56% capacity retention, respectively (Figure
S10a−c). Nevertheless, capacity retention values in the CEL
cells are found to be even lower, and all the cells failed after
few initial cycles due to the internal short circuit. Zn|CEL-T-1|
MnCP-1, Zn|CEL-S-1|MnCP-1, and Zn|CEL-S-3|MnCP-1 cells
delivers 80, 76, and 42% of their initial capacity after 70, 12,
and 100 charge−discharge cycles, respectively (Figure S11a−
c). Moreover, the above discussion points out the critical role
of the ionomer membrane in maintaining the performance of
the Zn/MnO2 cell in the Mn(II) additive-free electrolyte.

Impedance Analyses of the Zn/MnO2 Cells with
Cycle. EIS analyses are carried out to understand the influence
of various electrolytes to the cycle life of the Zn/MnO2 cells.
Impedance spectra are recorded at 1.25 V versus Zn|Zn2+ in
the 1st and 100th discharge cycles (Figure 5b−d). A simple
equivalent circuit (Figure 5b−d, inset) is used to fit the
impedance spectra, and the obtained resistance values are
tabulated in Table 1. The equivalent circuit consists of the

three main components denoted as the bulk resistance (Rel),
surface resistance (Rsur), and charge transfer resistance (Rct).
Rel is the equivalent series resistance (ESR) of the cell, which is
mainly contributed from the ohmic resistance of the electrolyte
and cell components. Rsur and Rct represent the nature of the
SEI layer and resistance to the charge transfer reactions
occurring at the electrode/electrolyte interface, respec-
tively.60,61 The overall resistance of the cells (Rel + Rsur +
Rct) is represented as Rt.
As given in Table 1, in the 1st discharge, the Rt values of Zn|

Naf-T-1|MnCP-1 (17.7 Ω) and Zn|Naf-S-3|MnCP-1 (8.7 Ω)
cells are much lower than that of the Zn|Naf-S-1|MnCP-1 cell
(37.6 Ω). Followed by cycling, the Rsur of the Zn|Naf-S-1|
MnCP-1 cell is increased to 20.0 Ω, a value much higher than
those of Zn|Naf-T-1|MnCP-1 (0.5 Ω) and Zn|Naf-S-3|MnCP-1
(4.4 Ω). The higher Rsur value indicates the inferior SEI layer
resulting from the low Zn/electrolyte interface stability in 1 M
ZnSO4·7H2O, causing faster degradation of the cell perform-
ance (Figure 5a and Figure S8). The slightly high Rsur of the
Zn|Naf-S-3|MnCP-1 cell could be responsible for the initial
capacity drop in the Zn|Naf-S-3|MnCP-1 cell (Figure S8);
however, the percentage increase in the Rsur from the 1st to
100th cycles is less than that of 1 M ZnSO4·7H2O. Hence, the
Rsur and Rt values suggest that 1 M Zn(CF3SO3)2 and 3 M
ZnSO4·7H2O electrolytes offer much better interfacial
compatibility with the zinc anode contributing to the stability
of the Nafion-based Zn/MnO2 cells. These results further
agree with the plating/stripping overpotential of zinc in the Zn|
Zn configuration in the respective electrolytes (Figure 3b).

Figure 5. (a) Comparison of the cycling stability. (b−d) Impedance
plots of the (b) Zn|Naf-T-1|MnCP-1 cell, (c) Zn|Naf-S-1|MnCP-1
cell, and (d) Zn|Naf-S-3|MnCP-1 cells at a discharge voltage of 1.25 V
versus Zn|Zn2+ during the 1st and 100th discharge cycles.

Table 1. Electrolyte Resistance, Surface Resistance, and
Charge Transfer Resistance of the Zn/MnO2 Cells during
the 1st and 100th Discharge Cycles

Zn/MnO2 cell cycle Rel (Ω) Rsur (Ω) Rct (Ω)
Zn|Naf-T-1|MnCP-1 1st 1.9 4.1 11.7
Zn|Naf-T-1|MnCP-1 100th 1.8 0.5 11.5
Zn|Naf-S-1|MnCP-1 1st 2.1 2.4 33.1
Zn|Naf-S-1|MnCP-1 100th 2.0 20.0 14.7
Zn|Naf-S-3|MnCP-1 1st 1.2 2.6 4.9
Zn|Naf-S-3|MnCP-1 100th 1.3 4.4 15.9
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The impedance analysis for the Zn/MnO2 cells is extended
to the GFP and CEL separators. As the Zn(CF3SO3)2
electrolyte provides better cycling stability in all the cases,
the impedance data with porous separators are taken in 1 M
Zn(CF3SO3)2, and the related EIS data are compared in Figure
S12a,b and Table S2. The Rt of the Zn|GFP-T-1|MnCP-1 cell
(16.9 Ω) in the 1st cycle is close to that of the Zn|Naf-T-1|
MnCP-1 cell (Table 1). However, at the 100th cycle, the Rsur
of the GFP cell is increased to 10.5 Ω, suggesting the
formation of the inferior SEI layer that hampers the transport
of Zn2+ ions at the zinc/electrolyte interface. On the other
hand, the Nyquist plot of the Zn|CEL-T-1|MnCP-1 cell shows
an exceptionally high resistance (Rt = 129 Ω) in the 1st cycle.
This could be due to the low electrolyte retention capacity of
the polypropylene separator. Nevertheless, we could not
compare the change in impedance after cycling of Zn|CEL-
T-1|MnCP-1 due to failure of the cell within 80 cycles.
Physical Characterization of Post-stability Electrodes.

We have investigated the composition of the post-stability
cathodes of the Nafion-based Zn/MnO2 cells using XRD
analyses. The XRD data presented in Figure 6a are taken

without any prior washing of the recovered cathodes under
consideration. Compared to the pristine MnCP-1 sample
(Figure S2g), the XRD data of the cycled cathodes exhibit
several intense peaks, apparently formed due to associated
structural changes occurred during prolonged cycling of the
cells.
In the case of Zn|Naf-T-1|MnCP-1, the XRD peaks are

found to match with that of the Zn(CF3SO3)2 salt and Mn3O4
(JCPDS 01-075-0765) phase. On the other hand, in the case of
Zn|Naf-S-1|MnCP-1, along with the characteristic peaks of the
ZnSO4 salt (JCPDS 00-031-0818; Figure S13), the new peaks
found at 12.7, 18.6, 39.4, and 40.3° could be indexed to the
woodruffite phase (ZnMn3O7·2H2O; JCPDS 00-047-1825).
Few peaks corresponding to the Mn2O3 (JCPDS 00-041-1442)

phase are also detected in the XRD data.15 The formation of
the woodrufite phase is also evidenced in the XRD profile
retrieved from the cathode of the Zn|Naf-S-3|MnCP-1 cell
(Figure 6a). In addition to this, few new peaks at 7.9, 16.0, and
24.3° could be assigned to the Zn4SO4(OH)6·5H2O layered
double hydroxide (LDH).62 Recently, Kundu et al. proposed
that the LDH formed on the cathode surface plays a favorable
role in maintaining the stable capacity of Zn/MnO2 cells,
which could be responsible for better cycling stability of the
Zn|Naf-S-3|MnCP-1 cell.63 It is interesting to note that peaks
related to the woodruffite phase are absent in the Zn|Naf-T-1|
MnCP-1 cell. This indicates the influence of electrolytes in
directing the structural changes in the cathode of Zn/MnO2
cells.
The XRD data associated with the post-stability cathodes

followed by washing (with water) are also collected and
compared with the pristine MnCP-1 sample (Figure S14).
Interestingly, in the case of ZnSO4 and Zn(CF3SO3)2 salt-
based cells, the XRD profiles overlap with each other. This in
turn indicates that the structural changes mostly took place at
the surface of the electrode material, whereas the bulk remains
more or less similar to the pristine electrode, except for three
new peaks observed at 18.5, 30.5, and 39.1°. Despite the
aforementioned similarity, the difference in electrochemical
performance indicates that the side reactions occurring at the
electrode surface are rather important in line with determining
the stability of Zn/MnO2 cells. Additionally, the XRD data of
the cycled anodes (Figure S15a) appears similar to that of the
pristine zinc foil, indicating the dominant reaction of plating
and stripping of zinc (Zn/Zn2+).56

Apart from the change in electrode composition, morpho-
logical changes on the electrode surface are also an important
factor influencing the cycling stability of electrochemical cells.
In the following sections, we have discussed the change in
morphology of both the cathode (Figure 6b−d) and anode
(Figure 7a−f) of the post-stability cells through FESEM

Figure 6. (a) XRD profiles of the cycled cathodes. (b−d) FESEM
images of (b) the Zn|Naf-T-1|MnCP-1 cathode, (c) the Zn|Naf-S-1|
MnCP-1cathode, and (d) the Zn|Naf-S-3|MnCP-1 cathode after the
cycling stability test.

Figure 7. (a−f) FESEM images of the (a, b) Zn|Naf-T-1|MnCP-1
anode, (c, d) Zn|Naf-S-1|MnCP-1 anode, and (e, f) Zn|Naf-S-3|
MnCP-1 anode after the cycling stability test.
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analyses. The FESEM images are taken after washing the
respective electrodes to avoid any interference from the
precipitated electrolyte salt or other side-reaction products
present on the surface.
As seen in Figure 6b, no obvious structural change is

observed in the Zn|Naf-T-1|MnCP-1 cathode, and the contact
between the electrode material and carbon fibers remains
unaffected during the cycling. On the contrary, the FESEM
image of the Zn|Naf-S-1|MnCP-1 cathode (Figure 6c) reveals a
significant number of cracks and fractures causing detachment
of the active material from the carbon fiber skeleton. The
disconnection between the active material and conductive
support hinders the Zn2+ uptake in the cathode of the Zn|Naf-
S-1|MnCP-1 cell, which could deteriorate the battery life
(Figure 5a). The cathode morphology in the concentrated
ZnSO4 electrolyte (Zn|Naf-S-3|MnCP-1 cathode) looks
(Figure 6d) more or less similar to that of the Zn|Naf-T-1|
MnCP-1 cell. This suggests the superiority of Zn(CF3SO3)2
and concentrated ZnSO4 electrolytes over the low-concen-
trated ZnSO4 counterpart.
Later, the morphology of the post-cycled zinc anode of the

all three cells is also compared. As shown in Figure 7a,b, the
surface of the Zn|Naf-T-1|MnCP-1 anode looks smooth and
dense, which is similar to the pristine Zn foil (Figure S15b).
The absence of any obvious protrusion indicates the uniform
plating of zinc during cycling in 1 M Zn(CF3SO3)2, whereas
the Zn|Naf-S-1|MnCP-1 anode consists of a significant number
of protruded Zn deposits (Figure 7c,d) and microscale cracks,
which are responsible for the origin of the porous zinc surface
with large holes (Figure 7c). The evolution of such non-
uniform surface and numerous grain boundaries impedes the
reversible electrochemical reactions occurring at the zinc/
electrolyte interface.
Despite the presence of the Nafion ionomer separator, the

undesired morphology (Figure 7d) of the zinc anode in the Zn|
Naf-S-1|MnCP-1 cell is responsible for the higher voltage
polarization during the Zn plating/stripping process (Figure
3b). Also, a low concentration of the electrolyte induces the
Zn2+-ion concentration gradient near to the anode surface,
resulting in localized deposition of zinc. This effect is believed
to be mitigated in the concentrated electrolyte,64 which is
indeed confirmed from the smooth and dendrite-free surface of
the Zn|Naf-S-3|MnCP-1 anode (Figure 7e,f). Therefore, it is
reasonable to say that the difference in electrode morphology
evolved during prolong cycling is the critical reason for the
different cycle life of the Nafion-based Zn/MnO2 cells under
study.
For comparison, post-cycling morphology of the zinc-metal

surface coupled with GFP and CEL separators are also
characterized by FESEM analyses. The uneven and rough
surface of zinc is clearly evident in Figures S16a−f and S17a−f.
It is worth mentioning that, in the case of the porous
separators, such a morphology evolved just after few initial
charge−discharge cycles. While the zinc anode coupled with
the Naf-T-1 or Naf-S-3 electrolyte maintains an almost flat
surface, the flake-like deposits with sharp edges are observed
with the CEL-T-1 and CEL-S-3 electrolytes. At the same time,
the granular and flaky morphology on the zinc surface of the
GFP-based cells is also evident. This indicates that the
favorable surface structure evolution on the anode surface as in
the case of Nafion promotes the improved cycle life and
reduced cell resistance compared to the GFP and CEL
separator-based Zn/MnO2 cells.

