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ABSTRACT 

The great pressure on environment pollution and limited fossil fuel energy call 

for a clean, sustainable, and renewable energy supply, where energy storage systems 

maximum its energy utilization efficiency. Among the extensive family of energy 

storage systems, rechargeable zinc (Zn) batteries emerge as an extremely safe and 

low-cost choice, especially in comparison with the current rechargeable lithium-ion 

batteries. The advantages of rechargeable Zn batteries lie in the high abundance of Zn 

element, accessible to aqueous electrolyte and safe operation. However, since its 

initial research on 18th century, the progress on Zn anode reversibility, Zn dendrite 

manipulation and its short lifespan remain sluggish. In this thesis, we contribute to 

reveal the Zn battery failure mechanism and propose an effective electrolyte solvation 

structure regulation strategy to enhance Zn anode stability.   

The major concern lies in the thermodynamic instability of Zn metal anode in 

aqueous environment. The free water molecular in bulk electrolyte and the electric 

double layer would corrode Zn anode during static and electrochemical working 

period. The strong water activity, especially the released water molecular from the 

de-solvation process, where happened in electric double layer region prior to final 

redox reaction process, would significantly cause the Zn anode morphology change, 

surface passivation and poor reversibility. One effective approach is developing 

highly concentrated aqueous electrolyte to coordinate most of water molecular and 

eliminate the fraction of free water molecular. However, this strategy would 

simultaneously cause burden in cost and physical property in saturated electrolyte. 

Inspired by renowned application of metal-organic frameworks (MOFs) for gas and 

solution separation, herein, we demonstrated MOF as ionic sieve coating/membrane 



University of Tsukuba                                                             Doctoral Thesis 

II 
 

for tailoring the electrolyte solvation structure.  

Firstly, we thoroughly studied the Zn metal degradation mechanism from the 

perspective of water passivation. Based on the general knowledge on electrolyte 

solvation structure, we proposed a zeolitic imidazolate (ZIF-7) coating on Zn anode 

surface to shield the attack of water molecular. As a front surface layer, the small pore 

size distribution (2.94 Å) can effectively block the directional migration of large 

ion-pairs under the electric field and then completed a partial de-solvation process in 

the interface of ZIF-7 layer. Raman spectra revealed a highly coordinated ion-pairs 

and suppressed water activity, which indicates a super-concentrated electrolyte 

solvation structure on Zn anode front surface. Benefitting the ZIF-7 front layer, the 

reversibility of Zn metal is significantly enhanced owing to round-edged 

electrodeposit morphology and neat surface without considerable side-products. In 

aspect of electrochemical behaviors, the ZIF-7 protected Zn anode enables the 

progress of symmetric cell lifespan to 3000 hours at 0.5 mA cm-2/0.5 mAh cm-2 and a 

high cyclic stability over 600 cycles for Zn-MnO2 battery with capacity retention of 

88.9%. This approach was proved effective, and the concept can be probably 

extended to other types of metal-ion battery, not just in plating/stripping process of 

metal anode, but also for electrode reversibility.  

To resolve the poor behaviors of high-current density of Zn anode and 

fast-charging Zn battery, we developed a multifunctional MOF membrane for Zn-I2 

battery. The highly efficient redox couples of Zn/Zn2+ and triiodide/iodide (I3
-/I-) in 

aqueous electrolyte has a prospect for scale-up application because of their high 

element abundance. Moreover, the liquid-liquid conversion mechanism also favors 

fast-charging. However, this promising system faced severe bottlenecks such as 

shuttle effect of soluble iodine species, poor Zn anode reversibility and their complex 

interplay on Zn anode surface. In this thesis, we contribute to reveal the interplay 
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between diffused iodine species with Zn anode surface in aqueous electrolyte 

environment by Raman and micro-IR spectroscopy characterizations. Our proposed 

functional Zn-BTC (Zn3(BTC)2) membrane, not only resolved the free migration of 

iodine species (negative electrode), but also favors Zn anode stability (positive 

electrode). Based on the synergistic effect on both iodine negative and Zn positive 

electrodes, our proposed rechargeable Zn-I2 with Zn-BTC membrane significantly 

improved the cyclic life to 6000 cycles under high current density (1920 mA g-1) and 

high cell reversibility with a high average Coulombic efficiency over 99.65%. Our 

study carried out a systematical analysis on battery degradation mechanism and 

proposed an efficient strategy to resolve these shortcomings.  

Our original findings highlight the negative role of strong water activity for Zn 

anode degradation mechanism and contribute to a MOF coating/membrane strategy to 

resolve the related concerns. We believe that the comprehensive study in this 

dissertation would enlighten more insight and discovery in future better Zn batteries.  
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Chapter 1. General introduction 

1.1 Shift from fossil fuel energy to renewable energy 

The employment of fossil fuel energy greatly improved the productivity, 

economic development, and people life.1-2 A wide spectrum of machine based on 

fossil fuel energy such as vehicle, aircraft and ships have been invented and utilized.3 

Even nowadays, fossil fuel energy remains a critical role in various industries and our 

daily life. However, the global increase in the use of and reliance on fossil fuel energy 

accelerated the consumption and triggered the energy crisis (Figure 1.1). First, the 

limited storage of fossil fuel energy is estimated to be incapable to satisfy the 

requirement of current industry development.4 Moreover, as a natural wealth, the 

uneven distribution of fossil fuel energy would easily induce military conflict, which 

remains one of the greatest threats for people life.5 Most importantly, the extensive 

consumption of fossil fuel energy causes serious environmental pollution in land, air, 

and lake, which cannot be overlooked nowadays. Thus, people anticipate a sustainable, 

durable, green, and cost-effective renewable energy to replace the fossil fuel energy. 

Among them, renewable energy such as solar, wind and biomass were considered as 

one of the most promising candidates.6 

In consideration of the difficulty of directly powering electric devices by 

renewable energy, how to develop efficient energy storage became one of the most 

challenging problems. Figure 1.2 shows the multi-function of energy storage system 

to equip with the renewable energy.7 First of all, most of renewable energy can be 

stored in power station and transported to factories, office buildings, commercial 

facilities and homes. In detail, static energy storage devices play a vital role in 

alleviating the burden of powerhouse. Therefore, this part has higher demand in cost, 
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safety, and service life, but less interest in high-energy-density. Other mobile energy 

storage devices, which employ in electric vehicles and portable electronic devices 

urge a high-energy-density system for long-term use. Especially, the development of 

electric vehicles from previous gasoline vehicles significantly enlarged the market of 

energy storage systems. In all, the development of energy storage devices become the 

hotspot in the related field and require a good integration from the perspective of 

energy, chemistry, materials, and engineering.8-10  

 

Figure 1.1 The extensive utilization of fossil fuel energy triggered the energy crisis 

owing to the limited storage, and environmental concerns. Pictures are harvested from 

https://theconversation.com/co-shortage-why-cant-we-just-pull-carbon-dioxide-out-of

-the-air-99255(July.2018);https://sustainablejapan.jp/2019/09/26/uniting-behind-the-s

cience-to-step-up-ambition-by-2020/42530;https://www.harmees.com/articles/view/5

01314.html(Sept.2019);https://www.assignmentpoint.com/business/economics/energy

-crisis-definition-causes.html. 
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Figure 1.2 The development of energy storage systems can maximum the energy 

utilization efficiency. Picture is harvested from 

https://tr.nec.com/en_TR/global/environment/energy/nec_aes/index.html.   

1.2 Energy storage systems: batteries and applications 

Energy storage systems function as the carrier for better energy transmission and 

distribution. The emergence and application of energy storage systems greatly 

reshaped people life.11 Among them, rechargeable batteries have several 

overwhelming advantages in terms of high-energy-density and long cyclic life. With 

the continuous development in materials and electrolytes, more and more types of 

rechargeable batteries were invented and applied. Rechargeable battery generally 

consists of two electrode materials to reversibly store ion, electrolyte for ion transport 

and separator for avoiding short-circuit. One of the most representative is lithium-ion 

battery, which has been widely employed in our daily life. LIB system generally 

consists of electrode materials to store lithium ion (Li+), electrolyte for Li+ transport 

and separator for avoiding short-circuit.12-13 Herein, I give a brief introduction of LIB 

including its development and application. The rapid development of LIB was 

dependent on a series of important invention of graphite anode and lithium 

transitional metal oxide cathodes, discovery of ethylene carbonate-based (EC) 



University of Tsukuba                                                             Doctoral Thesis 

4 
 

carbonate ester electrolytes.14 After significant progress on optimizations, LIB was 

commercialized and dominated lots of market in energy storage field.15-17 As shown 

in Figure 1.3, LIB power most of 3C portable electronic (computer, mobile phone 

and digital camera), electric vehicle, and some special purpose (aerospace and 

military). However, the extensive employment of LIB nowadays induced some 

concerns. First of all, LIB confronted severe safety concerns because of the extreme 

flammable organic electrolyte and reactive oxygen release from the cathodes.18 The 

great number of reports about catching fire or explosion from electric vehicles caused 

panic among users. Moreover, the significant dependence on mineral resources, 

especially expensive cobalt and lithium triggered the price increase.19 Therefore, the 

research shift to more safe and cost-effective battery system become the hotspot for 

researchers all over the world.  

 

Figure 1.3 Basic property of lithium element and the application of lithium-ion 

battery electronic devices. Pictures are harvested from 

https://www.wikihow.com/Choose-a-Mobile-Phone-Battery(May.2021);https://www.

phoneworld.com.pk/morris-garage-is-ready-to-launch-first-ever-ev-in-pakistan-by-20

21/(June.2020);https://www.nasa.gov/mission_pages/phoenix/main/index.html(Aug.2

008).  

As one of the eldest batteries, zinc (Zn) battery also has a dominant market in 

energy field, especially in primary battery (Figure 1.4).20 The normal operation of Zn 

battery involves the migration of Zn ion (Zn2+) in the bulk electrolyte and redox 

reaction in positive electrode, and plating/stripping process on Zn anode. However, 
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the uncontrollable Zn dendrite growth made it unsatisfactory cyclic life.21-23 Most of 

application of Zn battery are still stopped at primary battery. Primary battery means 

one-time use without recharging, which is different from secondary battery with 

repeated charging and discharging process. Primary battery is designed and used for 

an extensive requirement in portable electronic devices and some household 

appliances. The dominated (90%) market of primary batteries nowadays caused 

severe environmental concerns owing to the frequent discards of primary battery. The 

most typical primary Zn battery is a dry cell which offers a direct electric current from 

the controlled reaction from Zn anode and manganese dioxide (MnO2). The 

employment of alkaline gel electrolyte prevents the leakage of electrolyte. The cell 

composes of a carbon rod for electron transport from MnO2 electrode, which gives it 

name of Zn-carbon battery. The cell provides about 1.5 volts (V) which can satisfy 

most of electronic devices after more cells connected in series or in parallel. Recently, 

the research based on Zn flow battery also arises considerable interests owing to its 

safety and low-cost. Zn flow battery based on aqueous electrolyte involved a 

plating/stripping process on Zn negative electrode and a redox reaction in positive 

electrolyte such as chlorine, bromine, and iodine couples in aqueous electrolyte. The 

flow electrolyte not only greatly addressed the concern of Zn dendrite growth, but 

also favors the reaction kinetics of positive electrodes. Based on safe aqueous 

electrolytes, we can participate its bright future with continuous progress in both 

scientific and engineering aspect. Moreover, Zn battery can also satisfy some flexible 

purposes. In all, the development of promising Zn battery can benefit the efficiency of 

people life.24  
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Figure 1.4 Basic property of Zn element and the application of Zn battery in primary 

dry cell, flow battery and flexible purpose. Pictures are harvested from 

https://www.electroniclinic.com/what-is-battery-types-of-battery-primary-and-second

ary-cells/(Mar.2020);https://www.sciencemag.org/news/2018/10/new-generation-flow

-batteries-could-eventually-sustain-grid-powered-sun-and-wind(Oct.2018);http://ww

w.yhcl2016.com/xinwenzixun/9.html.  

1.3 History of Zn battery from primary to secondary 

Before in-depth research on Zn battery, we have to well acquainted with the 

development history and its study direction (Figure 1.5). The first electrical battery in 

people life can be dated back to the invention of voltaic pile in 1799.25 The voltaic 

pile was stacked by Zn foil (negative electrode) and copper foil (positive electrode), 

which were separated by cloth absorbing with brine solution (electrolyte). Since that, 

researchers gradually developed lots of concepts to describe the electrochemistry, 

such as water electrolysis into oxygen (O2) and hydrogen (H2) and the discovery of 

reactive metals (sodium, potassium, and calcium, etc.). Then, the Daniell cell was 

invented by changing the electrolyte into copper (II) sulfate (CuSO4) solution by 

mitigating hydrogen evolution in voltaic pile.26 Daniell cell can deliver ca. 1.10 volt 

(V) based on the redox couples of Zn and Cu in CuSO4 electrolyte. Owing to the 

reliable performance, Daniell cell was widely employed in telegraph networks prior to 

the invention of Leclanché cell in 1868.27  
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The Leclanché cell soon dominated battery market because of its widespread 

application in portable electronics. The cell design replaced the electrolyte into 

ammonium chloride (NH4Cl) solution, and positive electrode into MnO2. The 

extensive application in small electronic devices not only made it more mature, but 

also became the forerunner of the famous Zn-carbon cell. The Zn-carbon cell was 

modified by zinc chloride (ZnCl2) addition into electrolyte, which enabled a working 

platform increasing from 1.4 to 1.5 V. After that, the modified Zn-MnO2 cell in 

alkaline electrolyte based on Leclanché cell was developed. Because of no liquid 

electrolyte, the dry cell avoided electrolyte spilling and then achieved great 

commercial success.28  

 

Figure 1.5 History of Zn battery from primary to rechargeable.  

