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Abstract

Sustainable energgievelopment becomes the most priority of the world to meet the
increased energy demand within a-neto CQ emission policy. Rapid development of
renewable energy sectors and burgeoning demand from 0T necessitate sustainable
energy storage solution. In this context, this PhD research project is focused on devising
new energy storage device aiming to meet thergy density, sustainability and cost
efficacy. Considering this, Zair battery seemingly has the future promise in the pest Li

ion battery techrlogy for commercialization owing to its higheoreticaknergy density,
abundance and safety features. Nevertheless, the current aqueous eldxEsalght&@n

air battery limits its potential integration for a wide range of applications owing to lower
electrochemical stability window of aqueous electrolytes.ddeer, dendrite formation,
passivation, corrosion and hydrogen evolution reaction significantly limit the cycle life
of aqueous Ziair battery. As organic electrolytes are well known for wider
electochemical stability window, it can increase the stability of th@iZbattery, hence

will make it suitable focommercialization as well &gll increase its potentialtegration

for wider applications.Thus this research projectocused toincorporateorganic
electrolytes for rechargeable -Ar battery which is yet to be investigated for
rechargeabl&n-air batterysystem. First, organic electrolytes assessethroughthe
physicochemical properties of organic solvents, solubility and ionic condydasts of

the zinc organic electrolytes where three of the zinc organic electrolytes
DMSO/Zn(NG)2.6H0, DMF/Zn(NG)2.6HO0 and DMF/Zn(OTf) were deemed
suitable among the several organic electrolytes. Three zinc organic electrolytes are further
studied through the appropriatdectrochemical characterizations to understand its
suitability for making rechargeable =z battery. Moreover, through rigorous

electrochemical analyses demonstrated a strong influence of organic electrolytes on
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anode and cathode electrochemical performances. Beside this, coordination chemistry
and decomposition screening of organic electrolytes were also carried out to get the
insight of the addressed organic electrolyfdter finding its appropriateness, cyclability

of the liquid organic electrolytes are investigated by galvanostatic disetiaagge of
battery cycling proces3he results from cyclability and stability were in correlation with

the earlier electrochemical characterizations resDN-/Zn(OTf)2found to be the best
suitable electrolyte from both the electrochemical characterizations for electrolyte
suitability and battery cycling experimenEnally, flexible organic polymer electrolyte

is synthesized with the optimized liquid organic electrokF/Zn(OTf). to widen its
application mainly for wearable electroniazs well as enhancing the RZABs
performance The synthesized organic polymer electrolytes demonstrated excellent
flexibility, stability and cyclability. Remarkably flexible organic ptymer electrolyte

found to be superior to its liquid organic electrolyte state in terms of both stability and
cyclability. Consequentlythis researchresultsenlightened the importance and potential

of organicelectrolytes and hencwijll significantly contribute towards the development

of rechargeable Zair battery.
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Introduction
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1.1 Introduction

Climate change and dwindling resources of fossil fuels have prompted the governments around the
world to seela clean and sustainable energy solution in order to minimize the carbon footprint. In
this regard, offshore renewable energy is being developed which necessitatesdéegsdficient and
sustainable energy storage device. Also, growing call for adoptee@ission free energy policy
towards industry, domestic and transport sectors fuelled the necessity for safe and sustainable energy
storage saltion. Moreover, rising demand from the emerging loT (internet of things) systems and
storing renewable energy necessitate-tmst energy storage devices with high energy defisiy.
Despitemanybattery technologsalready in large scale commercialization, yet current batteries still
experience from the inadequate energy density, lack of safety and sustaifj@piity In these
circumstances, there is an utmost research challenge to develop a superior battery technology that

will be sustainable and energy efficient.

Commercially available lithium (Lipased systems are generally expengijesuffers from inherent
safety issuef8, 9] and provide limited energy and power densiti€s 11} These drawbacks of the
commercially available Lbased systems can be eliminated with the advent and development of next
generation energy storage systems, such as-aietadtteries (MABs)12-14]. Beside this, oxygen

as the cathode material in the metal batteries, also comparatively superior to any other cathode

materials since its safe, readily available, cost effective, and light weight.

Comparing other MABs (Li, Na, K, Mg, Al), Zair battery is considered as one of the most feasible
systemd1, 15]. Furthermore, Zn is abundant in nat(ité, 17] has high corrosion resistance in
various medig12, 15] and possess one of the best volumetric capacity in thairZoattery
configuration. Despite its lower energy density comparing other types ofanekdltteries, still the
theoreticalenergy density and capacity of -Air battery is few times higher than the existing

commercial batteries[18-20]. Also, nontoxicity, low cost, high reversibility, and safe
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electrochemistrpf zincmade Zrair battery more feasible for future commercialization. Beside this,
easy manufacturing procedures requiring lesser optimized operating conditions make attractive

choice towards Zair battery[21].

Furthermore, among the considered metals for MABs, there are certain technical challenges that
makes few of the metals based MABs very inconvenient for commercialization with the current state
of technical challengeld4]. Of the various scientific and technical hurdiggssivation, corrosion

and instability of Mg electrode in Mgir battery[22-26], passivation and corrosion of Al electrode

in Al-air battery[27-29], insoluble discharge products and parasitic reactions {ailNaattery[30-

32], are the major hindrance to their commercial prospect with the current state of techniques
employed. Despite the high energy density potentiadiiLbattery has the issues that ranges from the
high cost and dwindling resources of Li, pyrophoric nat@ita,alendrite formation and passivation,
irreversibility of discharge produdi3, 12, 31, 33, 34&re also major challenges towardsalii battery
development. While Zair batteries also have challenges but still the issues are less chal[@5ing

than the other metalir batteriesAlso, compatibility in aqueous electrolyte, and low redox potential
with excellent reversibility of Zn, makeechargeabl&n-air battery an attractive choi¢&9, 20]

These advantages contributed to the rapid commercial development and availability priraary Zn

batteries[1, 14, 15, 20]

Alike any other battery, Zair battery (ZAB) consist of three fundamental components that are-(zinc)
anode, electrolyte and (porous atathode. All these three components have equal importance for
smooth battery operation. Most of the existing studiesZnair batteries were focused on the
challenge to resolve the issue of developing efficient bifunctional catalyst for air cathode. Sluggish
ORR (oxygen reduction reaction) and OER (oxygen evolution reaction) kimetiadeed a major
technical challege which reduce the stability and cycle life of the rechargeablaramattery. Till

now, many studies developed effective bifunctional catalyst that shows great pj@@jiselso,
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there are many significant development towards ORR/OER catalyst in fuel cell technologies and other
metatair batteries which have the same objective towards the resolution of sluggish oxygen reaction
kinetics [37]. Thus, exploitation can be made from those development of ORR/OER catalyst to
integrate into the ZAB technology. Unfortunately, due to this extremely attractive challenge, other
critical chall enge towards zi ncerenaimsgresohednd mor

the rechargeable Zair battery.