■ CONCLUSIONS
In conclusion, this study shows the remarkable performance of
Zn/MnO2 cells in single component electrolytes or, in other
words, Mn(II) salt-free electrolyte by utilizing the Nafion
ionomer separator. The improved stability of the Nafion-based
cells originates from the suppression of the zinc dendrite
growth compared to the traditional GFP or CEL separators.
Also, compared to 1 M ZnSO4·7H2O, 1 M Zn(CF3SO3)2 and
3 M ZnSO4·7H2O offer the evolution of dendrite-free anode
morphology and at the same time preserving the structural
integrity of the cathode. This in turn helps in achieving longer
cycle life of the Zn/MnO2 cell with 75% retention of capacity
over 1000 cycles. Unlike the existing ZMB reports emphasizing
the importance of Mn(II) salts in Zn/MnO2 cells, this work
directs an alternate way to realize the long cycle life of Zn/
MnO2 cells in the absence of any electrolyte additive. The
results provide significant evidence that an ionomer membrane
along with an appropriate zinc-ion conducting electrolyte is
effective in maintaining the desired structural evolution of the
electrodes and preventing the capacity loss of the Zn/MnO2
cell.
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(42) Lindström, H.; Södergren, S.; Solbrand, A.; Rensmo, H.; Hjelm,
J.; Hagfeldt, A.; Lindquist, S.-E. Li+ Ion Insertion in TiO2 (Anatase).
2. Voltammetry on Nanoporous Films. J. Phys. Chem. B 1997, 101,
7717−7722.
(43) Geng, H.; Cheng, M.; Wang, B.; Yang, Y.; Zhang, Y.; Li, C. C.
Electronic Structure Regulation of Layered Vanadium Oxide via
Interlayer Doping Strategy toward Superior High-Rate and Low-
Temperature Zinc-Ion Batteries. Adv. Funct. Mater. 2019, 30,
1907684.
(44) Yu, P.; Li, C.; Guo, X. Sodium Storage and Pseudocapacitive
Charge in Textured Li4Ti5O12 Thin Films. J. Phys. Chem. C 2014, 118,
10616−10624.
(45) Anothumakkool, B.; Kurungot, S. Electrochemically grown
nanoporous MnO2 nanowalls on a porous carbon substrate with
enhanced capacitance through faster ionic and electrical mobility.
Chem. Commun. 2014, 50, 7188−7190.
(46) Huang, M.; Li, F.; Dong, F.; Zhang, Y. X.; Zhang, L. L. MnO2-
based nanostructures for high-performance supercapacitors. J. Mater.
Chem. A 2015, 3, 21380−21423.
(47) Wang, J.-G.; Yang, Y.; Huang, Z.-H.; Kang, F. Coaxial carbon
nanofibers/MnO2 nanocomposites as freestanding electrodes for
high-performance electrochemical capacitors. Electrochim. Acta 2011,
56, 9240−9247.
(48) Zhang, N.; Cheng, F.; Liu, Y.; Zhao, Q.; Lei, K.; Chen, C.; Liu,
X.; Chen, J. Cation-Deficient Spinel ZnMn2O4 Cathode in Zn-
(CF3SO3)2 Electrolyte for Rechargeable Aqueous Zn-Ion Battery. J.
Am. Chem. Soc. 2016, 138, 12894−12901.
(49) Guo, X.; Li, J.; Jin, X.; Han, Y.; Lin, Y.; Lei, Z.; Wang, S.; Qin,
L.; Jiao, S.; Cao, R. A Hollow-Structured Manganese Oxide Cathode
for Stable Zn-MnO2 Batteries. Nanomaterials 2018, 8, 301.
(50) Wu, X.; Xiang, Y.; Peng, Q.; Wu, X.; Li, Y.; Tang, F.; Song, R.;
Liu, Z.; He, Z.; Wu, X. Green-low-cost rechargeable aqueous zinc-ion
batteries using hollow porous spinel ZnMn2O4as the cathode material.
J. Mater. Chem. A 2017, 5, 17990−17997.
(51) Lee, B.; Lee, H. R.; Kim, H.; Chung, K. Y.; Cho, B. W.; Oh, S.
H. Elucidating the intercalation mechanism of zinc ions into α-MnO2
for rechargeable zinc batteries. Chem. Commun. 2015, 51, 9265−9268.
(52) Alfaruqi, M. H.; Mathew, V.; Gim, J.; Kim, S.; Song, J.; Baboo,
J. P.; Choi, S. H.; Kim, J. Electrochemically Induced Structural
Transformation in a γ-MnO2 Cathode of a High Capacity Zinc-Ion
Battery System. Chem. Mater. 2015, 27, 3609−3620.
(53) Alfaruqi, M. H.; Islam, S.; Putro, D. Y.; Mathew, V.; Kim, S.; Jo,
J.; Kim, S.; Sun, Y.-K.; Kim, K.; Kim, J. Structural transformation and
electrochemical study of layered MnO2 in rechargeable aqueous zinc-
ion battery. Electrochim. Acta 2018, 276, 1−11.
(54) Alfaruqi, M. H.; Gim, J.; Kim, S.; Song, J.; Pham, D. T.; Jo, J.;
Xiu, Z.; Mathew, V.; Kim, J. A layered δ-MnO2 nanoflake cathode
with high zinc-storage capacities for eco-friendly battery applications.
Electrochem. Commun. 2015, 60, 121−125.
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ABSTRACT: Rechargeable aqueous zinc-metal batteries (ZMBs) are
considered as potential energy storage devices for stationary applications.
Despite the significant developments in recent years, the performance of
ZMBs is still limited due to the lack of advanced cathode materials
delivering high capacity and long cycle life. In this work, we report a low-
temperature and scalable synthesis method following a surfactant-assisted
route for preparing manganese-doped hydrated vanadium oxide (MnHVO-
30) and its application as the cathode material for ZMB. The as-prepared
material possesses a porous architecture and expanded interlayer spacing.
Therefore, the MnHVO-30 cathode offers fast and reversible insertion of
Zn2+ ions during the charge/discharge process and delivers 341 mAh g−1

capacity at 0.1 A g−1. Moreover, the MnHVO-30||Zn cell retains 82% of its
initial capacity over 1200 stability cycles, which is higher compared to that
of the undoped system. Besides, a quasi-solid-state home-made pouch cell with an area of 3.3 × 1.6 cm2 and 3.6 mg cm−2 loading is
assembled, achieving 115 mAh g−1 capacity over 100 stability cycles. Therefore, this work provides an easy and attractive way for
preparing efficient cathode materials for aqueous ZMBs.

KEYWORDS: post-lithium battery, hydrated vanadium pentoxide, anionic surfactant, Nafion ionomer membrane, quasi-solid-state battery

■ INTRODUCTION

In recent years, multivalent ion-based aqueous batteries (such
as Zn2+, Mg2+, and Al3+) are receiving immense research
interest because of their high capacity, easy fabrication, and
inherent safety.1,2 Rechargeable zinc-metal batteries (ZMBs)
comprising metallic zinc as the anode and a Zn2+-ion insertion
cathode in mild aqueous zinc-ion conducting electrolytes are at
the forefront of next-generation aqueous batteries. Considering
the high theoretical capacity of metallic zinc (820 mAh g−1),
ZMBs have the potential to surpass the energy density of
graphite anode (theoretical capacity of ≈380 mAh g−1)-based
commercial lithium-ion batteries.3−5 However, like the other
electrochemical devices, the advancement of ZMBs requires
the development of a suitable electrolyte, electrode materials,
separator, and cell-fabrication techniques. Although significant
efforts have already been made toward this direction,
unfortunately, the overall performance of ZMBs in terms of
capacity, cell voltage, and cycle life is still inadequate to meet
the commercial need.
To date, several inorganic and organic compounds have

been demonstrated as efficient hosts for the Zn2+ ion, viz.,
vanadium oxide, manganese oxide, Prussian blue analogs,
conducting polymers, and so on.6−10 The performance of
ZMBs constructed with different cathodes depends on the
nature of the redox center, the number of electron transfer
during the faradic reactions, reaction kinetics, and the

associated reaction mechanism involving the participation of
Zn2+ and/or H+ ions.11 For instance, the average discharge-
voltage plateau for manganese oxide often appears at 1.25 V vs
Zn|Zn2+ with a specific capacity of 200−300 mAh g−1.4 Despite
the high capacity and average voltage, manganese oxide
experiences low capacity retention due to the dissolution of
active material and irreversible phase transition during battery
cycling.12 Zn2+ insertion in the Prussian blue analog occurs at
an even higher voltage (∼1.5 V vs Zn|Zn2+); however, the
maximum discharge capacity obtained with this material is only
around 65 mAh g−1.9 Furthermore, the cathode materials
based on vanadium oxides exhibit an average voltage at 0.80 V
vs Zn|Zn2+.13 However, the high specific capacity offered by the
multiple oxidation states of vanadium (+5, +4, and +3) as well
as the excellent structural stability for >1000 charge/discharge
cycles makes them attractive cathodes for ZMBs.14 Similarly,
polyaniline and organic molecules are also found to deliver
good capacity. Still, they often suffer from a low voltage plateau
and inferior cycle life.15,16 In short, designing of a ZMB
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cathode with high capacity, cell voltage, and long lifespan is
still challenging.
Hydrated vanadium oxides (HVOs), which are layered-type

compounds, have been recently employed as cathode materials
in ZMBs. The HVO structure consists of water molecules
intercalated between the two-dimensional V2O5 layers with
large interlayer spacing ranging from 8.8 to 13.8 Å.17 These
water molecules reduce the electrostatic interaction between
the bivalent Zn2+ and the host lattice, ensuring the resilience of
the electrode material against the back and forth movement of
Zn2+ ions across the layered framework. In a recent report, Yan
et al. have demonstrated that the intercalated water molecules
in the V2O5·nH2O lattice lubricate the insertion of the Zn2+

ion, showing excellent electrochemical stability.18 Various
strategies have been developed to reinforce the electrochemical
performance of HVOs. These include designing nanostruc-
tured HVOs, tuning the interlayer spacing, and integrating with
carbon materials. Zhang et al. have reported electrodeposition
of V5O12·6H2O with 1.18 nm interlayer spacing, delivering a
Zn2+-storage capacity of 354.8 mAh g−1.19 The preinsertion of
foreign cations (viz., Mn2+, Co2+, Na+, Ca2+, Al3+, etc.) into the
HVO lattice could tune the interlayer spacing, resulting in
better stability of the host framework.20−23 It is observed that
the Al-doped V10O24·12 H2O cathode could retain 98% of the
initial capacity of over 3000 cycles, which is significantly higher
than that of the undoped V10O24·12H2O (68% retention).24