Besides the cell based on MnO2 cathode, other types of primary cells were still 

under development. For example, Zn-Ni cell composed of Zn plate, NiOOH cathode 

and alkaline electrolyte and contributed a high voltage of 1.6 V.29 Since its 

development in 1899, the application of Zn-Ni cell has exceeded over 100 years and 

was expected as a competitive alternative compared with lead-acid batteries or 

nickel-cadmium batteries. However, one of the major concerns lies in the severe 

self-discharge rate of Zn-Ni cell and poor reversibility of Zn metal anode. After that, 
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primary silver-oxide battery was invented, which used silver oxide as cathode and Zn 

as anode. Because of its constant nominal voltage, Zn-Ag primary cell obtained large 

market and commercial success.  

Even up to now, the dry cell and Zn-Ag cell still serves in our daily life.30 To 

reduce the dependence on resource, researchers try to develop a high-efficient 

rechargeable batteries and concentrates on the poor reversibility of Zn metal. 

Compared with conventional alkaline electrolyte, most of neutral aqueous electrolyte 

has a dynamic stability with Zn metal and provides a choice for reversible Zn 

plating/stripping.31 Then, most of rechargeable Zn batteries with advanced aqueous 

electrolytes were proposed and developed. However, the major concerns of dendrite 

growth and severe hydrogen evolution reaction remain challenges for future 

researchers. We anticipate the final development of a better Zn battery with long 

lifespan, high-energy-density, and high security (Figure 1.5).32-38  

1.4 Advantages of Zn ion battery 

After the introduction of brief history of Zn battery development, here I would 

like to highlight the motivation of research on Zn battery. Firstly, Zn metal anode has 

a very high specific capacity based on volume because of its high metal density. On 

the contrary, the representative reactive metals have attractive high specific capacities 

based on mass (Figure 1.6a).39 The development of Zn batteries favors the devices 

with high demands on volumetric energy density. Secondly, Zn metal operation is 

very convenient in the air environment owing to its stable property (Figure 1.6b).40 

Compared with alkaline metals, the air-stable property enables it convenient operation 

in the air ambient. Moreover, when it paired with aqueous electrolyte, the Zn battery 

becomes a highly safe system (Figure 1.6c). In comparison, reactive metals such as 

lithium and sodium were highly sensitive to air environment, facing severe safety 
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issues in practical applications. Lastly, Zn metal is also very cheap and suitable for 

large-scale operation (Figure 1.6d).41  

 

Figure 1.6 Advantages of Zn ion battery. (a) High specific capacity based on volume. 

(b) Stable property in the air. (c) Safe operation in aqueous electrolyte. (d) Low-cost 

of Zn metal. Picture in (b) is from 

https://www.okchem.com/product/al_powder-coated-galvanized-mild-steel-plate_608

14268397_11386711.html.    

1.5 The problems of Zn batteries: electrolyte issue 

However, the development of Zn batteries confronted significant problems, 

mainly attributed to electrolytes. The metal anodes involved severe side-reaction with 

electrolytes, leaving side-product accumulation and inhomogeneous metal deposition. 

The enlarged over-potential of electrodes would degrade cell performance. Reactive 

metal anodes such as lithium, sodium, magnesium, and aluminum cannot survived in 

typical aqueous electrolyte and involved severe hydrogen evolution reaction. 
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Fortunately, our research target, Zn metal anode survived in the aqueous electrolyte 

owing to its moderate operation potential, -0.76 V versus standard hydrogen electrode. 

The employment of aqueous electrolyte made it an extremely safe choice for energy 

storage devices. Moreover, aqueous electrolyte also benefits the Zn battery system a 

low-cost and green choice. However, its long-term plating/stripping Zn metal anode 

in rechargeable batteries faced negative issues of side-reaction and Zn dendrite 

growth. The Zn battery study required scientific understating on the failure 

mechanism and effective strategy to resolve these problems. 

Herein, I would like to clearly illustrate the failure mechanism of Zn metal anode 

in different types of electrolytes. Firstly, the acid electrolyte was not suitable for 

long-term working of Zn metal anode owing to its fast hydrogen evolution42 (Figure 

1.7a). In fact, most efforts in previous study were paid on alkaline electrolyte in 

primary battery such as dry cell in our daily life. Zn would be reacted with hydroxide 

anion and become into zinc tetra hydroxide anion. However, the poor reversibility 

would cause severe dendrite growth and shape change even with the common 

strategies of Al2O3 or SiO2 layers (Figure 1.7b).42 In recent years, most of attention 

was paid in neutral electrolyte (pH: 6~7), leaving relatively mild side-reaction with 

Zn anode (Figure 1.7c).43 However, the repeated Zn plating/stripping process would 

also corrode Zn anode in neutral electrolyte. In brief, the water molecular corrosion 

can be mainly divided into two parts. One is the free water molecular, which exists in 

the bulk electrolyte and absorbs on the Zn anode surface. The lengthy soaking of Zn 

anode in aqueous electrolyte would automatically cause uneven morphology and 

side-product accumulation. Besides, before Zn2+ ion transfer and deposition, 

desolvation process would inevitably release some reactive water molecule within the 

electric double layer (EDL). This electrochemical corrosion would significantly 

exacerbate Zn anode, which is accompanied by the dendrite formation and shape 
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change with larger specific surface areas. Lots of literatures reported a wide spectrum 

of effective strategy to enhance the Zn anode performance.  

 

Figure 1.7 The problems of Zn in different types of aqueous electrolytes (a) Obvious 

metal dissolution in acid electrolyte and hydrogen evolution reaction. (b) Severe 

dendrite growth and shape change of Zn metal working in alkaline electrolyte. (c) Zn 

dendrite growth and surface passivation reaction from strong water activity. 

1.6 Effective electrolyte strategies for Zn anode protection 

One of the most of effective strategy is using water-in-salt electrolyte, which was 

developed by a famous scholar Prof. Chunsheng Wang.44 By creating a highly 

concentrated aqueous electrolyte, the water molecule was highly coordinated with salt 

and the water activity was significantly suppressed, as the NMR result revealed 

(Figure 1.8a). This method was proved effective for homogeneous and reversible Zn 

deposition (Figure 1.8b-c). Following reports proved adding diluents would inherits 

the benefits of water-in-salt electrolyte system but effectively decrease the salt 

concentration.44  
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Figure 1.8 Zn behaviors in highly concentrated aqueous electrolyte.44 (a) Nuclear 

magnetic resonance spectroscopy results. (b) SEM images of Zn electrodeposit. (c) 

Coulombic efficiency of Zn electrodeposit.  

1.7 Motivation and targets of this dissertation 

1.7.1 Motivation of this dissertation 

The continuous boosting demands in electric devices for urges a high-efficient, 

low-cost, long-life energy storage system. The present commercial Li-ion batteries 

dominated most of battery sales but facing several major concerns such as safety 

concerns, high-cost and limited minder sources. As a competitive alternative, 

rechargeable Zn batteries are considered as a safe and sustainable choice among a 

wide-spectrum rechargeable battery. Besides, the high abundance of Zn element and 

high energy density also make it a promising candidate for next-generation 

rechargeable batteries. However, the adoption of rechargeable Zn batteries still has 

several challenges, such as poor Zn reversibility and dendrite growth. In this 

dissertation, we attributed these related problems of Zn metal to strong water activity 

in aqueous electrolyte and contributed to an effective strategy to suppress water 

activity.  

In brief, the water molecular released from de-solvation process would corrode 

Zn metal. The related issues generally were tackled by introducing high concentration 

of salts to coordinate water molecular and suppress water activity. However, this 
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approach not only causes an economic burden in electrolyte costs, but also degrades 

the physical properties (ionic conductivity and viscosity) of electrolytes. Herein, we 

bypass this strategy and adopt another concept to regulate electrolyte solvation 

structure. Based on a simple and low-cost approach, we indeed improve the 

electrochemical behaviors of Zn batteries.    

1.7.2 Outline of this dissertation 

This dissertation composes of five chapters as following: 

Chapter 1 presents a general introduction of the dissertation. In this chapter, a 

detailed background of Zn batteries and the development history are illustrated. The 

content covers the challenges for Zn batteries and the failure mechanism of Zn metal 

in different types of electrolytes. Finally, we propose our strategy and method of 

regulating electrolyte solvation structure.  

Chapter 2 covers the experimental section of Chapter 3 and 4, separately. 

Chapter 3 systematically discussed the reactive water releasing from de-solvation 

process and its side-effect for Zn metal anode. Based on the in-depth understanding 

on electrolyte solvation structure, we proposed an effective electrolyte solvation 

structure regulation approach. The method using MOF materials bypasses the 

disadvantages (poor ionic conductivity and high viscosity) for conventional high 

concentrated aqueous electrolyte. We the proved the MOF with abundant pores and 

caves can be employed to accommodate ion-pairs of electrolytes and reject migration 

of most of large ion-pairs. Raman spectroscopy revealed that water activity in ZIF-7 

channels was highly suppressed and the Zn2+-H2O ion-pairs was signficantly 

enhanced. It indicates that ZIF-7 channels realized a super-saturated electrolyte in 

ZIF-7 channels in battery working period. Benefitted from supersaturated front 

surface on Zn anode surafec, the lifespan of symmetric Zn half cell was promoted to 
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3000 hours at 0.5 mA cm-2 without obvious voltage fluctiation. The lifespan of 

Zn-MnO2 battery was also prolonged up to 600 cycles, with a high capacity-retention 

of 88.9%. However, this approach cannot satisfy for high-rate and fast-charging 

batteries.  

Therefore, we modified the MOF channel to larger pore size, which can 

accomodate larger ion-pairs in Chapter 4. In this work, we demonstrate a 

multifunctional Zn-BTC membrane for Zn-I2 battery system and contributed to reveal 

the electrode degradation mechanism. For the Zn metal anode protection, the Zn-BTC 

channel realized a fully CIP solvation mode, which enables highly reversible Zn 

electrodeposit and improve the current density to 5 mA cm-2. For cathode, the 

liquid-liquid conversion mechanism favors fast-charging property. Moreover, the 

Zn-BTC membrane was proved effective to shield the shuttle of iodine active species.  

In all, this dissertation concentrates on the electrolyte solvation structure 

regulation by MOF strategy and demonstrates two types of representative aqeuous Zn 

batteries. One is rechargeable Zn-MnO2 battery, which is not only the successor of 

primary dry cell, but also is one of the most promising for high-energy aqueous 

batteries. Another is aqueous Zn-I2 battery, which can satisfy for fast-charging 

demands. We anticipate that this concept can be widely extended to other types 

aqueous and non-aqueous rechargeable batteries.  

Chapter 5 belongs to the general conclusion and perspective for next-step 

research in the future.  
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Chapter 2. Experimental section 

2.1 Experimental section of Chapter 3 

2.1.1 Preparation of ZIF-7 layer  

ZIF-7 powder was prepared according to the previous literatures.45 In brief, 

0.528 g zinc acetate dehydrate (Zn(CH3COO)2.H2O) mixed with 1.180 g 

benzimidazole and then dissolved into deionized water (300 mL). After string for 3 

hours, the homogeneous milky solution was aging for 1 day until the ZIF-7 crystals 

fully precipitated. After removing by ethanol and deionized water for at least three 

times, the as-prepared ZIF-7 powder was then dispersed in ethanol for 3 days under 

room temperature. The ethanol was then replenished for 3 times before the 

centrifugation. The as-received ZIF-7 powder was dried at 80°C for 12 hours to 

remove absorbed solvent and transferred to vacuum oven for further activating at 

180°C overnight. The activated ZIF-7 powder was mixed with poly vinylidene 

fluoride (PVDF)/dimethylformamide (DMF) solution in mass ratio of 3:1. The 

as-obtained slurry after stirring then was casted on Zn plate surface by a doctor 

blading method. The as-prepared MOF-coated Zn plate was moved to vacuum oven to 

remove the absorbed solvent prior to use.  

2.1.2 Preparation of MnO2 cathode 

Electrolytic manganese dioxide (EMD) was also prepared by previous reports.46 

The MnO2 cathode was prepared by mixing 70 wt% MnO2 powder, 20 wt% Super P 

(conductive carbon), and 10 wt% poly(tetrafluoroethylene) (PTFE, suspension, 12 

wt%) in water. Then, the large-area freestanding MnO2 electrode was cut into pellets 

with diameter of 6 mm and pressed onto Ti mesh (diameter: 8 mm). The electrode was 
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moved to vacuum oven overnight to remove solvents prior to use. The weight load of 

MnO2 content was ca. 4.2 mg cm-2. 

2.1.3 Preparation of electrolyte 

Zinc sulfate (ZnSO4.7H2O) was dissolved into the deionized water solution to 

obtain the baseline ZnSO4 electrolyte (2 mol) for Zn symmetric cells. Some solutions 

with ZnSO4 concentration gradient ranging from 0.4 mol to 3.3 mol (saturated) are 

prepared for Raman spectroscopy characterization. Manganese sulfate (MnSO4.7H2O) 

was added into 2 mol ZnSO4 electrolyte to prepare 2 mol ZnSO4+0.2 mol MnSO4 for 

Zn-MnO2 cells. 

2.1.4 Electrochemical measurements 

All coin-type CR-2032 cells (Hohsen Corp) in this thesis were assembled and 

tested in ambient environment. The galvanostatic discharge/charge electrochemical 

characterizations of symmetric Zn half coin cells (Zn plate diameter: 8 mm) were 

carried out to evaluate the Zn reversibility of plating/stripping. Zn half cells were 

assembled by Zn plate (thickness: 200 μm), glass fiber separator with 50 μL of ZnSO4 

electrolyte (2 mol). Zn-MnO2 cells were assembled by Zn plate, glass fiber separator 

with 40 μL of electrolyte (2 mol ZnSO4+0.2 mol MnSO4) and MnO2 cathode. The 

galvanostatic discharge/charge measurements were conducted under voltage control 

(0.8~1.9 V) in battery tester system HJ1001SD8.  