In ZABs, ideally, zinc anode requires corrosion and deformation resistant with thefabilibyform
dissolution and deposition during the battery cycling. However, zinc anode suffers from corrosion,
deformation and limited dissolutigB8] which drastically limit the battery operation. To overcome
these challenges, researchers brought the idea with hybrid zinc[88pd8]or zinc anode surface
coating [41-43], advance separatp44-46] and electrolyte additivepl7-49]. Even though these
approach do solve one or the other challenge, howéwey,c oul dn o't solely sol
challenges altogether that prevails in the current state of air batteries. Moreover, some of these
mitigative technical approach raised other issues like reduced battery capacity, stability and unwanted
complex chenical reactions. More importantly, one of the majballengeof the zinc anodés the
currently adopted aqueous alkaline electrolyte. This aqueous alkaline electrolytest timele@oot
cause towards the zinc anodeds cor [5® 51 Apart pas
from this, aqueous based electrolytes have the major issues like hydrogen evolution reaction and
lower electrochemical stability windoWb2, 53] This adversely affect the ZAB cycle life and

stability.

In this regards, organic electrolytes still unexplored foranbattery. There are only few studies
available on organic electrolytes for-8gstem which mainly explored for Zan battery systerfb4-
56]. Beside this, organic electrolytes are well known for their wide electrochemical stability window

[54]. Also, organic electrolytes are immune from the hydrogen evolution reaction mechanism.
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Therefore suitability of organic electrolytes for rechargeable-&in battery remained an important
research gap that needs to be explored for rechargealale Eattery. In this perspective, this PhD
research project aimed to explore the suitability of organic electrolytesviming rechargeable Zn

air battery.

1.2 Organization of Thesis

The thesis is structured with nine chapters that includes four distinct experimental chapters. In the
first chapter, preface of the thesis topic highlighted the prospectair Battery comparing different
batteries and MABs. Additionally, functional @biutes and challenges of current stateasirbattery

is briefly discussed where electrolyte is identified as one of the crucial factor towards the existing

challenges.

In the literature review of chapter 2, brief description on MABs prospects and challenges,
sustainability, energy density and capacity, prospect ediZbattery as the alternative and future
energy storage device are described. Broadly, existing litesatocused on the electrolytes for-Zn

air batteries are analysed and key research gaps and challenges are discussed. Additionally, prospect:

and challenges of organic electrolytes are explored from other-aiebsaltteries perspective.

In the chapter 3, research gaps are identified from the literature reviews of chapter 2. The identified
research gaps are structured through key raised questions that require to be answered for the designing
of the research project. After that, the reskaaons and objectives are outlined for the overall

research.

In the chapter 4, materials and different methodology are described for the research carried out in the

chapters 5, 6, 7 and 8. This includes a brief description of the different electrochemical
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characterization and pestudy techniques that are employed for the thesis research with their

necessity.

In chapter 5, organic electrolytes are characterized with different electrochemical characterization
techniques like EIS, CV, LSV, PDP, RDE to investigate the suitability of the addressed organic

electrolytes through hatfell study. Additionally, posstudy analyses like FTIR, NMR, XRD, SEM

EDX were also carried out to investigate the reasoning behind the electrochemical behaviour of the

organic electrolytes for Zair battery.

In chapter 6, organic electrolytes were further studied for acélillbattery testing techniques like
galvanostatic chargdischarge cycling and EIS as well as specific capacity, power density and
discharge plateau were measured. XRD and &M techniqes were also carried out to

understand the discharge products and surface morphology for the addressed organic electrolytes.

In chapter 7, the optimized organic electrolyte from the chapter 5 and 6, was further explored for the
high concentrated electrolyteds electrochemic
the battery with the concentrated version of tpgnsized organic electrolyte was also studied for

various C rate and current density.

In chapter 8, the optimized organic electrolyte from the earlier chapter 5 and chapter 6 wasrstudied
its polymer electrolyte form. The synthesis of the flexible organic polymer electrolyte was
characterized through EIS, specific capacity, discharge plateau and power density measurement, and

battery cycling were carried out.

In chapter 9, significance of the thesis research is highlighted while the future recommendation for

further study is outlined.
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Chapter 2

Literature Review

Overview

In this chapter, developmentelectrolytes for Zrair battery are mainly focused, from the existing
literature studies. From the review of the relevant literatures, existing challenges and research gaps
are identified with critical analyses. This will increase the understanding-afr dvattery system
especially the significance ofesltrolytes role and existing challenges inanbattery system as well

asaiding thedesignof this PhD research project.

2.1 Energy Storage System: Battees

Energy is the driving gear that runs the modern world. Climate change, dwindling fossil fuel resources
and emergence of renewable energy technology are the prime factors that necessitates towards the
development of sustainable and reliable energy stosegenss. Beside this, demand of efficient and
impactful energy storage systems is ever increasing for the transportation sector and portable
electronics[1, 2]. In most energy appliances, compact energy storage device is required for the
application systems. Even though there are quite a few energy storage and generation ieshnolog
thatexist, however, many of thegeg., solid oxide fuel cell, redox flow battery, alkaline fuel cells,

are unsuitablefor integrating intowide range of applicationsn this regard, batteries become the
attractive choice for almost every energy appliance owing to their prospect for compactness,
scalability, cosefficacy, energy density and efficien¢$-5]. Due to this, battery industry is
increasing sharply and projected to hit five to-felal of the current demand by the year 203@].
Currently, Ltion batteries (LIBs) are leading the commercial rechargeable battery market, however,

this becomes a concern for future sustainabil8gfety, cost, energy density and natural abundance
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of battery materials are highly considered for the next generation battery techf@jlogy this
perspective, metair batteries are considered as one of the most promising and alternative battery
systemg10, 11] Beside this, air cathode which is a free of cost cathode material for this type of
battery and high energy density made it more attractive choice. A schematic of comparative energy
density of batteries is shown in the Figure 2.2. It demonstrates thaetagair batteries have both
higher gravimetric and volumetric energy density than the other existing commercial and non
commercial batteries. This makes the matabatteries much lighter and smaller paving way for any
portable devices and wearableatonics. Therefore, in the following section, a brief analyses on

different metalair batteries will be discussed for their viability.
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Figure 2.1: Estimated battery industry growth; adopted ff@mn
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a) Energy Density of Batteries
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Figure 2.2: Generic view of theoretical energy density of mostly considered batteries