Cao et al. have reported remarkable improvement in the
cycling stability of the HVO cathode by chemically inserting
Mn2+ ions into the HVO lattice.25 However, the complex and
multistep synthesis methods involving hydrothermal treatment,
high-temperature annealing, etc. make them unsuited for large-
scale production. Therefore, the development of the facile and
green synthesis of nanostructured HVOs is indeed important.
Herein, we report a low-temperature one-pot synthesis of

HVO by an evaporation-assisted method from an aqueous
solution of V2O5 in the presence of anionic dodecyl sulfate as a
surfactant. The synthesis method is facile and scalable,
producing a high yield of HVO. The lab-scale ZMB cell
fabricated with the HVO cathode delivers a specific capacity of
330 mAh g−1 with excellent rate performance. To improve the
cycling stability of the HVO sample, we introduced Mn doping
into the HVO lattice during the synthesis step. The final Mn-
doped HVO shows a homogeneous distribution of Mn, and no
separate manganese oxide phase was detected. Moreover,
compared to the undoped sample (78% retention of the initial
capacity after 800 cycles), the Mn-doped HVO sample shows a
profound improvement in capacity retention (91% of the initial
capacity over 800 cycles). The physical analyses of both the
doped and undoped HVO samples justify the observed change
in the electrochemical performance. Finally, we have
demonstrated the scalability of the synthesis strategy by
fabricating a large electrode with 3.3 × 1.6 cm2 area and 3.6 mg
cm−2 loading, and the electrochemical performance was
demonstrated in a home-made pouch cell.

■ EXPERIMENTAL SECTION
Materials. Vanadium pentoxide (V2O5), manganese chloride

tetrahydrate (MnCl2·4H2O), zinc trifluoromethanesulfonate (Zn-
(CF3SO3)2), sodium dodecyl sulfate (SDS), and poly(vinylalcohol)
(PVA, molecular weight 85 000) were procured from Sigma-Aldrich.
The Nafion (212) membrane separator was supplied by DuPont.
Grafoil roll was supplied by Global Nanotech.

Synthesis of Hydrated Vanadium Oxide. In a typical process,
at first, 150 mg of the SDS surfactant was dissolved in 15 mL of
deionized water followed by the addition of 180 mg of commercial
bulk V2O5 powder. Later, 2.5 mL of 30% H2O2 was added into the
solution for the complete dissolution of V2O5. The solution was
stirred for 1 h at room temperature. Finally, the solution (solution A)
was transferred into a Petri dish and kept at 40−45° C for 3 days for
complete evaporation of the water. The obtained green-colored
powder material was washed with a copious amount of water to
remove the SDS surfactant, and this was finally dried at 60°C. The
sample was labeled as HVO-30, where the number “30” represents the
concentration of SDS (in mM) in the reaction mixture. Also, different
amounts of SDS (30 and 500 mg) were added while preparing the
reaction mixture, and the corresponding samples were marked as
HVO-6 and HVO-100, respectively. The numbers 6 and 100 also
represent the concentration of SDS in the precursor solution. For
comparison purposes, the HVO sample without the SDS surfactant
(HVO-0) was prepared, and the sample was dark-orange in color.

Synthesis of Mn-doped Hydrated Vanadium Oxide. First,
100 mg of MnCl2·4H2O salt was added into solution A (as mentioned
in the previous section) and was stirred for another 15 min. (solution
B). Solution B was transferred into a Petri dish, the temperature of
which was maintained at 40−45 °C for 3 days, leading to complete
evaporation of the water. The final sample was obtained after washing
with water and drying at 60 °C. This sample was marked as MnHVO-
30. The average yields for all of the HVO samples were 80−85% of
the total weight of the solid-state commercial bulk V2O5 precursor
used in the synthesis.

Preparation of Electrolyte. The electrolyte used in this study is
an aqueous solution of 1 M Zn(CF3SO3)2 salt. A piece of preactivated
Nafion membrane26 was soaked in this liquid electrolyte for 2 days,
and the electrolyte-impregnated Nafion membrane was employed as a
separator. For the fabrication of a scaled-up cell, PVA/Zn(CF3SO3)2
gel electrolyte was prepared by dissolving 0.7 g of PVA in 4 mL of
water at 110 °C. In the next step, 1 g of Zn(CF3SO3)2 salt was
dissolved into the transparent PVA solution.

Fabrication of ZMB Cells. The electrochemical cells were
fabricated in a CR2032 coin cell in an open atmosphere. To prepare
the cathode, the HVO-0, HVO-30, or MnHVO-30 sample,
conducting carbon, and poly(vinylidene fluoride) (PVDF) binder
were taken with a weight ratio of 80:15:5, and the mixture was
blended in N-methylpyrrolidone (NMP) for 5 h. The uniform slurry
was coated on a Grafoil sheet to obtain 1 mg cm−2 loading. Finally,
the electrode was dried overnight at 70 °C. CR2032 coin cells were
fabricated with metallic zinc anode, a liquid electrolyte-soaked Nafion
membrane separator, the Grafoil loaded with the desired material as
the cathode, and 1 M Zn(CF3SO3)2 liquid electrolyte. The coin cells
were marked as HVO-0||Zn, HVO-30||Zn, and MnHVO-30||Zn. In a
similar way, the electrochemical cells were fabricated for analyzing the
performance of HVOs prepared with different amounts of SDS, and
the cells were marked as HVO-6||Zn and HVO-100||Zn.

For fabricating the scaled-up prototype home-made pouch cell, a
thick slurry was prepared by mixing the MnHVO-30 sample,
conducting carbon, and PVDF binder in an 80:15:5 weight ratio in
NMP. The slurry was probe-sonicated for 15 min and coated over a
Grafoil sheet with the help of a bar coater, and the MnHVO-30-
coated Grafoil sheet was dried at 80 °C for 12 h. The coated Grafoil
sheet was cut into a 3.3 × 1.6 cm2 area, and the required amount of
the PVA/Zn(CF3SO3)2 gel electrolyte was spread over the electrode.
A thin layer of the gel electrolyte was also coated over a piece of zinc
foil with the same area. Two small-sized copper tapes were attached to
the respective electrodes, which serve as the anode and cathode
current collectors. Later, the electrodes were sandwiched together by
keeping the Nafion separator for preventing contact between the
electrodes. The cell was correctly sealed with adhesive tape to
minimize the electrolyte evaporation. This quasi-solid-state pouch cell
was labeled as Q-MnHVO-30||Zn.

Material Characterization. A Rigaku, MicroMax-007HF, with a
high-intensity microfocus rotating anode X-ray generator (Cu Kα (α
= 1.54 Å)) was used for X-ray diffraction (XRD) analysis. The
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morphology of HVO-0, HVO-30, and MnHVO-30 samples was
analyzed with a field emission scanning electron microscope
(FESEM) Nova Nano SEM 450. Elemental mapping was performed
with energy dispersive X-ray analysis system attached to an ESEM-
Quanta 200-3D instrument. The transmission electron microscopy
(TEM) imaging, and energy-dispersive X-ray spectroscopy (EDAX)
was recorded with a Tecnai T-20 instrument at an accelerating voltage
of 200 kV. A Bruker Tensor27 FTIR instrument was used to perform
Fourier transform infrared (FTIR) analysis. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a Thermo K-Alpha
+ X-ray spectrometer. Thermogravimetric analysis (TGA) was
performed with an SDT Q600 DSC-TGA instrument under an air
atmosphere with a temperature ramp of 10 °C per min. Brunauer−
Emmett−Teller (BET) analysis was carried out in a Quantachrome
Quadrasorb instrument for studying the N2 adsorption/desorption
properties and pore size distribution patterns of the samples.
Electrochemical Measurements. The electrochemical perform-

ance of the cathode samples HVO-0, HVO-30, and MnHVO-30 was
studied in a CR2032 coin cell. The cells were characterized by cyclic
voltammetry (CV) (at scan rates of 1.0, 0.5, 0.3, and 0.1 mV s−1) and
galvanostatic charge−discharge (GCD) (at constant current rates of
0.1, 0.25, 0.5, 1.0, and 3.0 A g−1) techniques within the voltage
window of 0.2−1.6 V vs Zn|Zn2+, using BioLogic VMP3 and Neware
battery tester (5V, 10 mA), respectively. The capacity of the cells was
calculated from eq S1 given in the Supporting Information (SI). The
cycling stability tests were performed by a GCD experiment at the
current rate of 3.0 A g−1. The impedance analyses were carried out
(using BioLogic VMP3) in the frequency range of 1 MHz to 100 mHz
with a sinus amplitude of 10 mV (Vrms = 7.07 mV). The Q-MnHVO-
30||Zn cell was tested by CV at the scan rate of 1.0 mV s−1 and the
GCD technique at a 1.3 A g−1 current rate with BioLogic VMP3
instrument. For the ex situ characterization of the MnHVO-30||Zn
cell, the cathodes were recovered from the cells after the first
complete discharge to 0.2 V and complete charge to 1.6 V,
respectively, at 0.1 A g−1 current rate.