2.1.5 Characterizations 

(1) SEM: The SEM observations were conducted on a LEO Gemini Supra machine, 

and SEM pictures were harvested with an accelerating voltage of 5 kV. The cycled Zn 

cells were disassembled under ambient environment and the Zn anode and cathode 
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were took out. The as-obtained Zn plates were rinsed by dimethoxyethane (DME) 

solutions for three times to wash precipitated components. Then the Zn electrodes 

were moved to vacuum chamber to remove solvent. The dried electrodes were then 

carefully transferred into SEM sample chamber. The Zn plates are not highly sensitive 

to ambient environment and short-time exposure to air would not damage their 

morphology and component. Similarly, the powder samples were also carried out to 

obtain SEM images without special treatment.  

(2) X-ray Diffraction (XRD): X-ray diffraction measurement was carried out on a 

Bruker D8 Advanced diffractometer. The powder and electrodes samples were 

pretreated similarly to that for SEM observation.  

(3) Raman Measurements (Micro-Raman): The Raman spectra measurement was 

carried out by a JASCO microscope. The scattered light then was collected in a 

backscattering geometry along the same optical path as the pumping laser. The liquid 

solutions are conducted by common procedures. For the MOF sample, MOF/Zn 

composites were taken apart from symmetric Zn battery after cycling (10 cycles at 0.5 

mA cm-2). Then the small amount of liquid electrolyte on the surface of MOF/Zn 

composite was wiped dry by clean tissue. The depth of Raman spectroscopy is also 

micro-scale (ca. 0.5~3.0 μm), which ensures the collected Raman spectra comes from 

the inner layer of MOF/Zn composite.  

(4) Micro-infrared (IR): FTIR characterization was conducted on IRT-5200 Infrared 

Microscope spectrometer.  

2.2 Experimental section of Chapter 4 

2.2.1 Preparation of MOF membrane (Zn-BTC) 

Zn-BTC powder was synthesized using a solvent thermal method according to 
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previous literatures.47-48 In brief, 1.275 g zinc nitrate hexahydrate (Zn(NO3)2·6H2O) 

mixed with 0.3 g 1,3,5-benzenetricarboxylic acid (H3BTC) and then totally dissolved 

into 75 mL of DMF solution. The solution was stirred and maintained 88°C in an oil 

bath over 16 hours. The received homogeneous milk solution was cleaned by 

centrifugation and replenished for 3 times in DMF solution before the final 

centrifugation. The as-obtained Zn-BTC powder was dried at 80°C for 12 hours to 

remove absorbed solvent and transferred to vacuum oven for further activating at 

180°C overnight. The activated Zn-BTC powder was stirred with PVDF/DMF 

solution in mass ratio of 3:1. The slurry was uniformly cast on glass fiber separator by 

common doctor blading method. The as-prepared Zn-BTC membrane was transferred 

into vacuum oven to remove the absorbed solvent prior to use.  

2.2.2 Electrode and electrolyte preparation 

The ZnSO4
.7H2O was dissolved into the deionized water to obtain the 2 mol 

ZnSO4 solution for Zn symmetric cells. Some solutions with ZnSO4 concentration 

gradient ranging from 1.0 to 3.3 mol (saturated) are prepared for Raman spectroscopy 

characterization. The catholyte contained 0.5 mol ZnSO4, 1 mol LiI and 0.1 mol I2. 

The anolyte contained 0.5 mol ZnSO4 and 0.5 mol Li2SO4. Ketjen black (KB) carbon 

was mixed with PTFE binder in mass ratio of 4:1 and then compressed on carbon 

paper current collector. The loading of KB is ca. 1.5~2 mg cm-2 with a diameter of 5 

mm. 

2.2.3 Electrochemical measurements 

All coin-type CR-2032 cells (Hohsen Corp) in this thesis were assembled and 

tested under ambient environment. The galvanostatic discharge/charge 

electrochemical tests of symmetric Zn half-cells (diameter: 8 mm) were conducted to 
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evaluate the Zn plating/stripping performance. Half cells were assembled by Zn plate 

(thickness: 200 μm), glass fiber separator or Zn-BTC membrane with 50 μl of 

electrolyte. The Zn-BTC membrane was tightly adhere to Zn surface after rolling. The 

areal capacity of plating/stripping was controlled by the current density and time 

during each process. Zn-I2 cells were assembled by Zn foil, glass fiber or Zn-BTC 

membrane and KB carbon cathode with 30 μL catholyte. The galvanostatic 

discharge/charge measurements were conducted under potential control (0.6~1.6 V) 

using the battery tester system HJ1001SD8 under ambient environment. The redox 

couple of I-/I3
- was studied by Cyclic voltammetry (CV), ranging from 0.04 to 0.24 

mV/s.  

2.2.4 Characterizations  

All the characterizations used in this chapter is similar to that in Chapter 3. Please 

refer to 2.1.5.  
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Chapter 3. Constructing a super-saturated electrolyte front 

surface for stable rechargeable aqueous zinc batteries 

3.1 Introduction  

The chapter 1 has well illustrated the significance of developing 

high-performance Zn batteries. Recently, the research hotspot of shifting Zn battery 

from primary to rechargeable was considered as a safe and environmentally friendly 

choice.49-50 In comparison, rechargeable Zn battery can considerably promote the 

efficiency of materials and reduce the waste. By a thorough analysis, we find out that 

the most essential point lies in the Zn anode reversibility to satisfy long-term cycling. 

The service life of Zn battery system is fully determined by the dendrite growth and 

the time for short-circuit.51 Zn metal is an amphoteric metal, which cannot survive 

long-term cycling in concentrated acid or alkaline electrolytes. Most of primary Zn 

battery in commercial market exploited alkaline electrolyte because of benign 

electrochemical compatibility with cathodes. However, its unstable thermodynamic 

property triggers severe self-corrosion and self-discharge, which cannot sustain its 

rechargeability. 

Recently, most of attention focused on neutral electrolytes with pH value ranging 

from 4.5~6.5, which can effectively improve the thermodynamic stability of Zn metal 

anode. Typical, the simple and cost-effective ZnSO4 electrolyte becomes one of the 

most appropriate choices, which was prepared by dissolving low-cost ZnSO4.7H2O 

salt into water solution. However, the neutral ZnSO4 electrolyte still consists of lots of 

free water molecular, which exists in both bulk electrolyte and the region for 

de-solvation process. In short, the corrosion happened on Zn anode surface can be 

mainly divided into two major parts (Figure 3.1). One aspect lies in the large amount 
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of free water molecular in the bulk electrolyte, which usually absorbs in the Zn anode 

surface. The intrinsic thermodynamic instability of Zn and its long-term soaking in 

ZnSO4 electrolyte would trigger side-reaction and morphology change.52 Besides, Zn 

anode during working period also suffers from the reactive water molecular, which is 

released during de-solvation period. The solvated ion-pairs undergo a final 

de-solvation process prior to Zn2+ ion transfer and diffusion (Figure 3.2).53 Generally, 

a typical charge-transfer reaction contains three necessary steps during the metallic Zn 

electrodeposit process. Firstly, the solvated ion-complexes situating near to the 

electrodes need to de-solvate and release many activated water molecules. Finally, 

Zn2+ would receive electron and complete deposition process beneath SEI layer. The 

released water molecular within electric double layer becomes the major concerns for 

Zn anode failure after cycling. The strong water activity remains a critical factor and 

negatively deconstruct the Zn anode. In all, both the static and active water molecular 

poses a significant concern for Zn anode stability and urges an effective strategy in 

electrolyte regulation.  

 

Figure 3.1 Schematic illustration of passivation process of water molecular on Zn 

anode surface.  

 

 



University of Tsukuba                                                             Doctoral Thesis 

22 
 

 

Figure 3.2 Typical process for charge-transfer reaction during the metallic Zn 

electrodeposit process. 

A common approach is dissolving high concentrated salt into aqueous electrolyte, 

where most of water molecular is coordinated with cations. However, most of Zn salts 

have limited solubility (<5 mol) in water solution, except ZnCl2 salt.54-55 However, the 

complex solvation structure and its strong corrosion make it unfavorable choice for 

practical applications. By suppressing water activity, Wang et al. proposed a high 

concentrated aqueous electrolyte, consisting of 1 mol Zn(TFSI)2 and 20 mol LiTFSI 

(TFSI-: bis(trifluoromethanesulfonyl)imide).44 In the concentrated electrolyte, most of 

water molecular are surrounded by cations and significantly suppress the hydrogen 

evolution. Moreover, this electrolyte enables a high reversible Zn anode 

plating/stripping process without obvious dendrite formation. However, the strategy 

of using high concentrated salt negatively caused high-cost and poor physical 

properties (high viscosity and low ionic conductivity). Herein, we summarized a table 

to compare the cost of Zn salts and LiTFSI (Table 3.1). Compared with expensive 

Zn(TFSI)2 and Zn(OTF)2 salt, the adoption of ZnSO4 inherits the advantage of Zn 

batteries in low-cost. Up to now, developing a simple and cost-effective approach 

remain a significant challenge for high-performance rechargeable Zn batteries.56 In 

this work, we contributed to demonstrate an effective electrolyte solvation structure 

regulation by interphase construction.57  

[Zn (H2O)6)2+SO4
2-]

Step 1. desolvation on Zn surface 

Zn2+ H2O
decomposition and passivation

Step 2. Zn2+ diffusion through SEI 

Step 3. electron receiving and deposition

Metallic Zn anode
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Table 3.1 Information of the price and supplier of the common salts used in previous 

reports.  

Zn salts CAS 

Number 

Price 

($ per 1 

g) 

Supplier 

ZnSO4.7H2O 7446-20-0 0.363  Sigmaaldrich 

Zinc di[bis(trifluoromethylsulfonyl)imide] 

Zn(TFSI)2 

168106-25-0 61.3  Sigmaaldrich 

Zinc trifluoromethanesulfonate 

Zn(OTf)2 

54010-75-2 4.83 Sigmaaldrich 

ZnCl2 7646-85-7 0.729 Sigmaaldrich 

Lithium bis(trifluoromethanesulfonyl)imide 

LiTFSI 

90076-65-6 6.88  Sigmaaldrich 

3.2 Basic understanding on electrolyte solvation shell 

Except ZnCl2 aqueous solution, most of Zn salt solutions share a similar rule for 

solvation. In this work, we carefully studied the solvation structure ZnSO4 solutions. 

In ZnSO4 solutions, only a small fraction of water molecular is coordinated with Zn2+, 

in a solvation shell because of low solubility of ZnSO4 (53.8 g/100 g H2O).58 

According to the classic Werner's theory on coordinated compounds containing two 

spheres of zones, there are typically inner sphere (coordination sphere) and outer 

sphere (ionization sphere). When ZnSO4 dissolve into water, the tightly coordinated 

ion associations are firmly attached by coordinate bonds in the inner sphere. When the 

groups are loosely separated, the outer-sphere presents another ion associations by 

removing one water molecular. The common ZnSO4 solution consists of two typical 

solvation mode, namely ([Zn2+(H2O)6
.SO4

2-] and [Zn2+(H2O)5
.OSO3

2-]).59 The 

solvation of ZnSO4 into aqueous solution obeys the classic Eigen-Tamm (ET) 
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mechanism, which involves a two-step model for revealing the existence of solvated 

species in ZnSO4 solutions (Equation 1 and 2).60 As Figure 3.3 schematically 

illustrated, these two species reached a dynamic equilibrium. In dilute ZnSO4 

solutions, Zn2+ exists as a hexahydrate, namely solvent separated ion pair (SSIP, 

[Zn2+(H2O)6
.SO4

2-]) in the outer-sphere. Increasing the ZnSO4 concentration would 

evolve the ion-pair into a contact ion pair (CIP, [Zn2+(H2O)5
.OSO3

2-]) in the 

inner-sphere by loss of one water of hydration.60  

Zn2+
(aq)+SO4

2-
(aq)⟷[Zn2+(H2O)6

.SO4
2-] ⟷[Zn2+(H2O)5

.OSO3
2-]              Equation 1 

[Zn2+(H2O)6
.SO4

2-] ⟷[Zn2+(H2O)5
.OSO3

2-]+H2O                                    Equation 2 

 

Figure 3.3 Schematic structure of ZnSO4 aqueous solutions. 

In this work, we are inspired by the concept of developing highly aggressive 

electrolyte solvation structure (highly concentrated electrolyte). To overcome the 

disadvantages of high-cost salts and poor physical properties, we proposed a novel 

concept by constructing a super-concentrated electrolyte front surface on Zn anode 

surface. In detail, we dedicated to resolve the reactive water, which released in the 

region near to Zn surface. We the selected MOF as a functional coating on Zn anode 

surface to filtering aqueous electrolyte. As a non-conductive and highly adhered 

coating on Zn anode surface, the solvated ion-pairs have to de-solvate prior to 

migrating through MOF channels. Thanks to the limited pore size of MOF channels, 
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we assume that the large ion-pairs have to remove the water molecular when finally 

reaching the Zn anode front surface. Moreover, the tight adhere between Zn anode 

and MOF layer avoids the solvation of Zn2+ ion with water molecular one again.  

Herein, we schematically depicted the working mechanism of MOF layer. In 

blank group with bare Zn anode and pristine ZnSO4 electrolyte (2 mol ZnSO4 in 

aqueous solution), Zn anode surface involves water decomposition, where water 

molecular generally derives from the de-solvation of [Zn2+(H2O)6
.SO4

2-] (Figure 

3.4a). The reactive water molecular would corrode Zn anode surface, with obvious 

hydrogen evolution and decomposition product accumulation. However, in the 

assistance of MOF layer, the major ion-pairs are rejected to migrate through the MOF 

channel until partial de-solvation process (Figure 3.4b). Therefore, Zn anode surface 

undergoes less water molecular attack and obtain good reversibility.  