2.2 Metal-air Batteries

The metalair batteries comprise the metal anode as the negative electrode, porous cathode as the
positive electrode where oxygen diffusion takes place and electrolyte sit in between the positive and
negative electrodes, schematically shown in Figure 2.3. The meta priathrily defines the type

of the metalair battery. Among the most common studied matabatteries that have attracted the
research community are-air, Znair, Naair, Mg-air and Alair batteries. Priority for selecting a
battery lies in the energyensity and capacity which are calculated by the following mathematical

equations (4) [12]:
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Equations 14 suggests that the lighter the metal electrode, the highgpdlediccapacity and energy

density is. Nevertheless, higher density of metal will result in increased volumetric capacity and

volumetric energy density. Similarly, higher negative electrode potential also increases both

gravimetric and volumetric energy density.
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Capacity & Energy Density OMABs
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Figure 2.4: Metalair batteries: Capacities & energy densities for anode and including oxygen. Eg"
is the energy density of the battery taking
Theoretical calculations may vary due to the differences irpogédintial, type of electrolytes and

formed discharge products through reactions in the system

In the Figure 2.4, comparison of the theoretical gravimetric and volumetric energy density and
capacity of different metadir batteries are presented. It demonstrates that Al has the highest specific
capacity followed by Li > Mg > Na > Zn. On the othenbalLi has the highest gravimetric energy
density followed by Al > Mg > Na > Zn. Even though Zn has the lowest specific capacity and
gravimetric energy density among Li, Al, Na and Mg, nevertheless, owing to the high density of zinc

material, it has the gher volumetric capacity and volumetric energy density after aluminium.
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Apart from the energy density and capacity of the batteries, critical factors like sustainability
of the battery materials, abundance and atsineed considexd which are shown in Figure 2.5.
Among the considered metals, Li and Mg have a future risk of supply while Zn has a risk in the next
100 years owing tds extensive usage. On the other hand, Al and Na have the best sustainability in
terms of natural abundance. From the anode material cost perspective, Li has the highest cost followed

by Na > Zn >Mg > Al.

From the technical point of view, Mair battery has major technical hurdles thatudelow
anodic stability, corrosion, irreversibility, passivation and low redox couple despite their cost
efficacy, abundance, high potential and energy def$819]. Naair batteries also have major
technical issues like poor cyclability and porous cathode blockage which causes hindrance to their
commercial prospect with the current state of techniques emp@9ea1] Similarly, Al-air battery
suffers from the passive layer formation, accumulation of Al@d#)d AbOs by-products and
insulating film of alumina suppresses electrochemical operf2i2#24]. While Li-air and Znrair
batteries also have challenges but still the issues are less chall§2fgjirthan other metadhir
batteries However, due to high cost of Li metal and growing use causing depletion of its sources, it
Is less sustainable for future prospect. Beside this, pyrophoric nature of Li adding more complexity
in developing this type of battery. Also, the porous cathddekbge with insulating discharge
product of LpO2, dendrite formation and passivatifffi, 26:29] are also major challenges towards

Li-air battery development.

From the above perspective, considering the current technical challenges and immediate
future prospect, Zair battery seemingly has a better edge than other 4aietahtteries. Thus, Zn
air battery is focusedn further for the future development highlighting its current challenges and

research gaps.
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2.3 Znair Battery

Zn-air battery is consisting of Zn metal anode, porous cathode and electrolyte. Between-the two
electrode, electrolyte is placed which act as an electronic insulator while transport ionic charges
produced at the electrodes during the redox reactions lattery operation. Zion is dissolved in

the electrolyte through the oxidation of zinc metal anode and oxygen gets reduced at the porous
cathode during the battery discharge process. On the other hand, Zn metal plating occurs on the anode
and oxygen evaltion reaction occurred in the charging process. The general mechanistic concept of

the ideal reactions at the electrodes during dischaighiagging operation in Zair battery is:

Discharge Process Charge Process
Anode: Anode:
OEi 0 OE  ¢Q OE  ¢Q O @i
Cathode: Cathode:
0 "Q 1TQ o ¢0 0 TQ © 0 Q
Overall reaction: Overall reaction:

O gﬁ"QOd)‘siji GE i O GEi 20 Q

In the Znair battery, porous cathode is used to altbe diffusion of oxygen in the system. At
the cathode, oxygen reduction and evolution reactions occur which depend on the catalyst activity.
This requires an efficient and durable bifunctional catalyst that can reduce oxygen and evolve oxygen
during the bdery discharging and charging process, respectively. Till now, the idealized oxygen
reduction and evolution reaction in the 4pathway is very rare in long operation for any system.
This is due to the inefficient bifunctional catalyst for ORR (oxygetucgon reaction) and OER
(oxygen evolution reaction), therefore, sluggish reaction kinetics pf80&32] in all types of metal

air batteries including Zair system. This reduces the battery performance drastically. Beside this,
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catalytic activity at the cathode also depends on the nature of electrolyte used. Moreover, solubility
of oxygen depends on the electrolyte nature. The high solubility of oxygen provides better discharge

capacity[26, 33] due to the better ORR activity.

2.4  Electrolytes for Zn-air Battery

Electrolyte is omnipresent and indispensable part in the battery system. It is the medium where ion
formation and transport occurs meanwhile it is also the interface between the two electrodes which
dictates the performance of the battery. Electrolyte lshmeistable i.e., it should not be decomposed

by chemical transformation during battery cycling process. Electrolyte directly or indirectly
associates with the anode and cathode electrochemistry as it is the coraiobaitery chemistry.

The correlaton of electrolyte with the zinc anode and air cathode electrodes is depicted in the Figure

2.6, where it exhibits the different core issues olafirbattery.
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Figure 2.6. Schematic correlation of electrolyte with major performance criteria (aleftle
cathoderight) in Zn-air battery
However, electrolyte often decompose due to the oxidizing and reducing agent of cathode and anode,

respectively{34]. At the same time, higher electrochemical window of the working electrode will
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likely to degrade the electrolyte that possess lower electrochemical window during redox reactions
[35]. Beside this, electrolyte should also inherit a good ionic transport while being electronically
insulator. The wider electrochemical window of the electrolyte mainly depends on the §86jent

The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)
indicates the stability window of an electrolyte. The real stability of electrolyte directly corresponds
with the redox potential of the electrodes, shown inRigeire 2.7. Therefore, a suitable electrolyte

for Zn-air battery should maintain higher electrochemical window, chemical stability, and good ionic

conductivity.
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Figure 2.7: Electrochemical stability of electrolyte retrospective to the electrodes redox potential

[36]

In the following sections, different electrolytes that are addressed fair Zrattery will be
broadly discussed. Also, organic electrolytes from other ra@tdlattery studies will be assessed for

the possible integration towards-air battery systengs there are no fuicale studies introduced

for Zn-air system.
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2.4.1 Aqueous Electrolyte

Aqueous electrolytes have been extensively used faiZbattery till now. This is due to the low
viscosity of the aqueous electrolyte which provide a higher ionic conductivity. Beside this, low cost,
environmentally benign and excellent safety are dnth@® prime movers of aqueous electrolyte
features for incorporating in the Zir battery system. Amongst the aqueous electrolytes,
performance and stability of Zair batteries have been extensively studied for aqueous based alkaline
electrolyteg37, 38] This is evident from the Pourbaix diagram (as shown in Figure 2.8) that Zn is
only stable within a narrow pH range of pH -85, and hence stability of Zn electrode has been a
significant issue in the acidic electrolytes as well as in the concentrkdideklectrolytes (with pH

of greater than 117, 39]