■ RESULTS AND DISCUSSION

Physical Characterization. The synthesis of the
MnHVO-30 sample is schematically presented in Figure 1.
The desired material is obtained from an aqueous solution of

the commercial V2O5 and MnCl2 additive in the presence of
the SDS surfactant and 4 wt % H2O2. The adopted synthesis
protocol is cost-effective and eco-friendly, and the process does
not require any additional high-temperature treatment. Here,
we have selected an anionic surfactant so that it can strongly
interact with the cationic species generated in the reaction
mixture to form a surfactant−metal cation composite.27

The processes occurring during the evolution of the
aforementioned reaction mixture can be briefly explained as
follows. In the diluted solution of H2O2, the bulk V2O5 powder
undergoes a vigorous reaction forming O2 gas and the diperoxo
anion [VO(O2)2(OH2)]

−, which later decomposes into the
monoperoxo cation [VO(O2)(OH2)3]

+.28 These complexes
further react to form [VO2]

+ ions in the solution, liberating O2
bubbles;29 the change in solution color from yellow to dark-
orange indicates the formation of different intermediates
during the reaction. The associated chemical reactions (eq
S2−S5) are given in the Supporting Information (SI). In the
presence of SDS with 30 mM concentration (≫critical micelle
concentration (CMC) of SDS), the surfactant molecules are
likely to form micellar structures, which could serve as soft
templates. The [VO2]

+ ions can get absorbed over these
micelles through the electrostatic interaction with SO3

−

moieties of SDS. During aging, [VO2]
+ ions start to nucleate

and undergo the crystallization process to form V2O5·nH2O.
During crystal growth, the preadded Mn2+ species in the
reaction mixture could intercalate between the layers of V2O5·
nH2O, resulting in the doping of Mn into the HVO lattice.
As given in Figure 2a,b, the MnHVO-30 sample exhibits a

porous 3D architecture consisting of randomly assembled
nanoflake structures. The elemental mapping profile validates
the uniform dispersion of V, Mn, and O in the MnHVO-30
sample, proving the Mn doping (Figure 2c−e). For
comparison, we have prepared a control sample without
introducing Mn doping (HVO-30). The HVO-30 sample also
possesses (Figure S1a,b) self-assembled microstructures similar
to that of the Mn-doped material. This implies that the
addition of Mn2+ salt in the precursor reaction mixture does
not induce significant morphological change except for the
doping of Mn. Contrarily, the sample prepared in the absence
of the SDS surfactant (HVO-0) agglomerated and showed a
less porous (Figure S1c,d) morphology. Hence, it is evident
that the SDS surfactant present in the solution acts as a pore-
creating as well as a structure-directing agent during the
synthesis.
The morphology of MnHVO-30 is further characterized by

TEM analyses. Figure 2f shows the aggregation of nanoflakes
in a randomly orientated manner. Figure 2g reveals that the
nanoflakes possess an average interlayer spacing of ∼0.8 nm,
possibly resulting from the insertion of water molecules and
Mn2+ ions into the interlayer space of the lattice structure. In
fact, such a high interlayer spacing could favor the fast and
reversible diffusion of Zn2+ ions when employed as the cathode
material in ZMBs. The TEM image of HVO-30 also points out
a layered structure with an interlayer spacing of ∼0.8 nm
(Figure S1e). It may be noted that the interlayer spacing in
both samples is obtained after averaging the measurements
from different sections of the TEM sample. The SAED
patterns of MnHVO-30 (Figure 2h inset) and HVO-30
(Figure S1e inset) show the polycrystalline nature of the
samples.30 The EDAX data of MnHVO-30 (Figure 2h)
displays the presence of O, V, and Mn in the sample. The

Figure 1. Schematic representation for the synthesis and application
of the MnHVO-30 sample. For simplicity, the anionic counterpart of
the electrolyte is not shown in the figure.
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sample also contains a small amount of Na coming from the
cationic counterpart of the SDS surfactant.
Later, the crystal structure of the samples was studied by

XRD analyses. The XRD patterns of all of the samples (Figure
3a) appear different from that of the commercial bulk V2O5
(C-V2O5, Figure S2a), indicating the changes that occurred in
the original crystal structure of C-V2O5 after the reaction with
H2O2. The XRD data of the HVO-0 sample matches with the
diffraction pattern of V2O5·nH2O (JCPDS 40-1296, Figure
S2b), as reported earlier.31,32 The strong peak at the 2θ value
of 7.2° is assigned to the (001) plane of V2O5·nH2O. The
additional peaks at 22.9, 30.8, and 38.7° correspond to (003),
(004), and (005) planes of V2O5·nH2O, which indicate the
layered structure of HVO-0, showing a preferred orientation
along the (00l) planes. In addition to the above (00l) planes,
the small peak appearing at 2θ of 25.4° relates to the in-plane
(hkl) reflection of HVO, as mentioned in the previous
reports.31

The XRD patterns of HVO-30 and MnHVO-30 exhibit a
strong peak at 2θ < 10° related to the (001) plane of V2O5·
nH2O, suggesting that the layered crystal structure is preserved.
The increased intensity of the (hkl) reflection compared to
HVO-0 is due to the reduced stacking of the vanadium oxide
layers.33 Moreover, the XRD patterns of HVO-30 and
MnHVO-30 match with the previously reported cation
inserted (viz., Na+, Mn2+, Ni2+, K+, etc.) V2O5·nH2O.

25,34,35

Besides, no significant diffraction peaks corresponding to the
crystalline phase of manganese oxide are observed in MnHVO-
30. Interestingly, the strongest peak at 2θ < 10° for MnHVO-
30 relates to an expanded interlayer spacing of 13.3 Å, a value
higher than 11.2 Å calculated for HVO-30. The observed shift
indicates the incorporation of Mn2+ ions into the interlayer
space of MnHVO-30.22,25 However, the interplanar spacing

calculated from the XRD data is slightly higher than the values
obtained from the corresponding TEM data. This could be due
to the shrinkage of the interlayer spacing during the TEM
experiment as a consequence of the evaporation of the
interlayer water molecules under the intense electron beam in
a vacuum.36,37

The presence of water molecules in the samples is also
supported through TGA analysis. In Figure S3, the TGA
profiles of all three samples show a rapid weight loss before
100 °C due to the removal of loosely bound water molecules.
After that, the gradual removal of crystalline water molecules is
observed in the temperature range of 100−200 °C.38,39 These
water molecules residing in the interlayer space of HVO could
act as “lubricant” and facilitate the electrochemical insertion/
extraction of divalent Zn2+ ions.18

In the Raman spectra of HVO-0 (Figure 3b), the peak at
155 cm−1 is related to the vibration of the V−O−V chain in
the layered V2O5·nH2O.

31,35 A similar lattice vibrational mode
in HVO-30 and MnHVO-30 is observed at 143 cm−1.40

Besides, other peaks located at 282, 404, 698, and 993 cm−1

match with that of the different vibrational modes of the cation
inserted V2O5·nH2O. The FTIR data of all of the samples are
compared in Figure 3c; the peak located in the range of 997−
1006 cm−1 originates from the characteristic V=O stretching
vibration in the samples.41 Figure 3d shows a red shift of V=O
stretching in the cases of HVO-30 and MnHVO-30 (997
cm−1) compared to that of HVO-0 (1006 cm−1). This
observed shift signifies a weakening of the V=O bond in the
former due to the reduction of a small amount of the V5+ to the
V4+ state.25

The oxidation states of the elements in the respective HVO
samples are analyzed by XPS (Figures 3e,f, and S4). From the
XPS elemental analysis of MnHVO-30, the contents of V and

Figure 2. (a, b) FESEM images of MnHVO-30; elemental mapping of (c) V, (d) Mn, and (e) O in MnHVO-30. (f), and (g) TEM images and (h)
EDAX data of the MnHVO-30 sample. Selected area electron diffraction (SAED) pattern of the sample is shown in the inset of (h).
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Mn are obtained as 32.5 and 1.3%, respectively (Figure S4a),
suggesting the low doping level of Mn. In O 1s XPS data of
MnHVO-30 (Figure S4b), HVO-30 (Figure S4d), and HVO-0
(Figure S4f), the characteristic strong peak at the binding
energy of 530 eV corresponds to the surface O atom
coordinated with V.42 The other peaks at the higher binding
energy values (531.2 and 532.9 eV) with low intensity come
from the hydroxyl group bonded with the V atom and surface-
absorbed water molecules, respectively.40,43 Figure 3e,f displays
the deconvoluted XPS spectra of V and Mn, respectively,
present in MnHVO-30. The characteristic signal of Mn 2p3/2 at
640.9 and 642.6 eV implies that the preinserted Mn ions are
present in both the divalent and the higher valent oxidation
states. The ionic radius of Mn4+ is similar to that of V5+, and
Mn2+ possesses a higher radius; therefore, the latter accounts
for the observed structural changes in MnHVO-30 upon Mn
doping.44 The intense V 2p3/2 spectra (Figure 3e) are
deconvoluted into two peaks at 517.3 and 516.1 eV, which
signify the coexistence of V5+ and V4+.45 The mixed vanadium
valances may augment the electrochemical performance of the
material when employed as the cathode in ZMB.46 Both V4+

and V5+ states are detected in HVO-30 (Figure S4c) as well;
however, the ratio of [V5+]/[V4+] in HVO-30 (ca. 7.8) is
slightly high compared to that of MnHVO-30 (ca. 4.2). It is
reported that the insertion of Mn2+ ions into the lattice of
HVO creates more low valance states of V (such as V4+) and
more oxygen vacancies in the doped sample.25,47,48 This
phenomenon is also observed for other vanadium oxide

cathodes followed by the introduction of different ionic
species, including Mn2+ and K+.35,49,50 Meanwhile, in HVO-0
(Figure S4e), the vanadium signal shows only the presence of
the V5+ state. Therefore, the V4+ created in MnHVO-30 and
HVO-30 can influence the V=O bond strength, which is
reflected in the FTIR spectra of the respective samples, as
discussed in the previous section (Figure 3d). These
observations imply that the SDS surfactant has an impact on
directing the electronic structure of HVO.
The effect of the anionic SDS surfactant on the nature of

porosity and the surface area of the samples was validated by
BET surface area analyses. The specific surface area (Figure
S5a) of HVO-30 is 16 m2 g−1, a value substantially higher than
that of HVO-0 (3 m2 g−1). A drastic difference is observed in
the pore size distribution profiles as well. Figure S5b displays
that the size of pores in HVO-0 is in the range of 6−13 nm,
whereas HVO-30 contains a wide range of pore size
distributions within 6−50 nm. This clearly indicates the role
of the surfactant as the soft template for creating a porous
structure.