 

Figure 3.4 Schematic illustration de-solvation process happened on Zn anode surface. 

(a) In blank group with bare Zn anode and pristine ZnSO4 electrolyte. (b) In 

experimental group with MOF-coated Zn anode and pristine ZnSO4 electrolyte, where 

MOF serves an artificial layer for de-solvation process.  

3.3 Preparation of ZIF-7 coating on Zn anode 

In this work, we selected zeolitic imidazolate framework ZIF-7 as the pristine 
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material owing to its small size ca. 2.94 Å. The majority of MOF materials are 

sensitive to water environment and cannot maintain pristine structure after long-term 

soaking into aqueous electrolytes. Herein, ZIF-7 was selected as host materials 

because of its superior stability against water environment. The preparation method of 

ZIF-7 powder is introduced in Chapter 2.1. As shown in Figure 3.5a, ZIF-7 has a 

uniform pore size and caves, which serves as place to sieve and store electrolyte ion 

pairs. The XRD patterns of ZIF-7 is consistent with that from literature (Figure 

3.5b).61 We then checked its morphology by SEM observation, which shown uniform 

and highly ordered particles (Figure 3.5c). 

 

Figure 3.5 XRD and SEM characterization of as-synthesized ZIF-7 powder. (a) 

Schematic structure with size windows (ca. 2.94 Å). (b) XRD characterization; (b) 

SEM images. 

We then reactivated the ZIF-7 pores by maintaining 160oC for 24 hours in 

vacuum oven. This process is inevitable to remove the absorbed solvents.45 After that, 

we prepared ZIF-7 coating by mixing ZIF-7 materials with PVDF slurry in DMF 

(mass ratio 3:1) and then dripped on Zn foil surface. The Zn foil with ZIF-7 coating 

then were transferred to remove the DMF solvent and form a robust ZIF-7 coating. 

The SEM images of ZIF-7 coated Zn anode were collected, where the typical uniform 

morphology of ZIF-7 particle was still well-maintained (Figure 3.6).  
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Figure 3.6 SEM and XRD characterization of ZIF-7-coated Zn. (a-c) SEM images of 

ZIF-7-coated Zn surface; (d) XRD of ZIF-7 layer and ZIF-7-coated Zn. 

3.4 Raman spectroscopy study on electrolyte solvation structure 

Raman spectroscopy characterization is employed to reveal the electrolyte 

solvation structure. We firstly studied the solvation structure of liquid electrolytes 

with different salt concentrations. The limit solubility of ZnSO4
.7H2O in aqueous 

solution enables a saturated ZnSO4 solutions (3.3 mol). Therefore, a series of 

solutions with ZnSO4 concentration gradient (0.4, 0.8, 1.6, 2.0, 3.3 mol) were 

separately studied to reveal the evolution of Raman peak.  

To study the Raman vibration trend of [Zn2+(H2O)6
.SO4

2-]  and 

[Zn2+(H2O)5
.OSO3

2-], we carefully selected the Raman spectra peaks of v-SO4
2-, 

Zn-OH2 vibration and O-H stretch vibration. The ZnSO4
.7H2O presents a clear peak at 

984.6 cm-1, which is attributed to v-SO4
2- band (Figure 3.7).62 Its dissolving into 

aqueous electrolyte displays a red-shift to 983~985 cm-1 for v-SO4
2- band.63 The 

v-SO4
2- band can be split into configuration in SSIP (lower frequency at 983.5 cm-1) 
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and CIP (higher frequency at 988.0 cm-1) (Figure 3.8a). With the increase of 

concentration, the ion-pairs evolve from SSIP to CIP, resulting into a closer 

interaction. For v-SO4
2- band, the Raman spectra exhibits a blue shift with the salt 

concentration increasing. We then compared the related peak in ZIF-7 channel, where 

remarkably displays a sharp peak locating on 992 cm-1. The significant blue shift 

indicates a highly coordinated ion-pairs, which indicates a unique solvation 

structure.64   

 

Figure 3.7 Raman spectroscopy of v-SO4
2- band from ZnSO4.7H2O powder, where 

distinct peak located on 984.6 cm-1. 

Figure 3.8b demonstrates Zn-O vibration consisting of Zn-OH2 vibration 

centering at ca. 390 cm-1, and [Zn2+.OSO3
2-] ligand mode at 260 cm-1.62 The Zn-OH2 

vibration is widely existed in both [Zn2+(H2O)6
.SO4

2-] and [Zn2+(H2O)5
.OSO3

2-]. 

With the increase of salt concentration increases, more water molecular are 

coordinated with Zn2+ into SSIP and CIP mode. Therefore, the peak intensity 

strengthens, but does not make change for peak location. We then studied the 

[Zn2+.OSO3
2-] ligand mode, which can be assigned to the inner-sphere complexes 

ion-pair. With ZnSO4 salt concentration increase and more ion-pairs evolving into CIP 

mode, the [Zn2+.OSO3
2-] peak intensifies and confirms a more constrict ion-pairs. We 

960 970 980 990 1000 1010

R
am

an
 In

te
n

si
ty

 (
a.

u
.)

Raman Shift (cm-1)

 ZnSO4. 7H2O

nSO4
2-

984.6 cm-1



University of Tsukuba                                                             Doctoral Thesis 

29 
 

then observe the intensity of [Zn2+.OSO3
2-] peak in ZIF-7 channel is significantly 

strengthened, which indicates more CIP mode in the unique electrolyte solvation 

structure.63  

The O-H stretch vibration also provides important proof for revealing electrolyte 

solvation structure (Figure 3.8c). The broad O-H vibration can be split into 

HOH-OH2 stretch and HOH-OSO3
2-. In detail, the HOH-OH2 stretch locating at 

3264~3304 cm-1 exhibits a blue-shift and a depressed peak intensity as the increase of 

salt concentration, which substantiates suppressed interaction between water 

molecular.65 Besides, the peak intensity of HOH-OSO3
2- band enhanced with the salt 

concentration, because of the abundance of [Zn2+(H2O)5
.OSO3

2-]. The detection in 

ZIF-7 channel reveals a highly suppressed HOH-OH2 stretch and a dominated 

HOH-OSO3
2- vibration. These results indicate a minority water molecular and highly 

coordinated ion-pairs in ZIF-7 pores.60  

Based on the highly aggressive ion-pairs in ZIF-7 channel, we want to compare 

its solvation structure with that in highly concentrated electrolyte (saturation, 3.3 mol). 

The saturated ZnSO4 solution is composed of SSIP (56%) and CIP (44%), which 

indicates large amount of free water molecular in the bulk electrolyte (Figure 3.9a). 

Moreover, the water released from SSIP and CIP solvation structure during 

de-solvation process would induce severe water passivation on Zn anode surface. The 

evolution of spectra in ZIF-7 channel indicates a unique solvation structure, which 

displays even closer ion-pairs than that in saturated electrolyte. Moreover, this special 

solvation structure only exists in ZIF-7 channel, where de-solvation process is 

completed in the interface. By removing water molecular and allowing suitable 

ion-pairs migrating through ZIF-7 channel, we harvest a super-concentrated front 

layer near Zn anode surface and does not destruct the electrolyte solvation structure in 

bulk electrolyte. The constrained solvated ion-pair can be simply depicted as 
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H2O-Zn2+.OSO3
2-, near one water coordinated with Zn2+ (Figure 3.9b). The size of 

H2O-Zn2+.OSO3
2- can be calculated as ca. 2.71 Å, which is smaller than ZIF-7 channel 

(2.94 Å). Therefore, in theory, this unique ion-pair can migrate through ZIF-7 

channel.66  

 

Figure 3.8 Raman spectroscopy characterization for ZnSO4 solutions with a 

concentration gradient and the interaction in ZIF-7 channel. (a) The v-SO4
2- stretch 

band. (b) Zn-O stretch bond consisting of Zn-OH2 and [Zn2+.OSO3
2-] band. (c) The 

O-H stretch vibration consisting of HOH-OH2 stretch and HOH-OSO3
2-.  
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Figure 3.9 (a) The two different types of solvation structures in saturated ZnSO4 

aqueous solutions. (b) Schematic picture of our proposed highly aggressive ion-pairs 

of H2O-Zn2+.OSO3
2- transporting in the ZIF-7 channels.. 

3.5 Study on Zn anode reversibility  

We then carried out electrochemical characterization to study the Zn anode 

reversibility by symmetric Zn||Zn cells. The blank group consists of two Zn plates and 

a glass fiber separator, where Zn dendrite growth during repeated plating/stripping 

process would easily penetrate through the glass fiber (Figure 3.10a). In our proposed 

concept, we demonstrated ZIF-7 layer to protect Zn anode. As discussed before, the 

ZIF-7 coating on Zn anode maintained a super-concentrated ion-pair to ensure the 

benign stability (Figure 3.10b).  

 

Figure 3.10 Schematical illustration of symmetrical Zn||Zn cells. (a) Blank group 

with bare Zn plate. (b) Our proposed experimental with ZIF-7 coated Zn plate.  
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Figure 3.11 Symmetric Zn||Zn cell with bare Zn plates in control group. 

Symmetric Zn||Zn cells were performed under the test condition of 0.5 mA 

cm-2/0.5 mAh cm-2 in conventional 2 M ZnSO4 electrolyte. In the control group, the 

voltage evolution maintained a stable profile only at the beginning time and soon 

fluctuated only after 55 hours (Figure 3.11). The instable profile indicates 

uncontrollable Zn dendrite growth on bare Zn anode. Soon, the symmetric Zn||Zn cell 

is short-circuit owing to the final Zn dendrite piercing through the glass fiber.67 

 

Figure 3.12 Symmetric Zn||Zn cells with ZIF-7 coated Zn in experimental group. 

For the ZIF-7 coated Zn anode, the voltage maintained an ultra-stable profile 

over 3000 hours (125 days) without noticeable fluctuation (Figure 3.12). In 

comparison with the lifespan of 55 hours in blank group, the ZIF-7 coated Zn enables 

a 55-times increase of cyclic life for Zn anode stability. Moreover, we have a closer 

observation on the evolution of over-potential (Figure 3.13). The over-potential 

maintained at 40 mV even after 3000 hours. 

0 500 1000 1500 2000 2500 3000

-80

-40

0

40

80
0.5 mA/cm2, 1 hour

 

V
o

lt
ag

e 
(m

V
)

Time (Hour)

 MOF coated Zn
 Blank Zn



University of Tsukuba                                                             Doctoral Thesis 

33 
 

 

Figure 3.13 Over-potential evolution of symmetric Zn||Zn cell with ZIF-7 coated Zn 

anode. 

 

Figure 3.14 Symmetric Zn||Zn cells with ZIF-7 coated Zn plate under the test 

condition of 0.3 mA cm-2/0.3 mAh cm-2. (a) Cyclic performance with voltage profile 

over 1300 hours. (b) The enlarge voltage profile from 1280 to 1300 hours. (c) 

Over-potential profiles of different cycles.  

Further decreasing the current density and areal capacity to 0.3 mA cm-2/0.3 

mAh cm-2, the over-potential maintains at 28 mV for at least 1300 hours (Figure 

3.14). However, it should be noted that ZIF-7 protected Zn cannot withstand 

reversible plating/stripping cycles at high current density (>1 mA cm-2). The cell soon 
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changes into short-circuit (Figure 3.15), which might be caused by the much-reduced 

ionic diffusion within ZIF-7 layer. In brief, the ZIF-7 coating is proved effective to 

enhance Zn anode stability and prolong Zn battery life under low current density.  

 

Figure 3.15 Symmetric Zn||Zn cells with ZIF-7 coated Zn plate under the test 

condition of 1 mA cm-2/1 mAh cm-2. 

We then tried to find out the factor to determine the cyclic stability. The SEM 

image can intuitively reflect the evolution of Zn anode surface. We the collected Zn 

plates after 20 cycles (40 hours) for SEM observation. Prior to SEM observation, the 

absorbed components including ZIF-7 coating are removed. In collected images, Zn 

foil cycled in blank group exhibited the typical flake morphology, where most of Zn 

anode prefers growth direction <100> plane (Figure 3.16a-b).68 The highly 

directional growth of Zn platelet morphology is consistent with previous 

literatures.69-70 Because of the higher Young`s modulus of Zn metal, the 

uncontrollable dendrite would cause a rapid short-circuit and cell failure when 

compared with other metal anodes.71 With the assistance of ZIF-7 coating, the Zn 

plate showcased a smooth and uniform morphology, which is neither slender fiber nor 

typical flake dendrite for Zn anode (Figure 3.16c-d). The Zn anode surface is 

occupied by a round-edged Zn electrodeposit, which is highly different from 

conventional growth direction according to <100> plane. Moreover, the dense 

electrodeposit morphology also favors the electronic transport in the Zn anode 
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surface.72 

To prove the long-term stability, we checked the Zn plate morphology after 2000 

hours. The large-scale region does not observe obvious dendrite growth. The surface 

maintained a good structure stability without noticeable crack or void (Figure 3.17a). 

With close observation, we find out that the round-edged morphology of Zn anode is 

well-maintained even after long-term cycling (Figure 3.17b). 

 

Figure 3.16 SEM images of Zn plates after 20 cycles. (a-b) Zn plate cycled in blank 

group. (c-d) Zn plate cycled in ZIF-7 coated group.  

 

 

Figure 3.17 SEM images of Zn plates cycled in ZIF-7 coated group after 2000 hours. 