The chemical reactions taking place in the aqueous alkaline mediyd®hre

Anode: Zn +4 OH = Zn(OHY¥> + 26  (Eo=-1.25V)
Zn(OH)? = ZnO + 2 OH+ H0
Cathode: @+2HO +4e =40H (Eo=+0.40V)

Overall reaction: 2Zn +£=2 ZnO (b=+ 1.65V)

25|Page



| | | | |
6 8 10 12 14 16
pH

Figure 2.8: Pourbaix diagram of Zd 1]

Among the aqueous alkaline electrolyte, KOH (potassium hydroxide) has higher ionic conductivity
than NaOH (sodium hydroxide) and LiOH (lithium hydroxifi#), 42] As the K has lower cationic
radius compared to theland N4, there is increased interaction between water molecule and smaller
radius cation which not only increase the conductivity also increase the oxidation potential of the
electrolyte[43]. Therefore, KOH become superior for most of the alkaline based electrolyte studies
for Zn-air battery. In most cases, concentrated alkaline electrolyte is used as the lower pH value
negatively affect the cell chemistry by producing complex Zn@#tyvhere y can be from-@ range

[37]. Among these species, only Zn(QH])zincate) beneficial for the Zair battery chemistrj44].

This is due to the zincate that reduces to zinc oxide discharge product. that pid¢etibde for
further utilization. Beside this, the solubility of discharge product (ZnO) increases in concentrated
alkaline electrolytd45]. However, during the cycling process, zincate concentration increases due
to the increase of Zhin the water solvent. This supersaturated zincate gets precipitated to ZnO and
reduce the solubility of ZnO as well. Furthermore, ionic conductivity and electrode potential become
affected adversely from the increased ZnO insolubility in the electrdisie.will also increase the
viscosity of the electrolyte and ZnO will also be deposited on thel@atrode surface creating

26|Page



passivation. Due to this, high solubility of ZnO is desired and it is directly correlated with the
concentration of the alkaline salt. Zhang et[46] has shown the KOH concentration effect with
electrode potential, conductivity, and ZnO solubility; depicted in the Figure 2.9. The study concluded
a 32 wt% KOH would be the optimized condition to lessen the adverse effect of ZnO in alkaline
electrolyte. Tis is further supported by Reining et. al. through a simulation $4xdyand Lim et.

al. [45], who have shown systematic study of ZnO saturation for KOH based alkaline electrolyte in

Zn-ion battery.
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Figure 2.9: Effect of KOH concentration on electrochemical phenomena iKC#Hh (aq) system

[46]

It is noteworthy to highlight that, concentrated aqueous alkaline electrolyte will possess a reduced
amount of free OH For this reason, hydrogen evolution reaction rate will be reduced. Nevertheless,
zinc is more electropositive than hydrogen where hydrogen evolution reaction is inevitable in aqueous

alkaline electrolyte mediun¥8-50]. Despite some adverse effect of ZnO, presence of ZnO in
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electrode or in electrolyte will reduces the hydrogen evolution reaction in the aqueous alkaline

electrolyte. This is because of the more negative potential of Zn/ZnO than Zn el§tHlode

Apart from the ZnO (discharge product) solubility issue, alkaline electrolyte has detrimental effect
on dendrite formation. Dendrite is the roniform deposition of zinc which change the shape of the
Zn-electrode surface during cycling. The deposition loarof different types in alkaline solutions
namely heavy spongy, dendritic, boulder, layer like, and filamentous nj6%gyDue to the
metallurgical effect, current distribution is not uniform through thesléctrode. This favours higher
current density distribution along some localized region on the electrode surface. Due to the higher
current flow in localized regions wth facilitates an easier pathway of electron flow, where Zn
deposits is higher by rapid nucleation of zj52, 53] Dendrite growth also largely depends on the
zincate concentration in the aqueous electrdd® 53, 54] Non-uniform zincate concentration in

the electrolyte is the possible reason of the strong dendrite growth in some local region. In some
worse condition, this can cell to shaitcuit and ultimately cause battery failure. Several studies have
reported toinhibit the dendrite growth successfully by incorporating addifp®58]. However,
inorganic additives should be selective so that the relevant metal should have higher reduction
potential than zinc while still can create complex ions in the concentrated alkaline electrolyte either
in case of ingression of G@r in the presence of superoxide radicals. Meanwhile, some studies

suggested anion exchange membrane for suppressing the dendrite fof4®at®) 60]
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ref. study[61]

Nevertheless, the anion exchange membrane is unstable in high voltage operation of battery makes it
susceptible in the concentrated alkaline electrdifle 62, 63] Another way to resolve the issue is

to ensure uniform zincate concentration in the aqueous electrolyte. This can be ensured with the
arrangement of convective electrolyte flow which results into a uniform zincate concentration.
However, this will necessite pumping energy and make the system bulk and inappropriate towards
the battery integration into many appliance. This is only possible in the casewffidel cell or bulk

battery system for grid energy storage system where fresh electrolyte flthessistem that reduce

the zincate concentration ensuring uniform concentration of zif¢até4]
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Corrosion gets more pronounced in the concentrated alkaline electrolyte environment which effect to
the fundamental component like zinc anode, cathode support materials and sgf#rfgb6}. Zinc
corrosion is the process when zinc dissolute in the electrolyte througtiss#iarge process.
Moreover, zinc corrosion process in the-@nbattery is especially more evident for the cycled zinc
anode surface compared to the fresh zinc electiidds phenomena can occur either with or without

any applied voltage on Zelectrode during operation or idle battery operating condition, respectively.
This phenomenon adversely affects zinc anode utilization and reduces the capacity chithe Zn
battery Seltdischarge of zinc is more noticeable for the increased surface area of zinc either of zinc
nangparticle electrode or for the zinc dendrite formed during cy¢é6d) Alike addressing dendrite
inhibition strategies, different studies have reported that orgé6i68] and inorganic electrolyte

additives[69-71] which can effectively alleviate the zinc sdicharge process.

Ingression of C®@is unavoidable for Zsir battery as it operates in opam condition. Intrusion of

COz generates parasitic reaction with the aqueous alkaline electtityté274]. The reactions that

mainly formulate with the presence of dissolved cations likeZl** and OH anion in the alkaline
aqueous electrolyte producing insoluble bicarbonate and carbonate. Due to these unwanted reactions,
the aqueous alkaline based-&in battery performance drastically reduced mainly by the replacement

of OH reacting with CQwhich reduces ionic conductivify5, 76] The adverse effect of G@an

be completely avoidable by designing a selective impermeable membrane outside the gas diffusion
layer of cathod§77]. However, it may not be completely avoidable by placing membrane integrated

inside the cell that some studies have repdaef

During the Znair battery operation, air enters through the porous cathode which also contain
humidity that can swell the electroly\fi&8]. Due to this, concentration of the alkaline electrolyte will
be changed which will destabilize the battery operation. Moreover, during hot weather evaporation

and freezing of water solvent of aqueous electrolyte are also efd8ei®, 80] Beside this, leakage
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of electrolyte can also occur due to the increase hydrogen pressure through HER (hydrogen evolution
reaction) proceg$7]. While being less highlighted, these issues are also critical aspects for the mass
commercialization of rechargeable-Air battery which must be adaptable in different environmental

conditions.