Electrochemical Characterization. The electrochemical
performance of all of the samples is first characterized through
CV analyses within the potential range of 0.2−1.6 V vs Zn|
Zn2+. The CV plots of the MnHVO-30||Zn cell (Figure 4a) at
various scan rates (0.1, 0.3, 0.5, and 1.0 mV s−1) display two
pairs of oxidation and reduction peaks. The redox peaks
located at 0.72/0.48 and 1.12/0.89 V vs Zn|Zn2+ associated
with the V4+/V3+ and V5+/V4+ redox couples, respectively.51 In

Figure 3. (a) XRD patterns, (b) Raman spectra, (c) and (d) FTIR spectra, (e) V 2p XPS spectra, and (f) Mn 2p XPS spectra of the MnHVO-30
sample.
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Figure S6a, the CV profile of MnHVO-30 recorded at 1.0 mV
s−1 scan rate is compared with that of the HVO-30 and HVO-0
samples. The nearly overlapping position of the redox peaks
suggests that all three cathodes undergo faradic reactions
during the charge/discharge process of the respective ZMB
cells. The CV profiles at various scan rates recorded for the
HVO-0||Zn and HVO-30||Zn cells are given in Figure S6b,c. As
seen in the figures, the current response traced by the CV
curves for the HVO-0||Zn cell is inferior compared to both the
MnHVO-30||Zn and HVO-30||Zn cells.
The kinetics of the Zn2+ insertion/extraction process is

analyzed from the peak current (i) vs scan rate (ν) relationship
(I = aνb, where a and b are adjustable parameters) for the
oxidation and reduction peaks, and the data are summarized in
the form of a log i vs log ν plot (Figures 4b, and S6d,e).52 The

slope of the plot represents the parameter b, which indicates
the capacitive contribution in the electrochemical reaction.
Typically, the b value approaching 1.0 suggests that the charge
storage utilizing surface-controlled or capacitive mechanism is
dominant, whereas b close to 0.5 indicates the dominance of
the diffusion-controlled mechanism.53,54 The calculated b
values for the peaks 1, 2, 3, and 4 (Figure 4b) in the
MnHVO-30||Zn cell are 0.91, 0.97, 0.96, and 0.92, respectively.
This suggests that the faradic reactions at the peak regions are
mainly influenced by the surface-controlled process within the
scan rate ranging from 1.0 to 0.1 mV s−1.17,19 The b values
calculated for the HVO-30||Zn and HVO-0||Zn cells are also
close to 1.0, and the related log i vs log ν plots are given in
Figure S6d,e. The contributions of the diffusion-controlled and
surface-controlled reactions in the total current response

Figure 4. (a) CV profiles recorded at various scan rates; (b) log i vs log ν plots; (c) GCD profiles recorded at various current rates; (d) rate
capability plot for the MnHVO-30||Zn cell; (e) GCD profiles for HVO-0||Zn, HVO-30||Zn, and MnHVO-30||Zn cells at 0.1 A g−1; (f) GCD plots
for HVO-6||Zn, HVO-30||Zn, and HVO-100||Zn cells at 0.1 A g−1; (g) cycling stability data for the MnHVO-30||Zn cell recorded at the current rate
of 3.0 A g−1. (All of the electrochemical characterizations presented in Figure 4 were carried out in the coin cell configuration with liquid
electrolyte).
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obtained in the CV scans in the MnHVO-30||Zn cell are
calculated from the following equation: i = k1ν + k2ν

1/2, where
k1 and k2 are the constant parameters.55 At scan rates of 1.0,
0.5, 0.3, and 0.1 mV s−1, the contributions in the current from
the capacitive process are calculated as 87.2, 82.7, 78.7, and
68.1%, respectively (Figure S7a,b), showing that capacitive
contribution slightly decreases at a slower scan rate.
The GCD curves for the MnHVO-30||Zn cell (Figure 4c)

display slopes at two different potential regions that are
consistent with the CV data (Figure 4a). At the current rate of
0.1 A g−1, the cell shows a discharge capacity of 341 mAh g−1, a
value comparable or superior to many of the previously
reported vanadium oxide-based cathodes (Table
S1).19,21,25,56−65 Later, the rate performance of MnHVO-30||
Zn is investigated at various current rates, and discharge
capacities of 314, 291, 265, and 215 mAh g−1 are obtained at
0.25, 0.5, 1.0, and 3.0 A g−1, respectively (Figure 4d). The
observed rate performance (∼ 60% retention of capacity when
the current varies from 0.1 to 3.0 A g−1) is attributed to the
predominantly surface-controlled charge storage mechanism of
the MnHVO-30 cathode, as discussed in the previous section.
The layered structure of MnHVO-30 with a large interlayer
spacing facilitates the mobility of the electrolyte ions. It
enhances the access of the ions to the redox-active centers even
at higher current rates. When the current rate is suddenly
changed to 0.1 A g−1, the cell could restore 320 mAh g−1

capacity, implying the robustness of the MnHVO-30 cathode.
Moreover, at all of the current rates, the GCD plots show
∼98% Coulombic efficiency resulted from the excellent
reversibility of the redox reactions associated with the Zn2+

insertion/extraction process.
The specific capacities of the HVO-0||Zn and HVO-30||Zn

cells at 0.1 A g−1 current rate are also measured, and the data
are compared in Figure 4e. The GCD plots at the different
current rates for these two cells are displayed in Figure S8a,b.
The highest capacity obtained from HVO-30||Zn is 333 mAh
g−1, which is slightly lower than that of the MnHVO-30||Zn
cell. The overlapping GCD plots indicate that the doped Mn in
the MnHVO-30 sample does not take part in any separate
electrochemical process within the mentioned potential range.
On the contrary, the GCD profile of the HVO-0||Zn cell
exhibits significantly less capacity (87 mAh g−1) compared to
the MnHVO-30||Zn and HVO-30||Zn cells. The effect of SDS
concentration toward the electrochemical performance of the
HVO samples is also studied. Figure 4f explains that the
optimum concentration of SDS is 30 mM delivering the
maximum reversible capacity among all of the other
concentrations.
To investigate the resistance of the ZMB cells under study,

the impedance spectra are recorded after the first complete
discharge (at 0.2 V vs Zn|Zn2+, Figure S9a) at the current rate
of 0.25 A g−1. The charge-transfer resistance (Rct) for the
MnHVO-30||Zn cell (72 Ω) is slightly lower compared to the
HVO-30||Zn (76 Ω) cell; however, after electrochemical
cycling (Figure S9b), the resistance values are almost equal,
justifying the comparable charge storage capacity of these two
cells. In contrast, the HVO-0||Zn cell shows a higher Rct value
after the first discharge (87 Ω) as well as after the
electrochemical cycling (112 Ω). This is due to the absence
of the V4+ state in HVO-0 in contrast to the mixed oxidation
states of vanadium (V5+ and V4+) in the samples prepared with
the SDS surfactant. Nevertheless, the low surface area and lack
of desired porosity in the HVO-0 sample (Figures S1c and

S5a) impede the transport of the electrolyte ions to the interior
of the electrode in the HVO-0||Zn cell, which also contributes
to the high resistance of the cell. Therefore, the above
discussion underlines the importance of the SDS surfactant
during the low-temperature synthesis of HVO for tuning the
electronic property as well as the surface area of the material.
Along with the high capacity, the stability of the electrode

material during repeated charge/discharge cycling is another
important parameter. Therefore, the long-term GCD experi-
ment at the current rate of 3.0 A g−1 was carried out for the
HVO-30||Zn and MnHVO-30||Zn cells. In Figure 4g, the
MnHVO-30||Zn cell exhibits 95% retention of the initial
capacity (227 mAh g−1) with the Coulombic efficiency close to
100% over 500 charge/discharge cycles. After 1200 cycles, the
cell could retain 187 mAh g−1 (82% retention) capacity,
demonstrating excellent electrochemical stability. At the same
time, the HVO-30||Zn cell (Figure S10) delivers 217 mAh g−1

initial capacity, and with progressive cycling, the cell
experiences faster capacity fading compared to the MnHVO-
30||Zn counterpart. As a result, after 830 stability cycles, the
specific capacity drops to 169 mAh g−1, which is only 77% of
the initial capacity.
It must be noted that both cells are fabricated with the

Nafion membrane separator. Nafion, as a cation-selective
ionomer membrane, has already been reported to be effective
in suppressing the growth of dendritic Zn deposits over the
metallic Zn anode during long-term cycling, as observed in the
case with several previous works on ZMBs.26,66,67 Hence, the
observed difference in cycling performance is likely to have
originated from the cathode side. The superior cycling
performance of MnHVO-30 is credited to the unique crystal
structure of the sample with expanded interlayer spacing that
ensued from the preinserted Mn2+ ions and interlayer water
molecules. Besides, a greater V4+ content in MnHVO-30 as
explained from the XPS study is likely to augment the
electrochemical activity. Therefore, all of these factors facilitate
the reversible insertion of Zn2+ ions into MnHVO-30, ensuring
better structural stability of MnHVO-30 compared to HVO-30
during prolonged cycling. This is also reflected in the
morphology of postcycling MnHVO-30 and HVO-30 cathodes
recovered from the respective electrochemical cells after the
stability test. The cathode surface of the MnHVO-30||Zn cells
looks homogeneous (Figure 5a), and the compact micro-

Figure 5. FESEM images of poststability cathodes recovered from (a,
b) MnHVO-30||Zn and (c, d) HVO-30||Zn cells.
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structure shows intimate contact among the particles (Figure
5b), which is favorable for better transport of the charge carrier
species throughout the electrode. On the other hand, the
HVO-30 cathode possesses a nonuniform surface (Figure 5c),
and the lack of interparticle contact is visible in Figure 5d.
Therefore, the difference in the morphological change also
rationalizes the superior cyclability of the MnHVO-30 cathode.
For an in-depth understanding of the reversibility of the

electrode reactions occurring in the MnHVO-30||Zn cell, the
cathode is characterized after recovering from the fully

discharged (0.2 V) and charged (1.6 V) cells. The XRD data
of the electrodes are compared in Figure S11. At the
discharged state of the cell, a small shift is observed for the
(001) plane to a higher 2θ value (6.7°) compared to the
pristine MnHVO-30 sample (6.6°, Figure 3a). This is due to
the interlayer contraction resulting from the electrostatic
interaction between the host material and the inserted Zn2+

ions during the discharge process.68 Subsequently, at the fully
charged state, the Zn2+ ions escape from the cathode, and the
(001) diffraction peak reappears at the 2θ value similar to that

Figure 6. (a) Zn 2p XPS spectra of the MnHVO-30 cathode recovered from the discharged (0.20 V) and charged (1.6 V) MnHVO-30||Zn cells; V
2p XPS spectra of the (b) original MnHVO-30 electrode and (c, d) MnHVO-30 electrode after recovering from the discharged (0.20 V) and
charged (1.6 V) MnHVO-30||Zn cells, respectively.