(a) at large-scale region. (b) at small-scale region.  
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Moreover, we checked the ZIF-7 morphology after long-term cycling. After 2000 

hours, we confirm that the ZIF-7 coating maintains the typical morphology and has 

negligible structural change (Figure 3.18). In brief, we selected an aqueous-stable 

ZIF-7 as coating to enhance Zn anode stability.  

 

Figure 3.18 SEM images of ZIF-7 coating from ZIF-7 coated Zn anode after 2000 

hours.  

3.6 Decomposition component analysis on Zn anode surface  

To further explore the factor to determine the Zn anode stability, we firstly 

carried micro-infrared (IR) to dig out the surface component and structure of 

side-reaction. Generally, the Zn metal anode involves passivation from water 

molecular and generates ZnO and Zn(OH)2 side-product. The distribution and 

structure of side-product determines the ion and electron transport in the Zn anode 

surface. The cycled Zn plate cycled in blank group presents a dominated peak (O-H 

stretch, 3683 cm-1), which can be attributed to Zn(OH)2 side-product (Figure 

3.19a).73 Moreover, the micro-IR is equipped with ion sputtering devices to remove 
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the surface component, which is beneficial to analyze the in-depth component 

distribution. With several etching, the sharp peak of O-H stretch remains, which 

substantiates a thick passivation layer.  

In comparison, the cycled Zn plate from ZIF-7 coating group presents a tiny O-H 

stretch, which indicates relatively small fraction of Zn(OH)2 side-product (Figure 

3.19b). Moreover, the related peak soon disappears after several etching times, which 

proves a very shallow passivation layer on the Zn anode surface.   

 

Figure 3.19 Micro-IR characterizations for cycled Zn plates. (a) Zn plate from blank 

group. (b) Zn plate from ZIF-7 coating group.  

To distinguish the ZnO and Zn(OH)2 species, we further employed micro-Raman 

spectroscopy to further reveal the component on Zn anode surface. For cycled Zn 

plate from blank group, Raman spectra exhibits typical ZnO peak, including E2(h) 

mode at 437 cm-1 and E2(h-l) mode at 329 cm-1 (Figure 3.20a).74 It indicates that 

by-product ZnO crystal growth has no preferred orientation and accumulates owing to 

widely dispersed water molecular on bare Zn anode surface. Moreover, the related 

peaks of ZnO and Zn(OH)2 side-product still maintains even after several etching 

times. In a sharp comparison, the Raman spectra of cycled Zn plate from ZIF-7 coated 

group only showcases single E2(h) mode for ZnO crystal formation, which clearly 
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indicates a perpendicular growth direction to the Zn plate surface (Figure 3.20b). 

Besides, the Raman spectra of side-product soon disappears, which proves the slight 

thickness of passivation layer in ZIF-7 coated Zn metal anode. In brief, because of the 

super-concentrated front layer, ZIF-7 coated Zn anode involves less side-reaction 

from water attack.  

 

Figure 3.20 Micro-IR characterizations for cycled Zn plates. (a) Zn plate from blank 

group. (b) Zn plate from ZIF-7 coating group.  

In conclusion, we analyzed the Zn metal failure mechanism from the perspective 

of de-solvation process in rechargeable Zn batteries. First, the most common solvated 

SSIP and CIP ion-pairs undergo a de-solvation process, with reactive water molecular 

release (Figure 3.21a). The de-solvation process happened in electric double layer 

would soon absorb on Zn anode surface and induces severe decomposition. Therefore, 

Zn anode surface accumulates lots of side-product, leaving poor ion and electron 

transport of Zn2+. Consequently, the dendritic Zn growth would soon exacerbate and 

pierce through separator. The rechargeable Zn battery failure can be approximately 

ascribed to the degradation of Zn metal anode during plating/stripping process.75  

With the assistance of ZIF-7 layer, the solvation structure inside coating layer 

evolves into a highly aggressive ion-pairs because of its unique pore structure. Most 

of reactive water molecular from de-solvation process are rejected to migrating 
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through ZIF-7 channel. The uniform and compact ZIF-7 coating functions as an 

effective artificial layer for de-solvation process in advance (Figure 3.21b). With the 

aid of ZIF-7 coating, a super-concentrated front layer on Zn anode surface is 

developed. Thus, less water molecular and less side-product generates during the final 

de-solvation on Zn anode surface.  

 

Figure 3.21 Schematic illustration of desolvation process. (a) At bare Zn anode 

surface. (b) At the ZIF-7 coated Zn anode surface. 

3.7 Electrochemical performance of Zn-MnO2 battery 

To showcase the function of ZIF-7 coating, we selected MnO2 as cathode and 

evaluated Zn-MnO2 battery performance. Herein, we would like to highlight the 

superiority of Zn-MnO2 battery system among the extensive family of Zn batteries. 

Firstly, the high element abundance of manganese (Mn) favors low-cost and 

large-scale application of Zn-MnO2 battery.76 Secondly, compared with other types of 

cathodes, Mn element is non-toxicity and can be operated without high-level safety 

protection. Lastly, the Zn-MnO2 battery system is the most promising alternative for 

high-energy aqueous battery system because of its high-capacity and high operating 

voltage.  
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MnO2+H++e-→MnOOH                   Equation (3) 

MnO2+xZn2++2xe-→ZnxMnO2        Equation (4) 

 

Figure 3.22 Schematic illustration of Zn-MnO2 battery system. (a) Blank group with 

bare Zn plate. (b) Experimental group with ZIF-7 coated Zn plate. (c) XRD pattern of 

electrolytic MnO2 cathode. (d) Voltage profiles of initial cycles for Zn-MnO2 cells.  

As schematically illustrated in Figure 3.22a and 3.22b, the difference lies in the 

ZIF-7 coating on Zn anode in experimental group when pairing MnO2 cathode. The 

electrolyte is used the same, 2 mol ZnSO4+0.2 mol MnSO4 to replenish the Mn2+ for 

MnO2 cathode. In this experiment, electrolytic MnO2 cathode was used because of it 

accessibility (Figure 3.21c). The MnO2 cathode loading is ca. 4.2 mg cm-2 towards 

the high-capacity Zn batteries. Generally, the electrolytic MnO2 cathode shares the 

classic co-intercalation mechanism by consequent H+ and Zn2+ in both blank and 

experimental groups (Figure 3.22d).76 

We then cycled Zn-MnO2 battery to evaluate its electrochemical stability. The 

voltage profiles of Zn-MnO2 batteries from 20th to 150th cycles are selected (Figure 

3.23a). The blank group with bare Zn plate shows a gradual capacity declining in 
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comparison with the almost overlapped profiles in ZIF-7 coating group. The capacity 

decay might derive from the Zn anode degradation because of the large areal capacity 

(0.8 mAh cm-2). We clearly observe the capacity fading from 188.4 mAh g-1 (the 

highest value in the 20th cycle after activation) to 129.1 mAh g-1 (the final cut-off 

180th cycles) and only maintain 67.3% capacity retention in blank group (Figure 

3.23b). In comparison, the capacity showcases a good electrochemical stability with a 

high retention of 94.4% over 180 cycles. 

 

Figure 3.23 The discharge/charge voltage profiles of Zn-MnO2 batteries. (a) In 

unprotected Zn anode (upper) and ZIF-7 coated Zn anode (lower). (b) The cycle life 

stability of Zn-MnO2 cells.  

After 180 cycles, we then disassembled the cells (at fully charged state) and then 

checked the Zn anode surface morphology. The digital photo of Zn plate from blank 

group after 180 cycles turns out gray surface and has noticeable cracks (Figure 3.24a). 

Then, SEM images can be observed lots of flake-like Zn dendrite and large voids 

(Figure 3.24b). The cycled Zn anode without any protection turned into uneven and 

porous structure, which was not simply induced by passivation process (Figure 

3.25a-b). The severe shape change in bare Zn anode surface not only results in thick 

passivation layer, but also causes poor ion transport in the surface.  
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Figure 3.24 Zn plate from blank group. (a) Optical observation. (b) SEM observation.   

 

Figure 3.25 The SEM images of Zn plate. (a-b) From blank group after 180 cycles. 

(c-d) From ZIF-7 coating group after 180 cycles. 

In compared with porous structure with flake-like dendrite formation, we found 

that the ZIF-7 coated Zn anode has no obvious cracks or voids (Figure 3.25c-d). In a 

sharp comparison, the ZIF-7 coated Zn after 180 cycles exhibited much more 

homogeneous surface and negligible voids on the Zn plane. It reveals that the ZIF-7 

serves a functional layer to shield the attack of passivation reaction and suppress the 

shape change of Zn metal. In this pattern, Zn electrodeposit evolves into a dense and 

dendrite-free morphology.  
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Figure 3.26 Images of ZIF-7 coated Zn anode harvested from Zn-MnO2 cell. (a) 

Digital photo. (b-d) The SEM images of ZIF-7 layer surface after cycling.    

Moreover, we checked the morphology of ZIF-7 layer after cycling. The ZIF-7 

coated Zn plate has a uniform surface without obvious crack from optical observation 

(Figure 3.26a). The SEM images were also collected and turned out a homogeneous 

and uniform ZIF-7 layer (Figure 3.26b-d). The unique morphology of ZIF-7 particle 

after long-term cycling did not sacrifice and enabled its protection for Zn anode.  

Futhermore, we boosted the rate to 700 mA g-1 for longer lifespan for Zn-MnO2 

battery with ZIF-7 layer. The specific capacity after electrochemical activation 

gradually recovered to 180 mAh g-1 and maintained 160 mAh g-1 over 600 cycle, 

which indicated a high retention of 88.9% (Figure 3.27). To highlight its superiority 

for Zn anode protection, we made a suvery for Zn-MnO2 batteries using different 

strategies (Table 3.2 and 3.3).  
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Figure 3.27 The cyclic stability and efficiency of Zn-MnO2 cell with ZIF-7 coated Zn 

anode at current density of 700 mA g-1. 

 

 

 

Table 3.2 Literature survey of previous reports of high concentrated electrolyte 

systems and our super-saturated electrolyte front surface in rechargeable Zn batteries   

Electrolyte formula Symmetric 

cell 

performance 

Full cell performance reference 

Cathode  

Loading (mg cm-2) 

Performance  Current 

density  

1 M Zn(TFSI)2 + 20 M 

LiTFSI/H2O 

0.2 mA cm-2 

for 170 hours 

LiMn2O4 

/ 

28 mAh g-1, 

4000 cycles 

600  

(mA g-1) 

44 

30 M ZnCl2/H2O 0.2 mA cm-2 

for 600 hours 

Ca0.20V2O5∙0.80H2O 

（3~4 mg cm-2） 

290 mAh g-1, 

1000 cycles 

1600 

(mA g-1) 

54 

77 

0.5 M ZnSO4 + 21 M 

LiTFSI/ H2O 

/ LiMn0.8Fe0.2PO4 

5 mg cm-2 

110 mAh g-1, 

150 cycles  

51 

(mA g-1) 

78 

1 M Zn(OTf)2 + 21 M 

LiTFSI/ H2O 

/ V2O5 

/ 

110 mAh g-1, 

2000 cycles  

2000 

(mA g-1) 

79 

1 M Zn(OTf)2 + 21 M 

LiTFSI/ H2O 

/ VOPO4 

2 mg cm-2 

75 mAh g-1, 

1000 cycles  

1000 

(mA g-1) 

80 

2 M ZnSO4+0.2 M MnSO4 0.5 mA cm-2 

for 3000 h 

MnO2  

4.2 mg cm-2 

160 mAh g-1 

600 cycles 

700 

(mA g-1) 

57 

This work 
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Table 3.3 Literature survey of previous reports of modified strategies and our 

super-saturated electrolyte front surface in rechargeable Zn-MnO2 batteries   

Modified strategies Symmetric cell 

performance 

Full cell performance reference 

Cathode  

Loading 

(mg 

cm-2) 

Performance  Current 

density  

Nano-CaCO3 coating 0.25 mA cm-2  

0.05 mAh cm-2 

for 800 hours 

1 mg 

cm-2 

177 mAh g-1, 

1000 cycles 

1000  

(mA g-1) 

81 

3D carbon nanotube (CNT) 

framework 

2 mA cm-2  

2 mAh cm-2 

for 200 hours 

4.3 mg 

cm-2 

167 mAh g-1, 

1000 cycles 

4650 

(mA g-1) 

82 

3D Porous Copper Skeleton 

framwork 

0.5 mA cm-2  

0.5 mAh cm-2 

for 350 hours 

0.9-1.1 

mg cm-2 

173 mAh g-1, 

300 cycles  

400 

(mA g-1) 

83 

Super-saturated electrolyte front 

surface 

0.5 mA cm-2 

0.5 mAh cm-2 

for 3000 h 

4.2 mg 

cm-2 

160 mAh g-1 

600 cycles 

700 

(mA g-1) 

57 

This work 

3.8 Summary and conclusions 

Herein, in this work, we contributed to revealing the Zn anode degradation 

mechanism and an effective strategy for high-performance rechargeable aqueous Zn 

battery. By thorough study on the de-solvation process, we highlighted the reactive 

water released from de-solvation process and its consequence of severe passivation on 

Zn metal anode surface. To minimize the side-effect of strong water activity, we 

proposed an efficient electrolyte solvation structure regulation strategy bypass the 

conventional high concentrated aqueous electrolyte (adding salts to form saturated 

electrolyte). The MOF with abundant pores and caves can be employed to 

accommodate ion-pairs of electrolytes and reject migration of most of large ion-pairs. 

A water-stable ZIF-7 (2.94 Å) coating was demonstrated a front layer on Zn metal 

surface and inhibited the decomposition of aqueous electrolyte. The Raman 

spectroscopy revealed that water activity in ZIF-7 channels was highly suppressed 
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and the Zn2+-H2O ion-pairs was signficantly enhanced. It indicates that ZIF-7 

channels realized a super-saturated electrolyte in ZIF-7 channel under electric field. 