Oxygen solubility is comparatively higher in alkaline aqueous electrolyte than acidic or neutral
electrolyte. This is due to the presence of @Hhe alkaline electrolyte where oxygen adsorption
can take place easi|§1-83]. This is beneficial as it helps to improve catalytic activity at the cathode
by ameliorating ORR reaction rate. However, oxygen solubility decreases with the increase of KOH
concentration, which can reduce the catalytic actidt). This may be due to the lack of free OH
anion in concentrated electrolyte which reduce the adsorption of oxygen. Unfortunately, the
correlation between the catalytic activity and electrolyte is overlooked or not realized and was not
explored well. Therefore, there is an utmost importance terhatterstand the catalytic activity and

electrolyte interaction by employing appropriate analytical techniques.

31|Page



A
Conduction band minimum (LUMO) -3.2V
-1.2eV
")
=)
2F + Qe — 2
> 2H,0 +2¢" —=H, +20H", g
= _4.02 eV E’=-042Vvs.SHEatpH7  ~042V]| =
>‘ —_—
oo <
- >
2| "sasev 0, +4H' +4e" ==2H,0, WV
4
E° =0.81V vs. SHE at pH 7 o
<
Valence band maximum (HOMO) 5.5V
-9.9eV v

Figure 2.11. The electrochemical stability window of water solvent for aqueous electrolyte system

[36]

One of the major disadvantages of aqueous electrolyte is the limited cell potential. The
electrochemical stability window is very limited for aqueous based electrolyte, shown in the Figure
2.11. Even though the theoretical cell potential ofasinbatteryis 1.65 V, but the actual working
potential is around 1.0 V. This is mainly due to the electrochemical stability window of water solvent
of aqueous electrolyte which has a maximum 1.2 V stable potential window. Exceeding this range
will decompose the watsolvent through electrolysis and will lead to the failure of battery operation.
This made aqueous based-a@in battery to be very limited across different application especially

where high energy density is required.
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So far, we have mostly discussed the issues and challenges of mostly for KOH based aqueous alkaline
electrolyte. It may seem alkaline electrolyte has more disadvantage, however, due to their earlier
development and some superior advantages than other digdsctrolytes, more research were
focused on alkaline electrolyte for the commercialization. This is encouraging while it is worthy to
look for some alternatives and compare the issues associated with the alkaline electrolyte as well as
transfer the fritful development to other sets of electrolytes. In the recent times, there are research
that have reported based on neutral aqueous electrolytes using, Zit&O0I, ZnChk, Zn(CRSQOs)2

salts. The key developments fothese electrolytes are highlighted hef@ne of the major
developments of the neutral aqueous electrolytes are they have shown higher operatiofB&pltage
compared to the alkaline aqueous electrolytes. More importantly, the reversibility of Zn is better due
to less amount of ZnO formation during cycling and has also reportedly improved corrosion resistance
[86-89]. Clark et al. in fact reported that the main discharge product is Zn(OH)CI rather ZnO for
ZnCl-NH4Cl aqueous electrolytf90], however, the ionic conductivity is almost half comparing

KOH aqueous electrolyte. Nevertheless, due to lower cycling comparing alkaline ones, ZnO
formation is less but the dendrite growth is fagddr, 92] On the other hand, due to lack of OH
anions, carbonation is also limited. Moreover, presence of Cl will contribute to the chlorine evolution
reaction and further reduce the [@33]. Beside this, presence of chlorine can also induce acceleration
corrosion process in the Zar battery. One of the major disadvantages of neutral aqueous electrolyte

is their ORR activity drastically reduced due to reduction in pH d®&ie Despite in its early stage,

neutral aqueous electrolytes have brighter sides thdiecaompatiblevith more precise studies and

optimization process through addressing more new types ofdhisal aqueouslectrolytes.

2.4.2 lonic Liquid Electrolyte

lonic liquids (IL) are basically molten salts in room temperature and most often termed as room

temperature ionic liquids (RTIL). In ionic liquids, anions and cations are weekly coordinated through
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Van der Waals forces and coulombic interactions. Due to the delocalization of positive charge,
cationic clusters formation occurs in ionic liquids resulting to a hydrogen bonds between cations and
anions[94]. Recently, RTILs are considered as an alternative to other electrolytes due to their low
flammability and vapor pressure, high thermal stability, moderate ionic conductivity and wide
electrochemical windo95-99]. Studies reporting the stability and performance of IL electrolytes
for Zn-air batteries are much scarcer than aqueous electrolytes. However, among-daeetmrs
systems for Zrair battery, mostly ionic liquid electrolytes have been repd&éd100105] Recent
studies showed that addition of RTILs based electrolyte feaiZmatteries have shown good

reversibility of zinc[106-108]and in few cases with 2fiZn reversibility was reportefd 09, 110]

Zinc redox behaviour highly dependent on the anion of the room temperature ionic liquids. Xu et. al.
[105] have investigated that Zn redox in MMHMESI (1methyll-pentylpyrrolidinium
bis(trifluoromethanesulfonyl)imide) and BMH-SI (2-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide) demonstrated better reversibility than in BRI (1-ethy}3-
methylimidazolium bis(trifluoromethanesulfonyl)imide) and BNITCA (1-butyl-1-
methylpyrrolidinium dicyanamide). This is due to the Zn dissolution in T&®bn is faster while in
DCA"™ anion- the dissolution is a twetep process through forming complexeimmbediate step of
DCA-Zn. Zinc reversibility has also shown promise feethyl3-methylimidazolium dicyanamide
[emim][dca] [111], Diethylmethylammonium trifluoranethanesulfonate (DEATfO) ionic liquids,
however, low cell power density of the -air battery made it unsuitabJ@00]. RTILs based on
synthesized functional groups like quaternary alkoxy ammonium bis(trifluoromethylsulfonyl)amide,
exhibited electrochemical reversibility of zifit0O1]. Water as additive in DMSO with-dthy}-3-
methylimmidazolium dicyanamide (EMDCA) also provided a good redox kinetics and reversibility

of zinc[104]. The addition of trace amount of water in the IL also effectively reduces the activation
barrier of zinc deposition as well as can retain over 85% cycling efficiency for 1000 cycle. Liu et al.

have demonstrated that (ZnO + Zn(QJf)EIm)OTf [1-ethylimidazolium trifluoromethyl sulfonate]
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effectively inhibited dendrite formatidi10]. Due to the cationic and anionic zinc complexes of the
electrolyte proved to be the contributing factor to promote the homogeneous nucleation growth of
zinc during charging. This phenomenon has challenged the traditional concept of RTILs that

supposedly sed to possess the anion of the RTILs determines the reversible behaviour of metal ions.