Figure 7. (a) CV profiles recorded at a scan rate of 1.0 mV s−1, and (b) GCD profiles of the Q-MnHVO-30||Zn (at 1.3 A g−1) and MnHVO-30||Zn
(at 1.0 A g−1) cells. (c) Cycling stability data of the Q- MnHVO-30||Zn cell recorded at 1.3 A g−1 current rate.
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of the pristine sample (Figure 3a). The electrodes are
subjected to XPS analysis (Figure 6a−d) after careful washing
with water. As displayed in Figure 6a, the intensity of the Zn
2p XPS spectra in the cathode collected from the discharged
cell is considerably higher than that in the charged cell. The
reduced intensity of the Zn 2p XPS spectra corresponding to
the charged electrode indicates that most of the inserted Zn2+

ions leave the cathode followed by complete charging.58

Considering the V 2p XPS spectra, the peak in the recovered
cathode after being fully discharged (Figure 6c) is
deconvoluted into V5+ (2p3/2: 518.2 eV) and V4+ (2p3/2:
517.5 eV) signals. Interestingly, the intensity of the V4+ signal
increases significantly compared to the original electrode
(Figure 6b), which is in accord with the reduction of V5+ upon
discharge. After complete charging to 1.6 V (Figure 6d), the
intensity of V4+ decreases, and consequently, the ratio of the V
2p3/2

5+ and V 2p3/2
4+ peak area is found to be retrieved as in

the pristine MnHVO-30 sample.57 This indeed supports the
reversibility of the associated electrochemical reactions
occurring in the MnHVO-30||Zn cell.
Lastly, the advantage of the adopted synthesis protocol is

demonstrated by scaling up the process and fabricating a
home-made pouch cell with 3.3 × 1.6 cm2 area and 3.6 mg
cm−2 loading of the active material. A PVA/Zn(CF3SO3)2 gel
electrolyte is employed for fabricating the home-made pouch
cell. The CV data of the as-fabricated quasi-solid-state
MnHVO-30||Zn pouch cell (Q-MnHVO-30||Zn) is compared
with that of the MnHVO-30||Zn coin cell with liquid
electrolyte in Figure 7a. Owing to the higher loading of the
active material, the CV profile of the Q-MnHVO-30||Zn cell
traces a higher current response (in mA cm−2) than the latter
with 1 mg cm−2 loading. The well-resolved redox peaks are
clearly visible in the CV profile displaying a similar insertion/
extraction mechanism of the Zn2+ ions in the Q-MnHVO-30||
Zn cell. Q-MnHVO-30||Zn delivered 200 mAh g−1 discharge
capacity at 1.3 A g−1 current rate (Figure 7b), which is
comparable to the performance obtained with the 1 M
Zn(CF3SO3)2 liquid electrolyte counterpart tested in the coin
cell configuration. The durability of the Q-MnHVO-30||Zn cell
is tested at the same current rate (Figure 7c). During the
cycling, the specific capacity of the cell gradually decreases in
the initial cycles and stabilizes at 116 mAh g−1 after 50 cycles.
Later, the Q-MnHVO-30 cell delivers almost the same capacity
over 200 cycles. The lifespan of the Q-MnHVO-30||Zn cell is
relatively short compared to that of the MnHVO-30||Zn cell
with 1 M Zn(CF3SO3)2 liquid electrolyte in the coin cell
configuration. This is due to the gradual evaporation of water
from the aqueous gel electrolyte in the home-made quasi-solid-
state cell due to the imperfect packaging and sealing. The
performance of the Q-MnHVO-30||Zn cell can be improved by
standardizing the method for cell packaging, which requires
further studies. Moreover, the quasi-solid-state cell shows
comparable performance in terms of capacity and cycling
stability to that of the previously reported cells (e.g., V5O12·
6H2O||Zn, NH4V3O8·1.9 H2O||Zn, PANI||Zn, etc.) as shown in
Table S2.10,19,56,69,70

■ CONCLUSIONS
In conclusion, we have developed a surfactant-assisted facile
and scalable low-temperature synthesis method for preparing
Mn-doped hydrated vanadium oxide (MnHVO-30). The as-
synthesized material possesses a porous morphology, which
offers easy diffusion of the electrolyte ions during the faradic

reactions. In addition, the mixed valance states of vanadium in
MnHVO-30 created by the anionic surfactant enhance the
electrochemical activity of the material. As a result, MnHVO-
30 serves as an excellent host for the reversible insertion/
extraction of the Zn2+ ions, delivering 341 mAh g−1 capacity at
0.1 A g−1. Moreover, the expanded interlayer spacing resulting
from the introduction of Mn2+ ions significantly improves the
cycling performance of the MnHVO-30 cathode (82% capacity
retention of the initial capacity over 1200 cycles) compared to
the sample prepared without the doping. We have also tested
the performance of the MnHVO-30 cathode in a quasi-solid-
state cell with a loading of 3.6 mg cm−2 and 3.3 × 1.6 cm2 area.
The Q-MnHVO-30||Zn cell shows ∼200 mAh g−1 initial
capacity and retains more than 100 mAh g−1 capacity for 200
cycles. The current study demonstrates a simple synthesis of an
efficient electrode material following green chemistry princi-
ples for a less expensive and safe aqueous ZMB with high
capacity and durability.
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Naphthalene dianhydride organic anode for a
‘rocking-chair’ zinc–proton hybrid ion battery†
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Rechargeable batteries consisting of a Zn metal anode and a suitable cathode coupled with a Zn2+ ion-

conducting electrolyte are recently emerging as promising energy storage devices for stationary appli-

cations. However, the formation of high surface area Zn (HSAZ) architectures on the metallic Zn anode

deteriorates their performance upon prolonged cycling. In this work, we demonstrate the application of

1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA), an organic compound, as a replacement for the

Zn–metal anode enabling the design of a ‘rocking-chair’ zinc–proton hybrid ion battery. The NTCDA

electrode material displays a multi-plateau redox behaviour, delivering a specific discharge capacity of

143 mA h g−1 in the potential window of 1.4 V to 0.3 V vs. Zn|Zn2+. The detailed electrochemical charac-

terization of NTCDA in various electrolytes (an aqueous solution of 1 M ZnOTF, an aqueous solution of

0.01 M H2SO4, and an organic electrolyte of 0.5 M ZnOTF/acetonitrile) reveals that the redox processes

leading to charge storage involve a contribution from both H+ and Zn2+. The performance of NTCDA as

an anode is further demonstrated by pairing it with a MnO2 cathode, and the resulting MnO2||NTCDA full-

cell (zinc–proton hybrid ion battery) delivers a specific discharge capacity of 41 mA h gtotal
−1 (normalized

with the total mass-loading of both anode and cathode active materials) with an average operating

voltage of 0.80 V.

Introduction

Recently, the post-lithium battery technology employing Zn
electrochemistry has been receiving significant attention
among battery enthusiasts. Compared to lithium-ion batteries
(LIBs), the features such as relatively better safety and easy
device fabricability by employing cost-effective aqueous elec-
trolytes and electrode materials leverage the prospects of Zn
batteries.1 A conventional rechargeable Zn metal battery (ZMB)
cell consists of a metallic Zn anode, an insertion/conversion-
type cathode, and a separator soaked in a Zn ion conducting
liquid electrolyte (pH 4–6).2 However, the major difficulties
associated with these ZMBs are the possible growth of high
surface area zinc (HSAZ; also known as dendrite) deposits and
hydrogen evolution reaction (HER) at the metallic-anode
during the charging steps.3 These drawbacks result in the low
coulombic efficiency and cycling stability of ZMBs.

The aforementioned challenges have been tackled by adopt-
ing various strategies that can tune the electrode–electrolyte
interface between the Zn metal and liquid electrolyte in ZMBs.
These attempts include the use of different electrolytes (e.g.,
Zn(CF3SO3)2, Zn(TFSI)2, etc.), utilization of cation-selective
ionomer separators (e.g., Nafion and polyacrylonitrile mem-
branes) instead of neutral porous separators (e.g., glass fiber),
and surface modification of Zn with carbon, TiO2, CaCO3,
etc.4–8 Another logical approach to overcome the problems
associated with a Zn-metal anode is its replacement with an
electrode material that can facilitate the reversible insertion/
extraction of Zn-ions so that the transition from ZMB to Zn ion
batteries (ZIBs) can be enabled. Such insertion anode
materials are popular with the other post-lithium batteries
(Na-ion, Mg-ion, and K-ion batteries); the chemistry is rarely
explored in the context of ZIBs.

The key features desirable for efficient anode material for
ZIBs are high reversibility and stability towards Zn2+-insertion/
extraction at relatively low potentials vs. Zn|Zn2+ and delivering
high specific capacity. Cheng et al. reported the first example
of a Zn2+-intercalating anode that utilizes chevrel phase Mo6S8
nanocubes.9 Kaveevivitchai et al. demonstrated the perform-
ance of an open-tunnel oxide of ZnxMo2.5+yVO9+z that can be
used as an insertion anode in both aqueous and nonaqueous
electrolytes delivering a high specific capacity of 220 mA h
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supporting table. See DOI: 10.1039/d0dt04404k

aPhysical and Materials Chemistry Division, CSIR-National Chemical Laboratory,

Pune, 411008 Maharashtra, India. E-mail: k.sreekumar@ncl.res
bAcademy of Scientific and Innovative Research, Sector 19, Kamla Nehru Nagar,

Ghaziabad, Uttar Pradesh 201002, India

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 4237–4243 | 4237

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
he

m
ic

al
 L

ab
or

at
or

y,
 P

un
e 

on
 4

/2
1/

20
21

 8
:1

4:
38

 A
M

. 

View Article Online
View Journal  | View Issue

www.rsc.li/dalton
http://orcid.org/0000-0001-6061-5902
http://orcid.org/0000-0001-5446-7923
https://doi.org/10.1039/d0dt04404k
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT050012
http://crossmark.crossref.org/dialog/?doi=10.1039/d0dt04404k&domain=pdf&date_stamp=2021-03-23


g−1.10 Li et al. demonstrated pre-sodiated TiS2 as an insertion
anode in aqueous ZIB.11 Despite these few attempts, the
research on ‘rocking chair’ ZIBs, especially with organic
materials as anodes, is minimal, and therefore, exploring
potential electrode materials is important.

Organic compounds have received tremendous interest as
anode materials in LIB and Na-ion battery applications.
Compared to the most commonly used inorganic materials,
the organic molecular solids facilitate the reversible uptake/
release of the charged species by undergoing molecular reor-
ientation and accompanied redox reactions.12 In this aspect,
developing Zn2+-insertion anodes based on organic molecules
could be an attractive choice. Here, we investigate the electro-
chemical performance of 1,4,5,8-napthalenetetracarboxylic dia-
nhydride (NTCDA) as a reversible Zn2+-host in an aqueous elec-
trolyte. During the electrochemical investigation, H+ was also
found to be contributing to the charge-storage behavior of
NTCDA. Finally, to demonstrate the suitability of NTCDA as an
insertion anode, a prototype ZIB full-cell was also fabricated by
pairing the NTCDA anode against a MnO2 cathode (MnO2||
NTCDA). The term ‘zinc–proton hybrid ion battery’ was coined
to address the fabricated ZIB to emphasize the role of H+ and
Zn2+ in the charge storage mechanism. The cell displayed a
specific capacity of 41 mA h gtotal

−1, considering the active
material loading in both the positive and negative electrodes.
The zinc–proton hybrid ion battery cell also displayed a high
average voltage of ∼0.80 V, close to several other ZMBs based
on other cathodes such as V2O5, VS2, and PDA/CNT.13–15 To
the best of our knowledge, this is the first report on an organic
anhydride molecule that can act as an anode capable of
storing Zn2+ ions, which is used for fabricating aqueous
rechargeable ZIB/zinc–proton hybrid ion batteries.

Experimental section
Materials

1,4,5,8-Napthalenetetracarboxylic dianhydride (NTCDA) was
purchased from TCI Chemicals and used without further puri-
fication. Zinc trifluoromethanesulfonate (Zn(CF3SO3)2/ZnOTF)
was procured from Sigma-Aldrich. Nafion 212 and Grafoil
sheets were supplied by Du Pont, USA, and Global Nanotech,
respectively. The solvent acetonitrile (ACN) used for electrolyte
preparation was purchased from Thomas Baker.