Benefitted from supersaturated front surface on Zn anode surafec, the lifespan of 

symmetric Zn half cell was promoted to 3000 hours at 0.5 mA cm-2 without obvious 

voltage fluctiation. The lifespan of Zn-MnO2 battery was also prolonged up to 600 

cycles, with a high retention of 88.9%.  

Besides, we found that the Zn electrodeposit with ZIF-7 coating protection 

presented a a compact and smooth morpholohy. This flat deposition structure is 

extremely different flake-like dendrite growth morphology in previous literatures. 

Moreober, we carried out advanceed spectroscopy characterizations to prove less 

side-product accumulation on Zn anode surface. In brief, this work enlagres the 

applications of MOF or other porous materials (nano or micro-size) for rechargeable 

batteries. For example, in aqeuous Li-ion batteries, the strong water activity might 

induces severe hydrogen evolution reaction on negative electrode. We anticipate that 

this concept can be widely extended to other types aqueous and non-aqueous 

rechargeable batteries.    
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Chapter 4. Metal-organic framework as multi-functional 

ionic sieve membrane for long-life aqueous zinc-iodide 

batteries 

4.1 Introduction  

The employment of ZIF-7 coating on Zn metal anode surface has been confirmed 

effective to enhance electrode stability, by alleviating the water molecular corrosion 

and passivation. However, this approach remains infeasible at higher current density 

(>1 mA cm-2) owing to the narrow MOF pore size (ZIF-7, 2.94 Å). Chapter 3 reveals 

the significance of pore size of MOF for electrolyte solvation structure regulation. In 

brief, the size dispersion of MOF channel severs as tool to determine the degree of 

de-solvation process by rejecting the water molecular. The small size distribution of 

MOF channel guarantees less water passivation, but simultaneously seems like a 

burden for fast-charging batteries. Besides, the working mechanism of Zn-MnO2 

battery also encumbers the fast-charging working and cannot enables long-term 

cycling performance. Therefore, it is necessary to develop a fast-charging and 

long-life rechargeable Zn batteries.  

In the extensive family of rechargeable aqueous Zn batteries, Zn-iodine (Zn-I2) 

battery is a competitive alternative for advanced Zn battery towards practical 

applications. Firstly, the Zn-I2 battery system has a good prospect for scale-up 

application owing to the high natural element abundance in land or ocean (0.0075% 

earth crust for Zn element and 55 µgiodine Locean
−1 for iodine element).84 In 
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consequence, the low-cost battery system based on aqueous electrolyte would be a 

safe choice.85 Zn metal anode involves a two-electron plating/stripping reaction 

process and delivers -0.76 V vs. SHE electrode). Iodine cathode generally undergoes a 

liquid-liquid conversion (I-/I2/I3
- pathway) and contributes a theoretical capacity of 

211 mAh g-1 based on the iodine mass. Therefore, the redox couple between Zn/Zn2+ 

and iodine species nowadays attracts extensive attention and becomes a safe and 

efficient rechargeable Zn batteries. Nonetheless, the employment of Zn-I2 batteries 

still remains a problem because of the short cyclic life. Herein, we attribute the short 

lifespan to mainly the shuttle of iodine species and Zn anode degradation.  

Similar to the dissolution of lithium polysulfide in lithium-sulfur battery, the I3
- 

also has a high solubility in aqueous environment.86-87 In the bulk electrolyte, the 

uncontrollable dissolution and migration of iodine species would cause severe shuttle 

effect, namely the directional transport of iodine species across concentration gradient. 

Therefore, the shuttle of iodine species would cause considerable capacity loss, low 

Coulombic efficiency, and poor cyclic life. The commonly used glass fiber separator 

is hardly to restrict and manipulate the free migration of iodine species. Most of 

previous literatures dedicated to artful host/substrate designs, which can accommodate 

and restrict the dissolution of iodine species.88-91 For separator/membrane design, 

researchers have developed ion exchange membranes (such as Nafion) or solid-state 

electrolyte to cut-off the shuttle of iodine species for rechargeable lithium or sodium 

battery.92-93 However, in our research topic of rechargeable aqueous Zn-I2 batteries, 

the parasitic side-reaction from water molecular still remains a significant challenge.  
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Not just limited the shortcoming in iodine cathode side, the Zn anode in aqueous 

environment also faces severe Zn dendrite growth and surface passivation. The 

pristine Zn metal anode working in aqueous environment would simultaneously 

induce side-reaction and generate side-products such as Zn(OH)2 and ZnO. Besides, 

the shuttle of iodine species also causes some unexpected results on Zn metal anode 

side. The free diffusion of iodine species to Zn anode might induce reaction with these 

side-products. The complex interplay between iodine species with side-product on Zn 

anode surface might cause some negative influence, such as more severe corrosion. 

However, this fundamental topic is still under elusive and urges a detailed analysis.  

Chapter 3 proposed an effective and efficient approach to restrain the dendrite 

growth by developing a MOF protective coating on Zn anode surface. According to 

the detailed illustration, using MOF coating can effectively block the attack from 

water molecular and enhance Zn metal stability. Herein, in this work, we contributed a 

dual-functional MOF membrane to simultaneously resolve the problems in iodine 

cathode and Zn anode.94 Inspired by the ionic sieve property of MOF channel and its 

degree of de-solvation process on MOF pore size, we demonstrated a Zn-BTC 

(Zn3(BTC)2) membrane for rechargeable aqueous Zn-I2 batteries. As schematically 

illustrated in Figure 4.1, this MOF membrane has to resolve the free diffusion of 

iodine species and mitigate the Zn dendrite growth, by fully exploiting its pore size. 

First, the MOF membrane can shield the migration of I3
- based on the physical 

restriction. Moreover, by tightly adhere the MOF membrane on Zn anode surface, this 

special membrane can also function as a layer to regulate the solvation structure and 
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then enhance Zn anode stability.  

 

Figure 4.1 Schematic illustration of complex interplay in Zn-I2 cells with 

conventional glass fiber separator and Zn-BTC membrane in our study. 

4.2 Preparation of Zn-BTC membrane 

To allow relatively larger ion-pairs to migrate through and enhance the tolerance 

on high current density, herein, we selected Zn-BTC material owing to its large pore 

size (~9 Å).47 Zn-BTC also has a very good stability in aqueous environment, just like 

ZIF-7. The detailed preparation method of Zn-BTC powder is introduced in Chapter 

2.2. Prior to a series of physical and electrochemical characterizations, Zn-BTC 

powder has to remove DMF solvent in the vacuum oven. The process of maintaining 

at 160oC for 24 hours in vacuum oven can effectively remove the absorbed solvent in 

pores and caves. As shown in Figure 4.2a, Zn-BTC has a uniform pore size and caves, 

which serves as place to sieve and store electrolyte ion pairs. The XRD patterns of 

Zn-BTC is consistent with that from literature (Figure 4.2b).45, 48 We then checked its 

morphology by SEM observation, which shown uniform and highly ordered particles 

(Figure 4.2c-d).  
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Figure 4.2 XRD and SEM characterization of as-synthesized Zn-BTC powder. (a) 

Schematic structure; (b) XRD characterization; (c, d) SEM images.  

The as-prepared Zn-BTC power was mixed with PVDF slurry in DMF (mass 

ratio 3:1) and then dripped on glass fiber substrate by a simple blast-cast method. The 

composite was then coated on Zn metal anode surface and formed a compact 

membrane. The as-prepared Zn-BTC membrane maintains a typical morphology of 

Zn-BTC particle (Figure 4.3).  

 

Figure 4.3 SEM images of Zn-BTC membrane without cracks voids at different 

scales.   
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Herein, we would like to highlight the selection of Zn-BTC membrane. The 

prepared Zn-BTC membrane is closely adhered on Zn plate surface without obvious 

gap (Figure 4.4b). One the one hand, the Zn-BTC membrane is proposed to 

physically block the free diffusion of iodine species, especially the I3
-. One the other 

hand, the Zn-BTC membrane can also enhance Zn anode stability by developing a 

highly aggressive ion-pairs in Zn anode surface (Figure 4.4a).  

 

Figure 4.4 (a) Schematic illustration of assembled Zn-I2 battery with Zn-BTC 

membrane; (b) The cross-section SEM image of Zn foil with Zn-BTC membrane. 

4.3 Shuttle of iodine species 

A home-designed V-type glass was used to visually monitor the shuttle of 

polyiodide species. The catholyte chamber composes of brown polyiodide, which is 

prepared by 1 mol LiI and 0.1 mol I2 in aqueous environment. The 0.5 mol Li2SO4 

aqueous solution is the colorless anolyte, which would become colorful as the 

invasion of polyiodide. For the V-type glass with common glass fiber separator, the 

anolyte color soon becomes light yellow only after 5min in the connected place and 

then fully turns brown deep yellow only after 8h (Figure 4.5a). The clear color 

change strongly certificates the rapid shuttle of polyiodide species across the glass 

fiber even without outside electric field. On the contrary, the V-type glass with 

Zn-BTC membrane did not observe obvious color change, neither in the joint place 

nor the bulk anolyte. After resting for 7 days, the anolyte remains colorless, which 
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strongly confirms the benign resistance property against shuttle of polyiodide species.  

 

Figure 4.5 Optical observation of home-made V-type glass with anolyte. (a) With 

glass fiber separator. (b) With Zn-BTC membrane.  

We then carried out an electrochemical aging process to characterize its 

self-discharge process. When fully charging the Zn-I2 cell up to 1.6 V, almost iodine 

species would convert into brown polyiodide. After the galvanostatic charge process, 

the cells are idled at different time for free migration of iodine species. Firstly, we 

checked the galvanostatic discharge-charging process of Zn-I2 cells with different 

separators after resting time. Comparatively, the over-potential in glass fiber separator 

group is much lower than that in Zn-BTC membrane group, which might be caused 

by the increased resistance in the interface (Figure 4.6). With the interval time 

ranging from 0.5 to 5 hours, the specific capacity of glass fiber separator group 

exhibits a noticeable fading, which can be attributed to active iodine species loss 

during the resting time (Figure 4.6). Moreover, we defined the Coulombic efficiency 

by the ratio of discharging capacity to charging capacity (Equation 5). Generally, the 

discharge capacity is lower than the charging capacity owing to the loss of active 

material into the bulk electrolyte. We found that the glass fiber separator group 

delivers a lower Coulombic efficiency of 95% when setting the resting time at 0.5 

hour, which indicates about 5% active materials lost. Further prolonging the rest time 

to 5 hours, the Coulombic efficiency only remains about 80%.  

Coulombic efficiency=
Discharge capacity

Charge capacity
×100%      Equation (5) 
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Figure 4.6 Electrochemical aging test (from 0.5 to 5 hours resting after fully charge 

state) for Zn-I2 batteries with GF separator (upper) and Zn-BTC membrane (lower).  

 

Figure 4.7 Coulombic efficiency of Zn-I2 cells with different separators after resting 

time ranging from 0.5 to 5 hours.  

We then checked the galvanostatic discharge-charging process cell with Zn-BTC 

membrane. The profiles of discharge process after different resting time are almost 

overlapped without obvious capacity fading, which indicates negligible active 

material loss during idling time (Figure 4.7). Similarly, we calculated the Coulombic 

efficiency for Zn-I2 cell with Zn-BTC membrane. It was found that the Zn-BTC 

membrane group maintains a high Coulombic efficiency near 100% when setting the 

resting time at 0.5 hour, which indicates almost no active materials lost. Further 

prolonging the rest time to 5 hours, the Coulombic efficiency still delivers about 98% 
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(Figure 4.7). In brief, the Zn-BTC membrane is proved effective to shield the 

migration of iodine species, not only in the static home-made V-type glass, but also in 

the cycled Zn-I2 cells.  

We then carried out Raman spectra to further prove the shuttle of iodine species 

shuttle to Zn anode by a home-made cell (Figure 4.8). The separators (both glass 

fiber and Zn-BTC membrane) surface can be easily detected a sharp peak locating at 

981 cm-1, which is ascribed to v-SO4
2- band (Figure 4.9).58 For glass fiber separator, 

there is a distinct peak at 122 cm-1, which is attributable to liner triiodide species.95-96 

Moreover, the peak still maintained even with the detection depth, which indicates the 

glass fiber inside was occupied by the triiodide species, from the surface to internal 

space.  

 

Figure 4.8 A home-made Zn-I2 cell equipped with Raman spectroscopy. 

During the charge process, iodine species would continuously convert into I3
-. 

When the soluble I3
- migrate through separator and would been detected by Raman 

laser. In cell with glass fiber separator, the large amount of I3
- shuttle would be easily 

mobile to Cu layer and be confirmed by Raman laser (Figure 4.9a). In comparison, 

Raman laser cannot detect the signal of I3
- in the Cu layer with Zn-BTC membrane 

(Figure 4.9b). 



University of Tsukuba                                                             Doctoral Thesis 

56 
 

Similarly, Zn-BTC membrane obtained from cycled Zn-I2 cell did not observe 

the spectra of triiodide both in the surface and inside region. The in-depth analysis 

substantiated that glass fiber is infeasible to cut-off the permeation of triiodide. In 

comparison, Zn-BTC membrane can effectively eliminate the permeation of iodine 

species.  

 

Figure 4.9 Raman spectroscopy characterization to detecting the components in 

different separators harvested from Zn-I2 cells after 1 hour aging. (a) With glass fiber 

separator. (b) With Zn-BTC membrane.  