Anion exchange membrane from ionic liquids PEBYBMA copolymer [1((4ethylphenyl)methy})
3-butylimidazolium hydroxide), butyl methacrylate] reduced the zincate crossover to the cathode side
which improve the cyclability of the Zair battery[112]. This prevented formation of ZnO which
usually block the porous cathode hindering oxygen intrusion. Long hours (700h) of stedile Zn
battery cycling was reported using Diethylmethylammonium trifleroethanesulfonate (DEATfO)

ionic liquid with Zn(OTf} salt electrolytg113]. However, the ORFOER activity and cell power
density wereonsiderablyower comparing alkaline aqueous electrolyte. Apart from thigszNeo 63
Ko.50COs molten eutectic electrolyte with NaOH salt reportedly suppressed zinc dendrite formation,
yet, owing to the high operating temperature conditrequirementmade it complex and

unfavourable for RZAB§114].

The electrochemical performance of RTILs based electrolyte varies with the anions and cations.
RTILs based electrolyte showed great promise like less volatile, wider electrochemical window,
minimal carbonation and corrosion issues forafmbatteries. Eve though RTILs are basically
formed of ions, the ionic conductivity is far lower than the aqueous alkaline electrolyte. This is due
to fact that RTILs are viscous where ion aggregation restrains the movement of active ion species
[48, 101, 115]Beside this, despite enhanced reversibility of zinc in room temperature ionic liquids,

yet these studies reported very limited cycle life of theairbattery.
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2.4.3 Solidstate Electrolyte

Electrochemical performance of Zir batteries in different types of solgdate electrolyte (mostly
aqueous based gel polymer electrolyte) have been reported in the litgt@jukéost solidstate Zn

air batteries are based on aqueous alkaline based polymer gel electrolyte 3(R GEj] Recently
solid-state flexible electrolytes are trending mainly for the wearable electronics and IoT device
application. Table 2 provides a summary of various ssifide electrolyte used in Zair batteries and

their corresponding performances.

There are commonly two approaches to infuse-j@thctional groups or alkaline salts into polymer
backbone for engineering solgtiate electrolyte. Bacterial cellulose and poly(vinyl alcohol) (PVA)
composite matrix have hydrogen bonds which improve theharecal strength and strajhl7].
Although bacterial cellulose does not improve the ionic conductivity directly rather its hydroxyl group
can help to retain water, still good ionic conductivity is achieved by the addition KOH and
Zn(Acetate) in bacterial cellulose and PVA composite mixture meanwhile it also successfully
thwarted Zn dendrite formation. One of the major concerns of the alkaline solid polymer electrolyte
(ASPE) is the low ionic conductivity. One way to improve the ionic condtictis to incorporate
functionalized cellulos of hydroxyl group. Through N\NDimethylacetamide/Lithium Chloride
(DMAC/LICI) solution, microcrystalline cellulose in the ASPE matrix significantly improved the
lonic conductivity without sacrificing the mechanical and electrochemical propgédiiigls However,

PVA based solid polymer electrolyte (SPE) suffers from the gradual increase of dehydration and
limited ionic conductivity. To address the problem, it is a good approach to retain the aqueous
electrolyte by incorporating a good absorbent, codimglamediator, and hydrophilic adhesive
polymer. Poly acrylamide carboxylic acrylic acid based alkaline electrolyte found to be effective to
have good ionic conductivity while also being highly flexildl&9]. Yet, R(AM-co-AA) alkaline gel

electrolyte has certain degree of degradation due to the hydrogen bonds dissociations between acryl
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amino and carboxyl groups in a high pH environment. Polymer gel electrolyte (PGE) derived from
the homogenous polymer is better than the heteropolymer combination ele¢i@0jtel he multt
polymerbased PGEs suffer from the mechanical strength which may arise from the less stability
between the polymer crosslinkers. The concentration of aqueous electrolyte in the polymer backbone
significantly influences the ionic conductivity. i the increase of aqueous electrolyte in polymer
PGEs, the increasing OBissist to improve the ionic conductivjiy20]. However, the higher quantity

of aqueous electrolyte in PGEs lead to a lower stability due to the water evaporation.

Cellulose in LICI/DMAc (lithium chloride/dimethylacetamide) as a functional element with-PVA
PEOKOH aqueous solid polymer electrolyte reportedly has high alkaline tolerance, good mechanical
strength and water retention capabiliy21]. lonic conductivity seemingly depends on the KOH
concentration along with water and LiCl/DMAellulose content. Despite the high discharge
capacity and good ionic conductivity, the lower open circuit voltage of 1.1 V reduced the battery

performance.

Most of the PGEs have a higher KOH concentration that ranges fromG.OM concentration.
However,gelatinebased aqueous alkaline polymer electrolyte demonstrated the suitability even with
very low KOH concentration of 0.1 M which still exhibited better ionic conduct[ti®2]. PVA and

KOH based aqueous gel polymer electrolytes of thickness range betwded 206 m wer e us
flexible Zn-air battery achieving 40 hours/120 cyc]&83]. Natural celluloses were also employed

in different studies due to their ability to transport hydroxide ion-j@ktough its repeating unit of
anhydrous glucose. Also, for the flexible electrolyte, cellulose can provide better physical and
mechanical sength due to its crystalline nature associated from the hydrogen bonds and Van Der

Waals forces in between the chain units and hydroxyl grdiaag.
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Table 2.1: Some notable study on sdlidte electrolytdased Zrair battery

Electrolyte lonic Power

(Aqueous) Conductivity Density Cycling performance | Ref.
(mS/cm) (mWi/cnv)

Bacterial cellulose/ poly 80.8 -- 650cycles, 440 h, [117]

(vinyl alcohol) compositg 0.5 mA/cn?

hydrogel electrolytes

KOH

poly(acrylamideco-acrylic | 174 60 120 cycles, 40 h, 5 [119]
acid) + KOH mA/cn?

polyacrylamide (PAM) 330 39 50 cycles, 50 h, 2 [120]
films + KOH mA/cm?

sodium polyacrylatg 170 43 800 cycles, 160 h, 2 [125]
hydrogel + KOH mA/cn?

neutral quaternary 48.3 [126]

ammonium (QA)

functionalized polyvinyl

alcohol+ KOH

methylcellulose  modifieq 390 37.8 [127]
PVA+ KOH

LiCI-DMAc- 153 ——-

Cellulose+PVAPEG

KOH-H20

38|Page



In KOH based alkaline agueous solution, PVA and poly(diallyldimethylammodinlionide) PDDA
crosslinking hydrogel with the glutaraldehyde presence in acidic media improved cyclability due to
the better ionic permeability, chemical and mechanical propdtt2&. However, mostly used
polymer electrolytes like PVA, PEG, gelatin have lower water uptake and retention capability leading
to the poor cyclability. Interestingly, PANa (sodium palgrylate) can absorb water 2800 times

of its weight while demonstratedbetter stability in the alkaline environm¢h25]. Alkaline anion
exchange membranes (AAEM) have lower water retention capacity while gel electrolyte membranes
have better electrolyte absorbing capability while suffers from the release of doped alkali salts and
physical strength. Nevertheless, quaterreamymonia functionalized cellulose (QAFC) has better

water uptake capacity and lower swelling effect than the PC and AJAEA).