Fabrication of electrodes

For preparing the electrodes, first, 4 mg of NTCDA and 1 mg of
conducting additive (carbon nanofibre, CNF) (80 : 20 weight
ratio) were dispersed in 250 μl of water–isopropanol (2 : 1)
mixture and 10 μl of 5 wt% Nafion solution (DuPont). A
required amount of the dispersion was spread over a 1.0 cm2

area of Grafoil, and the coated electrodes were dried at 60 °C.
The loading of the electrodes was maintained as 1 mg cm−2.
The MnO2 electrode with a mass-loading of 1 mg cm−2 was
prepared by the electrodeposition of MnO2 over a Toray carbon
fibre paper following our previous report.16

Fabrication of electrochemical cells

All of the electrochemical cells were fabricated in a CR2032
coin cell assembly. The NTCDA||Zn half-cells were assembled
using a piece of Zn foil (area 1.0 cm2) and an NTCDA-coated
Grafoil (1.0 mg cm−2) as the negative and positive electrodes,
respectively. A Nafion 212 membrane soaked in an aqueous
solution of 1 M ZnOTF electrolyte (1 M ZnOTF/Aq.) was used
as a separator. This cell was marked as NTCDA||Zn–(N), where
‘N’ stands for the nearly neutral electrolyte (pH ≈4) used for
cell fabrication. For comparison, the NTCDA electrode was
also tested in 0.01 M H2SO4 (pH ≈1.7) and 0.5 M ZnOTF/ACN
electrolyte, and the coin-cells were labeled as NTCDA||Zn–(A)
and NTCDA||Zn–(O), respectively; here, the letters ‘A’ and ‘O’
stand for acidic and organic electrolytes, respectively. The
electrochemical performance of MnO2 was also tested in
a similar way using MnO2 (1.0 mg cm−2) as the positive
electrode and Zn foil as the negative electrode separated by the
Nafion membrane pre-soaked with the 1 M ZnOTF/Aq. electro-
lyte. The corresponding electrochemical cell was marked as
MnO2||Zn–(N).

The three-electrode characterizations of the NTCDA elec-
trode in 0.01 M H2SO4 and 0.1 M ZnOTF/Aq. were carried out
using NTCDA coated Grafoil as the working electrode, Pt mesh
as the counter electrode, and Hg/Hg2SO4 as the reference elec-
trode. Similarly, the electrodeposited MnO2 electrode was also
tested in 0.005 M H2SO4 (pH ≈2) and 0.1 M ZnOTF/Aq. electro-
lyte in the three-electrode cell assembly. Here, a low concen-
tration of the H2SO4 electrolyte was used to ensure minimum
dissolution of MnO2 in the acid solution.

For the fabrication of a ZIB full-cell, the loading of the
NTCDA anode and MnO2 cathode was calculated from the fol-
lowing equation:

Mcathode=Manode ¼ Qanode=Qcathode… ð1Þ

where ‘M’ and ‘Q’ represent the mass-loading and the specific
capacity of the electrode materials, respectively.17 Here, the
specific capacity values of the respective electrodes are
measured at a current rate of 0.1 A g−1 from the half-cell study
(NTCDA||Zn–(N) and MnO2||Zn–(N) cells) with an electrode
material mass-loading of 1 mg cm−2.

MMnO2=MNTCDA ¼ 143 mA h g�1=281 mA h g�1 ¼ 1=1:9… ð2Þ

Comparing the capacity of the electrode materials, the ratio
of NTCDA : MnO2 was taken as ca. 2 : 1 (eqn (2)). Before assem-
bling the full-cell, the MnO2 electrode was activated by electro-
chemical cycling for two discharge cycles at a current rate of
0.5 A g−1 in a two-electrode cell configuration, taking MnO2 as
the positive electrode and Zn as the negative electrode in the
aqueous 1 M ZnOTF/Aq. electrolyte. After that, the MnO2 elec-
trode was recovered carefully and paired with the NTCDA elec-
trode for assembling the MnO2||NTCDA full-cell using the 1 M
ZnOTF/Aq. electrolyte. For calculating the specific capacity of
the full-cell, the total capacity was normalized with respect to
the cumulative mass-loading of the NTCDA anode (2 mg cm−2)
and MnO2 cathode (1 mg cm−2).
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Electrochemical measurements

All of the electrochemical measurements were recorded using
a Biologic VMP3 instrument. The cyclic voltammetry (CV) ana-
lysis of the NTCDA||Zn–(N) half-cell was carried out at scan
rates of 0.1, 0.3, 0.5, and 1 mV s−1. The galvanostatic charge–
discharge (GCD) data were collected at 0.1, 0.25, 0.5, 1, and 2 A
g−1 current rates. The current rates and capacity values of the
half-cell study are reported considering the mass-loading of
the working electrode alone. The NTCDA||MnO2 full-cell was
also characterized with CV (at 5 mV s−1) and GCD (0.17, 0.33,
0.67, and 1.0 A gtotal

−1; the current rates were normalized with
respect to the total mass-loading of both electrodes). The GCD
data of the MnO2||Zn–(N) half-cell was recorded at various
current rates (0.1, 0.25, 0.5, and 1 A g−1) using a Neware
battery tester instrument.

Material characterization

A Nova Nano SEM 450 field emission scanning electron micro-
scope (FESEM) and a Quanta 200-3D FEI scanning electron
microscope (SEM) were used for investigating the morphology
of the samples. The elemental composition was investigated
through an energy dispersive X-ray spectroscopy (EDAX) ana-
lysis. The EDAX elemental mapping was carried out using an
ESEM-Quanta 200-3D instrument. X-ray diffraction (XRD) ana-
lysis was performed using a Rigaku, MicroMax-007HF with a
high-intensity Microfocus rotating anode X-ray generator (Cu
Kα (α = 1.54 Å). The XPS data were collected using a Thermo
Scientific K-Alpha+ instrument. The Fourier transform infrared
(FTIR) analysis was performed using a Bruker Tensor 27 FTIR
instrument.

Results and discussion

The crystal structure information of the commercial NTCDA is
given in Table S1.† The XRD pattern (Fig. S1a†) of the commer-
cial NTCDA indicates the crystalline nature of the sample. The
FESEM image (Fig. S1b and c†) of the material shows an irre-
gular rod-like morphology. The FTIR data of commercial
NTCDA (Fig. S1d†) display a strong peak at 1790 cm−1 corres-
ponding to the CvO bond vibration of the anhydride moiety.

At first, the electrochemical performance of NTCDA is evalu-
ated in 1 M ZnOTF/Aq. electrolyte in the NTCDA||Zn–(N) half-
cell. As shown in Fig. 1a, the CV profiles of the cell at different
scan rates exhibit two pairs of reversible redox peaks. At a scan
rate of 1 mV s−1, the cathodic peaks appear at 0.45 and 0.31 V
vs. Zn|Zn2+ and the anodic peaks at 0.59 and 0.85 V vs. Zn|
Zn2+. By comparing the first and second CV cycles at the same
scan rate (1 mV s−1), a slight drop in the current response is
observed (Fig. S2a†), showing the irreversible capacity loss
during the cycling.

The charge/discharge capacity of NTCDA is obtained from
the GCD experiment. Fig. S2b† represents the GCD plots
recorded at a current rate of 0.1 A g−1, showing the initial
capacity. The charge and discharge plateaus in the GCD curves
(Fig. S2b† and Fig. 1b) are consistent with the redox peaks
present in the CV profile (Fig. 1a), suggesting multi-step redox
reactions. As shown in Fig. S2b,† in the first discharge, NTCDA
delivers a high discharge capacity of 197 mA h g−1. However, a
slight drop in the capacity is observed in the subsequent
cycles, resulting in the discharge capacities of 157 and 143 mA
h g−1 in the 2nd and 3rd discharge, respectively. The capacity
loss observed during the initial cycles could be caused by the
slight irreversibility in the discharging and charging processes
due to the trapping of ions into the NTCDA matrix which
cannot travel back to the electrolyte during the reverse scan.
The GCD plots at different current rates (Fig. 1b) display that
NTCDA could deliver specific discharge capacities of 112, 89,
70, and 47 mA h g−1 at 0.25, 0.5, 1, and 2 A g−1, respectively.

The multi-plateau characteristic of the NTCDA||Zn–(N) cell
could originate from the insertion of both the H+ and Zn2+

ions into the NTCDA host assisted by the redox active CvO
groups present in it. It is known that the Zn2+-based aqueous
electrolyte inevitably contains protons (H+) that could take part
in the electrochemical processes.18 To prove and understand
the possible contribution from water and proton towards the
charge/discharge capacity of NTCDA, the electrochemical
characterization of NTCDA is investigated in 0.01 M H2SO4

(NTCDA||Zn–(A)) and 0.5 M ZnOTF/ACN (NTCDA||Zn–(O)) elec-
trolytes. In aprotic organic electrolytes (0.5 M ZnOTF/ACN), the
NTCDA electrode shows only one pair of oxidation and
reduction peaks (Fig. S3a†), delivering a specific discharge

Fig. 1 (a) CV profiles recorded at various scan rates and (b) GCD profiles recorded at various current rates of the NTCDA||Zn–(N) cell.
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capacity of 66 mA h g−1 (Fig. S3b†). The reduction peak of
NTCDA (onset potential of 0.47 V vs. Zn|Zn2+) in an aprotic
electrolyte (Fig. S3a†) appears close to the low-voltage
reduction peak (an onset potential of 0.40 V vs. Zn|Zn2+) in 1
M ZnOTF/Aq. (Fig. 1a). This resemblance suggests that the
coordination of Zn2+ with the reduced CvO groups takes place
at a lower potential region (vs. Zn|Zn2+) in a Zn2+ conducting
electrolyte.19,20

However, the CV feature of NTCDA in H2SO4 electrolyte
(Fig. S4a†) shows two distinct reduction peaks (onset poten-
tials of 0.40 V and 0.65 V vs. Zn|Zn2+). These two peaks indi-
cate the plausible interaction of the CvO groups with H+ and
Zn2+ in the successive steps (Fig. S4b†). In the acidic electro-
lyte, during the 1st discharge of the NTCDA||Zn–(A) cell, the
metallic Zn anode may dissolve in the electrolyte as Zn2+.
Therefore, the dissolved Zn2+ ions in the electrolyte can diffuse
into NTCDA and interact with the CvO groups during electro-
chemical cycling. To confirm the presence of Zn2+, the NTCDA
electrode was collected at the discharged state of the NTCDA||
Zn–(A) cell and characterized by XPS analysis. As shown in the
survey spectra (Fig. S5†), the NTCDA electrode in 0.01 M H2SO4

electrolyte displays an intense Zn 2p XPS peak similar to the
other two electrodes in ZnOTF/ACN and ZnOTF/Aq. electrolytes
in the discharged state. Hence, the XPS data support the Zn
corrosion in H2SO4 electrolyte, which justifies the involvement
of both H+ and Zn2+ charge carriers in the faradaic reactions
leading to the origin of the two reduction peaks as appeared in
the CV profile of the NTCDA||Zn–(A) cell.