4.4 Side-effect of shuttled iodine species 

Besides the active material loss owing to the shuttle effect, we then carefully 

studied the side-effect of shuttled iodine species on Zn anode. The migration of iodine 

species and complex interplay on Zn anode surface remains elusive. Generally, we 

have a basic background that the shuttled polysulfide species involves a complex 

reaction with Li metal anode in rechargeable Li-sulfur batteries.86, 97-99 The extensive 

accumulation of lithium polysulfide would generate a thick passivation layer, which is 

generally ionic insulator and would cause negative impact for ion transport and Li 
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metal deposition.  

Herein, we would like to systematically study Zn anode surface component by 

advanced operando Raman and micro-infrared (IR) spectroscopy characterizations, 

which is harvested from cycled Zn-I2 cells. The obtained Zn plates were fully rinsed 

by DME solution to remove the precipitated salts and attached glass fiber, which also 

washed the attached soluble iodine species. Generally, Zn metal anode surface 

involves a side-reaction from water molecular, leaving a passivation layer consisting 

of ZnO and Zn(OH)2. Firstly, we checked the Zn plate harvested from Zn-I2 cell with 

glass fiber separator. There is a typical spectrum of ZnO crystals, which consists of 

A1(TO) mode at 380 cm-1, E2(h) mode at 437 cm-1, E2(h-l) mode at 329 cm-1, 

respectively (Figure 4.10a).96 The varied spectrum indicated that ZnO crystal deposit 

has no preferred orientation. However, we did not detect any v-OH band, which is a 

typical spectra of Zn(OH)2. The Raman spectroscopy was then equipped with ion 

sputtering measurement to etch the Zn anode surface and check the component 

distribution. With several etching times, these typical spectrum of ZnO crystal still 

remained unchanged, which indicated the severe corrosion from water molecular from 

surface to in-depth (Figure 4.10a). However, the thick side-product on Zn anode 

surface is not consistent with no observation of Zn(OH)2 component. Further etching 

the Zn plate, we found both ZnO and Zn(OH)2, which generally are common 

side-products in neat aqueous electrolytes. The existence of Zn(OH)2 inside Zn plate 

not only proves the severe corrosion Zn metal, but also indicates a 

Zn(OH)2-conusmption reaction process in iodine-contained electrolyte. Micro-IR 

spectroscopy provides a supporting proof, where Zn(OH)2 can only be found in the 

in-depth Zn plate (Figure 4.10b). In the surface and shallow layer of Zn plate, ZnO 

species is the only side-product. Herein, we assume that most of Zn(OH)2 in the 

shallow surface was reacted by the iodine species.  
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Figure 4.10 In-depth spectroscopy characterizations of Zn plate harvested from Zn-I2 

cells after cycling with glass fiber separator. (a) Raman spectroscopy. (b) Micro-IR 

spectroscopy.  

We then checked the Zn plate surface harvested from the cell with Zn-BTC 

membrane. The Zn plate surface occurred typical spectra of ZnO and Zn(OH)2, which 

is sharply different with that in glass fiber group. The three typical spectra can be 

attributed to ZnO crystal, which is same with that in blank group (Figure 4.11a). 

Micro-IR gives a sharp peak of Zn(OH)2 at ca. 3861 cm-1, which substantiates almost 

no consumption of Zn(OH)2 (Figure 4.11b). Moreover, these spectra soon 

disappeared after several etching and confirmed the shallow side-product layer. 

By comparison with the spectroscopy results from Zn-BTC membrane group, we 

assume the disappearance and re-appearance of Zn(OH)2 on Zn plate in blank group 

remains elusive and a very interesting topic. First, the thick side-product layer on Zn 

plate surface and uneven distribution of ZnO and Zn(OH)2 from glass fiber group 

might derives from the side-reaction between triiodide species with Zn(OH)2.  
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Figure 4.11 In-depth spectroscopy characterization of Zn plate harvested from Zn-I2 

cell after cycling with Zn-BTC membrane. (a) Raman spectroscopy. (b) Micro-IR 

spectroscopy. 

We then carried out in-situ differential electrochemical mass spectrometry 

(DEMS) and ex situ Gas chromatography–mass spectrometry (GC–MS) 

measurements to study the inhomogeneous distribution of side-product on Zn anode 

surface. The in-situ DEMS was equipped with Zn-I2 home-made cells for monitoring 

the gas evolution. Generally, Zn cell in aqueous electrolyte only releases hydrogen 

(H2), which derives from side-reaction of water molecular on Zn anode side with pH 

change and side-product accumulation.96 This H2 evolution was proved in our 

experimental (Figure 4.12). However, the extra oxygen (O2) is elusive because of low 

charging potential (<1.6 V vs. Zn/Zn2+). Therefore, this strange O2 evolution is hardly 

coming from water splitting but originate from the complex interplay between 

Zn(OH)2 with iodine species. This complex interplay is similar with that in 

lithium-oxygen batteries, where LiOH reacts with I3
- with a clear O2 evolution.100 In 

our case, the complicated aqueous environment consists of water molecular, iodine, 

and lots of polyanions, which involves a reaction with Zn(OH)2.101-102 Therefore, 
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based on the component analysis of Zn metal anode and GC-MS measurement, we 

concluded that O2 evolution derives from reaction of IO- species with Zn(OH)2 

(Equation 6). 

I3
-+Zn(OH)2→IO-→I-+O2↑                 Equation (6) 

Herein, we assume a reaction mechanism for Zn anode degradation process. The 

shuttled triiodide from negative electrode, involves a complex reaction with Zn(OH)2 

in Zn anode surface with a clear O2 evolution. This interplay can well illustrates the 

disappearance of Zn(OH)2 in the shallow layer of Zn plate. For the group with 

Zn-BTC membrane, there is no obvious O2 and H2 evolution (Figure 4.12). The 

restrained O2 evolution might derives from the cut-off of iodine species and 

subsequent reaction with Zn(OH)2. As for the diminished H2 evolution, we assumed 

that Zn-BTC membrane also favors the Zn anode reversibility by suppressing water 

molecular activity. This would be deliberately illustrated in next part.  

 

Figure 4.12 Gas evolution rate of H2 and O2 on the Zn-I2 cells charging with GF 

separator and Zn-BTC membrane.  

We then carried out SEM observation on Zn plates after cycled in Zn-I2 cells. 

The Zn plate harvested from blank group can be detected lots of cracks and voids 

even in large-scale observation (Figure 4.13a).103 Further close observation finds the 

dendrite growth occupied the cracks, which might be caused by gas evolution from Zn 
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anode side (Figure 4.13b). The release of gas might deconstruct the Zn anode 

stability and leave pore structure.104 In a sharp comparison, we also observed the Zn 

plate obtained from cycled Zn-I2 cells with Zn-BTC membrane. The morphology 

turns out homogeneous and uniform without obvious cracks or voids (Figure 4.13c). 

This integral structure favors fast ion and electron migration in the Zn anode surface.  

 

Figure 4.13 The SEM images of Zn plates after cycled Zn-I2 cells. (a-b) with GF 

separator. (c) with Zn-BTC membrane. 

In brief, we would like to conclude the failure mechanism of Zn-I2 system 

(Figure 4.14a). First, the uncontrollable shuttle of soluble iodine species would 

induce irreversible iodine loss, capacity drop and low efficiency. Moreover, Zn anode 

stability in aqueous electrolyte also induces severe water passivation, with 

side-product accumulation and H2 evolution. More critically, the diffused iodine 

species would react with Zn(OH)2, which not only causes an uneven component 

distribution of Zn anode surface, but also releases O2 evolution. This complex 

interplay negatively destructs the Zn anode stability and exacerbates Zn anode 

reversibility. We believe the comprehensive Zn anode degradation mechanism cannot 
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enable its long-term working.   

In the case with Zn-BTC membrane, the free migration of iodine species was 

firstly blocked and then also inhibited the complex interplay with Zn(OH)2 (Figure 

4.14b). Therefore, the Zn anode surface component distribution has a thin and uniform 

ZnO and Zn(OH)2. Moreover, the diminished gas evolution including O2 and H2 would 

benefit the benign maintenance of Zn anode structure. Therefore, the Zn plate did not 

suffer lots of attack coming from both iodine species and water molecular with the 

shield of Zn-BTC membrane.  

 

Figure 4.14 Schematic illustration of degradation of Zn-I2 cell, coming from active 

material loss, water molecular attack on Zn metal anode surface and the complex 

interplay between iodine species with side-product on Zn anode surface. (a) system 

with glass fiber separator. (b) system with Zn-BTC membrane.  

4.5 Raman spectroscopy study on electrolyte solvation structure 

Besides the above detailed study on Zn anode degradation from the perspective 

of shuttled iodine species, herein, we would like to emphasize the advantages of 

Zn-BTC membrane in Zn anode protection aspect. Similar to the illustration in 

Chapter 3, we firstly studied the Raman spectra of conventional liquid ZnSO4 

solutions (Figure 4.15). The common solvated ion-pairs can be split into SSIP and 

CIP, according to their association degree. With the increase of concentrations, the 
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Zn-OH2 vibration at390 cm-1 was diminished and the Zn-O vibration envolved into 

[Zn2+.OSO3
2-] (ca. 260 cm-1). Besides, the v-SO4

2- band at ~984 cm-1 also evidenced 

an blue-shift. Moreover, the O-H stretch vibration for water molecular was highly 

suppressed and proved a blue-shift for "HOH-OSO3
2-" vibration.63-64      

Comparatively, the spectra in Zn-BTC channels displayed a highly aggressive 

ion-pairs (Figure 4.15). In detail, the Zn-OH2 vibration was signficantly suppressed 

and most of Zn2+ evolved into [Zn2+.OSO3
2-]. The solvation of v-SO4

2- band then 

became into a fully CIP mode, which indicates all water molecualr was coordinated 

with Zn2+. Besides, the water molecular interaction was greatly suppressed and a 

signficant blue-shift of "HOH-OSO3
2-" vibration. In all, the unique Raman spectra 

indicated a super-concentrated electrolyte solvation sturtcure in Zn-BTC channels.   

 

Figure 4.15 Raman spectroscopy for aqueous ZnSO4 solutions and solvation 

configuration in Zn-BTC channels. 

We would like to compare the solvated degree with that in saturated electrolyte 

(3.3 mol). The saturated liquid electrolyte has two solvation mode, SSIP and CIP, 

where most of water molecular belongs to free water (Figure 4.16a). The 
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accomodation of ion-pairs into Zn-BTC channel fully coordinated all free water 

molecular and evolved the SSIP mode to fully CIP mode (Figure 4.16b). In brief, 

most of water molecular in SSIP and free state changed into CIP mode, which 

mitigated the Zn anode corrosion.60  

Therefore, in our case with Zn-BTC membrane, the ion-pairs under electric field 

completed a partical de-solvation process. The region near to Zn anode surface 

reaches a highly concentrated ion-pairs, which is differernt from the loose structure in 

the bulk electrolyte (Figure 4.17). 

 

Figure 4.16 Study of solvated structure for saturated ZnSO4 solution. (a) Solvation 

sheath in SSIP and CIP mode and their ratios; (b) Water molecular distribution in 

saturated ZnSO4 solution. 

 

Figure 4.17 The loose solvation configurations of ZnSO4 solutions and 

high-aggregative electrolyte layer on Zn anode in MOF channels. 

4.5 Study on Zn anode stability 

We then carried out symmetric Zn||Zn cells with different separators under the 
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test condition of 0.5 mA cm-2/0.5 mAh cm-2 in conventional 2 mol ZnSO4 electrolyte. 

In the blank group, the voltage profiles maintained stable before 100 hours and soon 

fluctuated after that (Figure 4.18). The instable voltage evolution profile indicates 

uncontrollable Zn dendrite formation on bare Zn plate. Soon, the symmetric Zn||Zn 

cell is short-circuit owing to the final Zn dendrite piercing through the glass fiber.  

 

Figure 4.18 Symmetric Zn half-cells of Zn plates with glass fiber separator.   

We then examined the stability in symmetric Zn||Zn cell with Zn-BTC membrane. 

We observed a extremely stable voltage evolution profile up to 3000 hours without 

significant fluctuation (Figure 4.19a). The much-extended lifespan proved the 

effectiveness of Zn-BTC membrane to Zn anode. The over-potential at initial state 

reached ca. 60 mV and gradually reached a stable state ca. 40 mV (Figure 4.20). 

Moreover, the over-potential profile does not have obvious movements to the end of 

test time. We then attributed the enhanced stability to the CIP solvation mode in 

Zn-BTC channels, which would release less reactive water molecular.  
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Figure 4.19 The cyclic life of symmetric Zn half-cells with Zn-BTC membrane under 

different test conditions. (a) 0.2 mA cm-2/0.2 mAh cm-2. (b) 2 mA cm-2/2 mAh cm-2. 

(c) 5 mA cm-2/2.5 mAh cm-2.  

 

Figure 4.20 The over-potential evolution profiles of symmetric Zn half-cell with 

Zn-BTC membrane under the test condition of 0.2 mA cm-2/0.2 mAh cm-2. 

To exclude the possibility of PVDF function, we then separately prepared 

PVDF-coated Zn plate for symmetric Zn||Zn cell. We found that the over-potential of 

PVDF-coated Zn began fluctuated after near 150 hours (Figure 4.21). It indicated that 

PVDF-coating cannot significantly improved the lifespan but only serves as the 

binder to connect the Zn-BTC powder.105  
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Figure 4.21 The over-potential evolution of symmetric Zn half-cells with PVDF 

membrane at current density under the test condition of 0.2 mA cm-2/0.2 mAh cm-2. 

Based on the benign electrochemical behaviors at 0.2 mA cm-2/0.2 mAh cm-2, we 

tried to change the test condition into 2 mA cm-2/2 mAh cm-2. With the assistance of 

Zn-BTC membrane, the symmetric Zn cell maintained stable cycle up to 700 hours 

without obvious voltage fluctuation (Figure 4.19b). At the end of test, the 

over-potential maintained ca. 100 mV, which was almost overlapped with previous 

cycles (Figure 4.22).  