Introducing hydrogel electrolyte can significantly improve these issues by increasing the mechanical
properties as well as preventing leakage and dendrite formation-FAWAcrosslinking produce

large connecting network of polymeric molecules which is &blmechanically prevent dendrite
growth and prevent cell shectrcuit [129]. Due to the opeair cathode, agueous electrolyte
evaporation is a major concern that leads to the lower cell performance. Addition of the glycerol can
minimize the electrolyte evaporation while higher concentration of glycerol can reduce the solubility

of electrolyte and reduce the electrochemical performfize.

Concerning flexible Zrair battery, alkaline electrolyte suffers from the leakage during compressing
and stretching operations. Besides, poor mechanical properties of the alkaline electrolyte owing to
less resistive towards Zn dendrite formation makes# suitable for flexible ZABs. Therefore, selid

state Zrair batteries based on alkaline aqueous polymer gel electrolytes [PIGE)L6]and suffers

from limited cell potential, lower salt solubility, vapor pressure bupd leakage and low ionic

conductivity[130, 131]make them challenging for high energy density energy applications.

39|Page



2.4.4 Organic Electrolyte

Until now, there has not been any fatlale organic electrolyieased Zrair battery. This is also

evident from the historical development for medalbatterieg§132] shown in the Figure 2.12. This

may be due to the cheaper and safer features of aqueous electrolyte. However, as earlier discussed
aqueous electrolyte limits the cell potential and energy density of ta@ Battery. In the meantime,

for other metahir batteries especially for tair, organic electrolyte mostly addressed. The prospect

of introducing organic electrolyte for Zar battery lies with the wider electrochemical stability
window. It can significantly increase the energy and power densityn@irZbattery if organic

electrolyte can be adopted.

In order to investigate the influence of organic electrolytes on the performanceaoflzatteries it

Is important to understand the physicochemical properties (such as, dielectric constant, polarity,
viscosity, density etc) of these electrolytes asdlmsperties may impact charge transport and the
kinetics of these batteri¢$33]. Electrolytes are composed of a single or a combination of solvents,

and solutes. Between solvents and solutes, solvents are generally the ones determining the stable
electrochemical potential range for a battery sy4t84]. The dielectric constant of a solvent is one

of the important properties that determines how much salt can be dissolved in a particular solvent,
which further determines the resultant ionic conductivity and stability of a given elec{ii®&e

136]. In this context, the physicochemical properties of some of the most used organic solvents have

been summarized in Table 2.2.
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Figure 2.12. (a) Historical key development in metialbatteries[132], (b) Key issues of different

electrolytes for Zrair battery
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Table 2.2 Some common organic solvents used in different battery applications

Organic Solvent Polarity | Dielectric | Dipole | Density | Viscosit | Melting | Get H-bond
Index constant | Moment | g/mL y / Boiling | Oxidize / | donor/
mP a / Flash | Toxic/ acceptor
Point Flammabl
(C) e
Dimethyl Sulfoxide 6.5 47 4.1 1.092 1.99 18/189/ | -/Yes/No | 0/2
(DMSO) 89
CoHeOS
Dimethyl Formamide | 6.4 36.7 3.9 0.944 0.92 -60/153/| Yes/Yes/ | 0/1
(DMF) CsH/NO 58 Yes
Dimethylacetamide 6.5 37.8 3.7 0.937 0.945 -20/166/| -/Yes/No | 0/1
(DMA) C4HgNO 63
Dimethoxyethane - 7.2 1.7 0.868 - -69/84f | -/Yes/Yes | 0/2
(DME) 2
C4H100
Tetrahydrofuran 4.2 7.6 1.8 0.886 0.48 -108/66/ | -/Yes/Yes | 0/1
(THF) CHgO -14
Acetonitrile (AN) 6.2 38.8 11.7 0.781 0.441 -46/82f | -/Yes/Yes | 0/1
CoH3N
Tetraglyme - 7.8 - 1.009 - -30/275/ | Yes/Yes/ | 0/5
(TEGDME) 141 Yes
C10H2205
Ethylene Carbonate | - 84 4.9 1.32 - 34/243/ | No/Yes/N | 0/3
(EC) GH.0s 150 0
Propylene Carbonate | 6.1 66 5.0 1.205 2.5 -48/242/ | No/No/N | 0/3
(PC) GHe0s 132 0
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Solvents with high polarity index, dielectric constant, dipole moment, boiling point, and flash point
value, while low density, viscosity and melting point are desirable for an efficient elect{@BTg

In most cases, with the decreasing temperature, the viscosity of the solvent increase which reduces
the ionic conductivityf138]. Electrolytes with lower viscosity improves oxygen diffusion capability
[139], and higher dielectric constant corresponds to improved salt dissolution cagafiityi41]
Additionally, the inherent nature of the carbon chain in a solvent compound determines the polarity.
High number of carbon atoms in the long carbon chain of the solvent is undesirable as it significantly

decreases the polarity of the electrolyte.

It is important to note here thethoice of proper salts in an organic electrolyte is also critical as it can
have significantly impact on the performance of a given bafgfly An ideal salt must have high
solubility in the solvent to facilitate ion transport and must be inert to the solvent and oxygen
reduction intermediates to eliminate parasitic reactjp8k Furthermore, stability of the electrolyte
depends on the salt to solvent wt% rafi@gl2]. However, beyond the saturation of the salt
concentration in the solvent, salt crystals are formed which increases the electrolyte viscosity and

thereby significantly decreases the ionic conductipita].

Generally,electrolytes comprise of solvent and solute where solvent should be efficient enough to
dissolve the solute (salts). Solvent is the most crucial factor for high electrochemical window [29].
The dissolving capability of the solvent depends on its dietectmstant which corelates with the
lonic conductivity and stability as well [13, 30]. The degree of solvation strongly depends on the
anion of the salt and solvent as well as salt concentritéat].

Not all the salts are fully soluble in different solvent matrix. For instance, 0.1 M Zn(Bmot
soluble in diglyme resulting to a very low current density and featureless cyclic voltammetry. On the

other hand, 0.1 M Zn(Bizis partially soluble in acetonitrile, propylene carbonate and DMF solvents
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providing a moderate current dendity#3]. However, a homogeneous mixture of salt in the solvent
is highly desirable for better electrolyte composition. Zr&)2 and Zn(Pk)2 in acetonitrile and
DMF solvents are highly soluble making a homogenous mixture. On the other hand, Zn{3FSI)

only moderately soluble in acetonitrile, diglyme, propylene carbonate and[ D43k

The ratio between the salt and solvent can vary depending on the nature of the electrolyte,
schematically shown in the Figure 2.13. Typically, the salt concentration is limited in the higher order
scale of 1.0 M concentration for the organic solMeagecklectrolyte. Variation in salt concentration

is a tradeoff with viscosity, salt solubility and ionic conductivity. The ionic conductivity of the
electrolyte increases with the increasing salt concentration. However, beyond the saturation of the
salt concatration in the solvent, the crystallinity occurs which reduces the ionic conductivity. For
instance, mobility of Li cations decreased resulting from the large ionic formation in the low salt
concentrated electrolyte while solvation of Llgations drastically gets reduced in the highly

concentrated salt where mobility of salt anions domina#s].