To further confirm the H+ association with NTCDA, a CV
analysis was carried out in a standard three-electrode cell in
0.01 M H2SO4 electrolyte using a Pt mesh as the counter elec-
trode and Hg/Hg2SO4 as the reference electrode. As displayed
in Fig. 2a, NTCDA exhibits a single reduction peak at an onset

potential of −0.84 V vs. Hg/Hg2SO4. It must be noted that the
aforementioned three-electrode cell does not contain Zn, and
H+ is the only positive charge carrier present in the electrolyte.
Hence, the obtained redox peaks in the CV profile (Fig. 2a)
indeed originate from the H+ uptake by the CvO groups of
NTCDA. Interestingly, when the electrolyte is switched to 0.1 M
ZnOTF/Aq. (Fig. 2b), the reduction peak at a higher voltage
(onset potential −0.75 V vs. Hg/Hg2SO4) is retained followed by
the appearance of an additional peak at a lower voltage (onset
potential −1.0 V vs. Hg/Hg2SO4). Based on the aforementioned
observations, the reduction process of NTCDA in a ZnOTF/Aq.
electrolyte is divided into two steps: the first step at a higher
voltage region mainly involves H+ coordination, whereas Zn2+

coordination is predominant in the second step (Fig. 3a).
Therefore, the above discussion clearly points out that both
the Zn2+ and H+ storage significantly contribute to the total
capacity obtained by the NTCDA electrode in the ZnOTF/Aq.
electrolyte.

The long-term cycling stability of the NTCDA||Zn–(N) cell is
recorded at a 2 A g−1 current rate. As shown in Fig. 3b, the cell
shows a performance drop in the initial cycles reaching a dis-
charge capacity of 24 mA h g−1. In the following cycles, the
capacity of the cell is found to increase gradually, delivering an
average capacity of 30 mA h g−1 after 150 cycles. The observed
increment in the capacity could be due to the electrochemical
activation of NTCDA with cycling. Moreover, the same perform-
ance is almost maintained for over 300 charge/discharge
cycles. The gradual capacity loss of NTCDA could be due to the
hydrolysis of anhydride groups in aqueous electrolyte (pH
≈4).21

To understand the charge storage mechanism of NTCDA,
we have recovered the electrodes from the NTCDA||Zn–(N) cell
at the completely discharged (to 0.3 V vs. Zn|Zn2+) and
charged (to 1.4 V vs. Zn|Zn2+) states. After recovering from the
respective cells, the electrodes are carefully washed with water
to remove the ZnOTF electrolyte salt from the electrode
surface. The FTIR data (Fig. 4a) of the original electrode and
that of the recovered electrodes from the discharged and
charged cells were compared. In the pristine electrode, the
strong peak at 1780 cm−1 corresponds to the anhydride func-
tional group present in the NTCDA molecule.22 Upon the
first discharge, we did not observe any significant change in
the anhydride peak. However, a new peak at 1362 cm−1

appeared, which is attributed to the formation of enolate
(C–O−) from the carbonyl group (CvO) of the anhydride
functionalities.21,23 Additionally, a few other peaks at 1260,
1182, 772, and 647 cm−1 were found to evolve after the dis-
charge. These additional peaks indicate the structural changes
that occurred due to the interaction of NTCDA with the H+/
Zn2+ ions. Moreover, the intensity of the peaks mentioned
above diminishes upon complete charging, which confirms
the reversibility of the electrochemical reactions occurring at
the electrode.

Later, the NTCDA electrodes (original and recovered electro-
des from the charged and discharged cells) were subjected to
elemental mapping analysis and SEM imaging. Fig. S6† dis-

Fig. 2 CV profiles for NTCDA electrode characterized in a three-elec-
trode cell with respect to a Hg/Hg2SO4 reference electrode in (a) 0.01 M
H2SO4 and (b) 0.1 M ZnOTF/Aq. electrolytes.
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plays the presence of C, O, and Zn in both the discharged and
charged electrodes; however, the Zn content is found to be sig-
nificantly higher in the former. The elemental compositions of
the original and cycled electrodes obtained from the EDAX
analysis (Table S2†) also show the higher content of Zn in the
discharged electrode compared to that of the charged elec-
trode. The presence of Zn in the charged electrode could be
the result of the irreversibly consumed Zn2+ by the NTCDA
electrode, which results in capacity loss during the first char-
ging cycle (Fig. S2a and b†).

A significant change in the electrode morphology is also
observed upon Zn2+-insertion and extraction. The original elec-
trode (Fig. 4b) consists of micrometer-size block-like particles
along with carbon nanofiber strands, which are used as the
conducting additives for improving the electronic conductivity.
Upon full discharge (Fig. 4c and Fig. S7a, b†), the particle mor-
phology converts to small granules. Interestingly, after com-
plete charging (Fig. 4d and Fig. S7c, d†), the morphology of
the electrode does not return to the original state. Instead, a

non-uniform morphology is observed in the charged state con-
taining aggregated nanosheets along with irregularly shaped
particles. The remarkable morphological evolution of NTCDA
at the discharge and charge states associates with the phase
transition is evident from the sharp redox peak in the CV
profile as well as the well-defined plateaus in the GCD curves
of the NTCDA||Zn–(N) cell. A similar morphological change is
also reported with other organic electrode materials (such as
p-chloranil) for ZMBs.12 However, further studies are required
to understand the underlying mechanism for the observed
structural changes in the NTCDA electrode.

The structural and morphological changes occurring in the
electrode material after the cycling stability test are studied.
From the XRD profiles of the original and cycled electrodes
(Fig. S8a–e†), it is observed that some peaks match with that of
the original electrode, as indicated in Fig. S8d and e.† Besides,
the XRD data of the cycled electrode contain several new peaks
with good intensities, which could be related to the structural
changes associated with the electrode material and the residual
electrolyte salt trapped in the electrode. The morphological evol-
ution of the NTCDA electrode after the cycling is further evident
from the SEM images shown in Fig. S9a and b.† Compared to
the original NTCDA electrode possessing an irregular block-like
morphology (Fig. 4b), the cycled electrode is observed to exhibit
an aggregated nanosheet-like morphology, which resembles
that of the charged electrode (Fig. 4d).

The performance of NTCDA as the insertion anode in the
full-cell is investigated by pairing it with the electrodeposited
MnO2 cathode. We have chosen MnO2 as the cathode because
of its high average voltage and adequate capacity. The specific
discharge capacity of the MnO2||Zn–(N) half-cell is obtained
from the GCD analysis, and the related plots are shown in
Fig. S10.† Besides, the MnO2 electrode was also characterized
in a three-electrode cell assembly (Fig. S11†) using 0.005 M
H2SO4 and 0.1 M ZnOTF/Aq. as the electrolytes. The broad
redox peaks in the cathodic and anodic CV scans suggest the
redox-assisted H+ storage/release in the MnO2 electrode in the
0.005 M H2SO4 electrolyte. On the other hand, the CV data
taken in the 0.1 M ZnOTF/Aq. electrolyte show more distinct
oxidation and reduction peaks associated with the insertion/
extraction of Zn2+ and H+ ions. Moreover, several earlier
reports on the MnO2 cathode have also confirmed the charge

Fig. 3 (a) GCD plot for the NTCDA||Zn–(N) cell (at 0.1 A g−1 current rate) showing the potential region for predominant Zn2+ and/or H+ coordination
with NTCDA and (b) cycling stability data measured at a current rate of 2 A g−1 for the NTCDA||Zn–(N) cell.

Fig. 4 (a) FTIR data of the NTCDA electrodes at the original state and
after recovering from the NTCDA||Zn–(N) cells at discharged and
charged states; SEM image of NTCDA electrodes at (b) the original state
and after recovery from the NTCDA||Zn–(N) cell at (c) the discharge and
(d) charge states.
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storage behavior in the Zn2+-conducting aqueous electrolytes
involve co-insertion of Zn2+ and H+ ions.24–26

Later the MnO2||NTCDA full-cell was assembled, and the
cell is schematically presented in Fig. 5a. The MnO2||NTCDA
ZIB full-cell facilitated by the Zn2+ and H+ insertion at both the
anode and cathode (as discussed in the previous sections) can
be called a Zn2+/H+ hybrid battery (or zinc–proton hybrid
ion battery). The CV profile of the MnO2||NTCDA full-cell is
shown in Fig. 5b, which displays the reversible redox processes
occurring in the cell during the cathodic and anodic scans.
The GCD profiles recorded at various current rates are given in
Fig. 5c. The full-cell delivers the discharge capacities of 41, 33,
25, and 20 mA h gtotal

−1 at the current rates of 0.17, 0.33, 0.67,
and 1.0 A gtotal

−1, respectively. The term ‘total’ in the units of
capacity and current rates represents the cumulative mass-
loading in both the positive and negative electrodes. The
maximum energy density obtained for the full-cell is 32 W h
kgtotal

−1. For a better understanding of the average voltage of
the full-cell, the GCD profiles of the MnO2||NTCDA, MnO2||
Zn–(N), and NTCDA||Zn–(N) cells are summarized in
Fig. S12.† As shown in the figure, the MnO2 and NTCDA elec-
trodes display an average voltage of 1.35 V and 0.46 V vs. Zn|
Zn2+, respectively. When NTCDA is paired with the MnO2

cathode, the resulting full-cell shows an average voltage of 0.80
V (Fig. S12 and S13†). The cycling stability of the full-cell is
investigated at a current rate of 0.33 A gtotal

−1. Fig. 5d shows
that the MnO2||NTCDA cell exhibits capacity fading in the first
few cycles reaching a capacity of 22 mA h gtotal

−1 at the 5th

cycle. In the following cycles, the drop in the capacity value is
found to be reduced, resulting in a capacity retention of 15 mA
h gtotal

−1 over 100 cycles. Moreover, the overall performance of
the full-cell is also comparable to some of the previously
reported ZIB full-cells (Table S3†).11,27–30 Therefore, the re-
placement of metallic Zn with an NTCDA anode shows a new

direction toward developing aqueous rechargeable batteries
based on Zn-ion chemistry.

Conclusions

This work demonstrates that NTCDA exhibits adequate
capacity (143 mA h g−1) and cycling stability in aqueous 1 M
ZnOTF/Aq. electrolyte. The electrochemical characterization
studies reveal that both Zn2+ and H+ present in aqueous elec-
trolytes contribute to the charge storage performance of
NTCDA. The suitable low-voltage plateau (vs. Zn|Zn2+) of
NTCDA allows its use as an anode material in combination
with the MnO2 cathode for assembling a zinc–proton hybrid
ion battery full-cell (MnO2||NTCDA). The prototype full-cell
delivers a 41 mA h gtotal

−1 initial capacity with an average
voltage of 0.80 V higher than that of the NTCDA||Zn–(N) half-
cell. Ultimately, in contrast to the previously reported in-
organic materials, this work provides new insights into the
designing of insertion anodes based on the environment-
friendly organic molecules for aqueous ‘rocking chair’ ZIBs.
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