 

Figure 4.22 The over-potential evolution of symmetric Zn half-cell with Zn-BTC 

membrane under the test condition of 2 mA cm-2/2 mAh cm-2. (b) Voltage hysteresis 

of different cycles.  
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2.5 mAh cm-2, which is an important parameter towards practical application. The 

symmetric Zn cell extended the lifespan to 350 hours (Figure 4.19c). The 

over-potential is ca. 125 mV even after the end of test (Figure 4.23). To emphaize the 

advantages of Zn-BTC membrane strategy, we summarized a table to compare its 

lifespan (Table 4.1). 

 

Figure 4.23 (a) The over-potential evolution of symmetric Zn half-cell with Zn-BTC 

membrane under the test condition of 5 mA cm-2/2.5 mAh cm-2. (b) Voltage hysteresis 

of different cycles.  

 

Figure 4.24 (a-b) The SEM images of pristine Zn plate surface. 

 

Figure 4.25 (a-b) The SEM images of Zn plate surface after cycling with glass fiber 

separator. 
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Table 4.1 Literature survey of previous strategies to prolong lifespan of symmetric Zn 

cells. 

Strategies Electrolyte 

formulation 

Electrochemical behaviors Areal capacity Ref. 

High 

concentrated 

electrolyte 

1 M Zn(TFSI)2 + 20 M 

LiTFSI/ H2O 

0.2 mA cm-2 for 170 hours / 44 

High 

concentrated 

electrolyte 

30 M ZnCl2/H2O 0.2 mA cm-2 for 600 hours 0.033 mAh 

cm-2 

54 

Nanoporous 

CaCO3 Coatings 

3 M ZnSO4 + 0.1 M 

MnSO4 

0.25 mA cm-2 for 800 hours 0.05 mA cm-2 81 

 

Organic 

electrolyte 

0.5 M 

Zn(OTf)2/TEP 

0.5 M 

Zn(OTf)2/TMP 

0.5 mA cm-2 for 3000 hours 

1.0 mA cm-2 for 2400 hours 

 

0.5 mAh cm-2 

1.0 mAh cm-2 

 

33 
32 

3D-matrix and 

electrolyte 

additive 

1 M ZnSO4 + 0.5 M 

Na2SO4 + 1 g/L 

polyacrylamide 

1.0 mA cm-2 for 180 hours 

20 mA cm-2 for 100 hours 

 

1 mAh cm-2 

 

1 mAh cm-2 

106 

3D-cooper 

matrix 

2 M ZnSO4 0.5 mA cm-2 for 350 hours 

 

0.5 mAh cm-2 83 

3D-CNT matrix 2 M ZnSO4 2.0 mA cm-2 for 200 hours 

5.0 mA cm-2 for 100 hours 

2.0 mAh cm-2 

2.5 mAh cm-2 

82 

3D-ZnO coating 2 M ZnSO4 5.0 mA cm-2 for 500 hours 1.25 mAh cm-2 53 

 

Zn-BTC 

membrane 

2 M ZnSO4 0.2 mA cm-2 for 3000 hours 

2 mA cm-2 for 700 hours 

5.0 mA cm-2 for 350 hours 

0.2 mAh cm-2  

2 mAh cm-2 

2.5 mAh cm-2 

94 

This 

work 

The Zn anode morphology change was observed by comparing the uniform 

pristine Zn surface without damage (Figure 4.24). The Zn plate cycled in cell with 

glass fiber separator turns out inhomogeneous structure (Figure 4.25a). The typical 

flake-like dendrite growth occupied the whole region, which is similar with previous 

literatures (Figure 4.25b). We then carefully studied the Zn morphology, which 

harvested from cycled cell with Zn-BTC membrane. The large-scale observation is 

uniform and smooth surface, without large dendrite growth (Figure 4.26a-b). Further 

observation turns out uniform and well-distributed flake-like Zn deposits on the whole 

region (Figure 4.26c-d). This nano-sized three-dimensional Zn deposits is similar to 
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that in organic electrolytes. In organic electrolytes, the much lower water activity 

significantly enhanced its thermodynamic activity with Zn metal. Herein, by reducing 

the water activity, Zn-BTC membrane also favors the three-dimensional Zn deposits.  

 

Figure 4.26 (a-d) The SEM images of Zn plate surface after cycling with Zn-BTC 

membrane at 2 mA cm-2/2 mAh cm-2 after 700 hours.  

4.6 Electrochemical performance of Zn-I2 battery 

Then, we evaluated the Zn-I2 coin-cells by electrochemical characterizations. All 

specific capacity and current density in this work is calculated based on mass of 

iodide species. The cell with glass fiber separator delivered a capacity of 194 mAh g-1 

at current density of 160 mA g-1, with a iodine utilization approaching 92% after 

several initial cycles (Figure 4.27a). However, the specific capacity then dropped to 

156 mAh g-1 within 100 cycles. The Coulombic efficiency is also crucial parameter to 

moniteor the shuttle of iodine species. The Coulombic efficiency only maintained ca. 

94% for each cycle (Figure 4.27b). It indicated that ca. 6% iodine species loss during 

each cycle, which would considerably despair the advantages of Zn-I2 battery. 
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In comparsion, the cell equipped with Zn-BTC membrane exhibits a more stable 

capacity profile with a high retention of 99% within 100 cycles, delivering 

high-capacity of 201.1 mAh g-1 and high iodine utilization of 95.3% (Figure 4.27a). 

More importantly, the The Coulombic efficiency remains above 99% for each cycle 

(Figure 4.27b). The electrochemical performance is highly consistent with 

above-mentioned study on battery degradation.  

 

Figure 4.27 (a) Cyclic performance of Zn-I2 cells at 160 mA g-1 with different 

separators. (b) Corresponding Coulombic efficiency of Zn-I2 cells. 

 

Figure 4.28 (a) The rate behavior of Zn-I2 cells with Zn-BTC membrane. (b) 

Corresponding charge/discharge voltage profile under different current densities. 

For Zn-I2 battery with Zn-BTC membrane, we then characterized its rate 

performance. The specific capacity delivered much lower capacity as the increase of 

rate (Figure 4.28a). Moreover, the specific capacity almost entirely recovered to 

high-capacity when the rate recover back, which indicated the intact redox reaction of 

iodine species at high rates (Figure 4.28a). The corresponding discharge/charge 
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potential profiles still remain the typical reaction of iodine cathode (Figure 4.28b). 

Then, we conducted cyclic voltammetry (CV) measurment for Zn-I2 battery with 

Zn-BTC membrane. The CV profile at 0.04 mV s-1 displayed a oxidation and 

reduction potential at 1.32 and 1.23 V, respectively (Figure 4.29a). With the increase 

of sweep rate ranging from 0.04 to 0.24 mV s-1, the potential polarization also 

enlarged. We then depicted the correlation between peak current with sweeping rate. 

The relationship obeyed the typical diffusion-controlled routine, where peak current 

has a good linearity to with square root of sweeping rate (Figure 4.29b). 

 

Figure 4.29 (a) The CV profiles with sweeping current density ranging from 0.04 to 

0.24 mV s-1. (b) Liner fits of peak currents with square root of sweeping current 

density. 

Based on the benign rate capability, we then evaluated the performance of Zn-I2 

batteries with Zn-BTC membrane at high-current of 1920 mA g-1. After initial 

capacity drop, the specific capacity maintained an ultra-stable profile over 6000 

cycles, with a specific capacity of 85 mAh g-1 and high average Coulombic efficiency 

of 99.65% (Figure 4.30a). Moreover, the discharge/charge cycles exhibited almost 

overlapped voltage profiles (Figure 4.30b). Comparatively, Zn-I2 cell with glass fiber 

separator presented a fast capacity declining owing to comprehensive electrode 

degradation (Figure 4.30a).  
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Figure 4.30 (a) The Zn-I2 cell cycled at current density of 1920 mA g-1 with different 

separators. (b) The discharge/charge voltage profiles of Zn-I2 cell with Zn-BTC 

membrane. 

4.7 Summary and conclusions 

In conclusion, in this work, we contributed to reveal the electrode degradation 

mechanism and a multifunctional Zn-BTC membrane for Zn-I2 battery system. By 

advanced space-resolution characterizations, we originally discovered the negative 

impact of water molecular and iodine species to the Zn metal anode. Firstly, water 

molecular involves a passivation reaction, leaving ZnO and Zn(OH)2 layer. Besides, 

the free migration of I3
- species would participate a complex interplay with Zn(OH)2, 

which not only deconstruct the side-product layer on Zn metal surface, but also induce 

O2 evolution. 
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Herein, the adoption of Zn-BTC membrane can effectively shield the shuttle of 

iodine species, which was proved by visual observation, electrochemical 

self-discharge test and Raman spectroscopy characterization. Moreover, the 

introduction of Zn-BTC membrane provided ample pores and caves for electrolyte 

storage and ion-pairs regulation. Based on its unique pore structure, Raman spectra 

revealed a highly aggressive solvation sheath. Based on the simultaneous progress on 

both electrodes, aqueous Zn-I2 batteries with Zn-BTC membrane displayed an 

ultra-long cyclic life of 6000 cycles, high retention of 84.6% and high average 

Coulombic efficiency of 99.65%.  
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Chapter 5. General conclusions and perspectives 

5.1 General conclusions 

In this dissertation, we dedicated to in-depth analysis on Zn metal anode 

degradation mechanism and propose a MOF coating/membrane strategy to prolong Zn 

battery lifespan. The routine liquid electrolyte consists of lots of free water molecular 

and ion-pairs with loose solvated structure. Especially, the Zn2+ with hexahydrate 

would finally de-solvate the water molecular prior to redox reaction, which would 

induce severe passivation on Zn anode surface. We emphasized the threat of strong 

water activity to poor Zn anode reversibility. Inspired by the good Zn metal anode 

stability in highly concentrated aqueous electrolyte and the unique property of ionic 

sieve of MOF materials, we demonstrated a MOF coating/membrane strategy to 

construct a highly aggressive ion-pairs layer on Zn anode surface. Our original 

findings highlight the role of strong water activity for Zn anode degradation 

mechanism and contribute to a MOF coating/membrane strategy to resolve the related 

concerns. We believe that the comprehensive study in this dissertation would 

enlighten more insight and discovery in future better Zn batteries. 

Chapter 3 systematically discussed the reactive water releasing from de-solvation 

process and its side-effect for Zn metal anode. Based on the in-depth understanding 

on electrolyte solvation structure, we proposed an effective electrolyte solvation 

structure regulation approach. The method using MOF materials bypasses the 

disadvantages (poor ionic conductivity and high viscosity) for conventional high 

concentrated aqueous electrolyte. We the proved the MOF with abundant pores and 

caves can be employed to accommodate ion-pairs of electrolytes and reject migration 

of most of large ion-pairs. Raman spectroscopy revealed that water activity in ZIF-7 

channels was highly suppressed and the Zn2+-H2O ion-pairs was signficantly 
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enhanced. It indicates that ZIF-7 channels realized a highly aggressive solvation 

confirguation in ZIF-7 channel under electric field. Benefitted from supersaturated 

front surface on Zn anode surafec, the lifespan of symmetric Zn half cell was 

promoted to 3000 hours at 0.5 mA cm-2 without obvious voltage fluctiation. The 

lifespan of Zn-MnO2 battery was also prolonged up to 600 cycles, with a high 

capacity-retention of 88.9%. However, this approach cannot satisfy for high-rate and 

fast-charging batteries.  

Therefore, we modified the MOF channel to larger pore size, which can 

accomodate larger ion-pairs in Chapter 4. In this work, we demonstrate a 

multifunctional Zn-BTC membrane for Zn-I2 battery system and contributed to reveal 

the electrode degradation mechanism. For the Zn metal anode protection, the Zn-BTC 

channel realized a fully CIP solvation mode, which enables highly reversible Zn 

electrodeposit and improve the current density to 5 mA cm-2. For cathode, the 

liquid-liquid conversion mechanism favors fast-charging property. Moreover, the 

Zn-BTC membrane was proved effective to shield the shuttle of soluble iodine active 

species.  

In all, this dissertation concentrates on the electrolyte solvation structure 

regulation by MOF strategy and demonstrates two types of representative aqeuous Zn 

batteries. One is rechargeable Zn-MnO2 battery, which is not only the successor of 

primary dry cell, but also is one of the most promising for high-energy aqueous 

batteries. Another is aqueous Zn-I2 battery, which can satisfy for fast-charging 

demands. We anticipate that this concept can be widely extended to other types 

aqueous and non-aqueous rechargeable batteries.  

5.2 Perspectives 

This dissertation reveals the side-effect of strong water activity and employs the 
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concept in aqueous Zn batteries. We believe this approach can have more promising 

applications in other types of aqueous batteries, such as safe aqueous Li-ion batteries 

or aqueous sodium-ion batteries. For example, in aqeuous Li-ion batteries, the strong 

water activity might induces severe hydrogen evolution reaction on negative electrode. 

Moreover, for better illustration of the Raman spectra, we used simple ZnSO4 

aqueous solution for the baseline electrolyte. In the future, more investigations based 

on aqueous/non-aqueous hybrid baseline electrolyte can be developed.  

Besides, in consideration the complicated preparation process and high cost of 

MOF materials, other types of porous materials (nano or micor-size) can be utilized 

and studied for the host materials. The requriments lie in chemical and 

electrochemical stability for the battery system, and portable pore size to accomodate 

the solvated ion-pairs. For example, the water-stable zeolite molecular sieve has a 

much lower cost, which favors its extensive application in the future.  

In brief, as an efficient concept, the electrolyte solvation structure regulation 

strategy based on porous materials can be extend to a wide-spectrum energy storage 

system.  
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