Solid-state-based electrolytes Liquid-based electrolytes b
Salt content [yp—
A
L1. Lithium ion conductor _
2. Lil/Al,03 g
: _$ “Solvent-in-Salt” “Solvent-in-Salt”
: L by volume by volume and weight
“Polymer-in-Salt" 5
((salt] > [polymer]) 2
........... S i S R L 9
Plastic crystal '% 1
electrolyte = G )
' Traditional non-aqueons qE) 9’?;‘\
Dry polymer electrolytes 2 o
([salt) < [polymer]) N . N s ([salt] < [solvent]) > o 0\&0
9 : : : :
: (§ J 0
100% 0% Y ) )
Solid-phase content (%) Liquid phase Weight ratio of salt-to-solvent

Figure 2.13: Various forms of electrolyte owing to the variation in solvent to salt weight / volume
% [145]
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Current density increased with the increase in salt concentration when salt concentration increased
from 0.1M to an optimized 0.5 M of Zn(TFSl) AN (acetonitrile)/ PC (propylene carbonatend
Zn(CRSGs)2-AN solventg143] that was investigated from the cyclic voltammetry experiment with

the three electrode cell. Increase in salt concentration beyond 0.5 M salt concentration also reduces
the anodic stability. Unlike Li salts, Zn salts are highly associated in the comnsealgolvents due

to high charge density of Zhreducing the dissolution of Zn in the electrolj146]. Beside this,

large radius of solvation shell of Znreduces the ionic coordination in solvgb#7]. Among the
different zinc salts like zinc di[bis(trifluoromethyl sulfonyl)amide], zinc acetate, zinc sulphate, zinc
trifluoromethyl sulfonate and zinc chloride in tetraglyme solvent only Zc&i be soluble for an
equivalent amount of weight¥d48]. However, beyond the 35% composition of Zn@he ionic
conductivity reduced due to the increased viscosity at room temperature contributing to the increase
in glass transition temperature. Also, with the increase in salt concentration, the melting point of
tetraglyme reduced. Although the electrectstry of zinc is reversible for Znfin tetraglyme for

certain composition, the reversibility is limited due to the formation of complex ZnCl species.

Electrolyteaccommodatea matrix where anions of salts and cations coordinate with the donor
molecules of the solvent. The ionic properties like ionic mobility, diffusion and coordination of the
electrolyte largely depend on the solvation structure. The solvation structurg diatated by the

lonic association of the salt anions and chain length of the solvent molecules. The solvated ionic
formation has direct impact on the physicochemical properties like viscosity, ionic conductivity, ion

transport nurber and vapor pressu49].

lonic association in the electrolyte solution can be different depending on the salt and its
concentration, and solvent type. When the coordination number isluisas defined as the contact

ion pairs (CIP) where coordination of ions is with singlertetion. In aggregate solvates (AG), ions
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are coordinated with more than one counterion. lons can also be dissociated where there is no

coordination to counterion, known as solveaparated ion pairs (SSIP).

Solvate formation of any metallic salts {NP can be generally symbolized as:
AG [M*(nN)] Z AG [(@D)M"(mN)] z CIP [(bD)M'N] Z SSIP [(cD)M][N]
where M is the cation, Nis anion, D is the donor atom of solvent, n>m, anda<b<c (a,b,c,n,m

are positive numbers).

Depending on the type of ionic formation in the electrolyte, salts are classified as highly dissociated
salts, dissociated salessociated salts and highly associated salts in a solvent where negative charge
delocalization, size and steric effects differs for an anion. The more the coordination of cation to
solvent, the higher dissociated the salt. This also means dissociatezhisalthas less ionic
coordination strength with the cation while uncoordinated solvent molecule lessens. With the variance
in thermal energy, ionic coordination in the electrolyte can be rearranged either by forming new ionic
coordination breaking the eiisg bond or reorganized with the different or same donor atoms of
solvent for the metallic cations. This is more eminent for the increase in temperature. However, the

decrease in temperature can also change ionic coordination.

Glymes are strong cation solvating solvents. This is due to their chemical inertness resulting from the
absence of functional group, and presence of ether oxygen. Henders¢bdé&t] axplored solvation
structures of electrolytes by phase diagram. The phase formation of solvates for glyme solvents (G1
G4) and Lisalts were investigated to elucidate the ionic association of salts with the considered
solvents. At room temperature, in Hige-LiICFsSQOs solvate, diglyme (G2) molecules form 1:1
complex coordination with Cication while decrease in temperature led to 2:1 complex formation
leaving triflate anion§l50]. Beside this, the reformation of ionic coordination is less likely to occur

in solvents with multidentate ligands due to their better stability in ionic coordination. The bonding
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length between the donor solvent atoms and cations also affect the strength of the ionic coordination.
This is measured with the vibrational spectroscopy. In the aprotic solvent, anion coordination does
not occur with solvent as there is nebdnd. Howeverin the dilute solution, anions have weak
interactions with the solvent donor molecules. This leads to a complex ionic interaction among the
cations, anions and solvent molecules forming variety of solvate sp&sigsThe donor atoms of
solvent coordinate with the cation. The number of atoms coordinate with the cation varies depending
on the anions of the salt. However, there can be exception when anion has donor atom presence in
the salt. This phenomenon will leadth® lack of anions to coordinate with the cation. For instance,

in the LISCN/G2 electrolyte Lication coordinate with the-dtom of the salt rather than theafbm

of the diglyme solvent leaving no free SCihions for the coordination with the catiolespite

some advantagg452] like stability against superoxide radical, glyme based solvents decompose
through subsequent cyclifg53, 154] Therefore, glyme solvents are predicted to be less suitable for

Zn-air battery which is also evident from the referefigk3] study.

Acetonitrile (AN) has one of the simplistic solvation structures as it has only single lone pair electron
of N-atom which can coordinate with the cation. Seo dtld¥] investigated the interaction of AN

0 "Q06 /0 FOAQGYO/D "QU/LiISOCO; solvation structures. The study predicted thah UOis

more dissociated thah "Oanion while'Y00 U anion is highly associated anion. On the other hand,

0 "QU i$ insoluble in AN due to the unfavourable AGG solvate formation resulting from the higher
free energy of the planar anionic structure. Despite the similarily"@Y 0 anionic coordination

with 6 "Oanion and AGG solvate formation liK€UO U anion, solidification occurred for (AN)
LiICFsSQOsdue to rapid nucleation and linear polymeric form of ion packing. In the proceeding study
[151], it was also revealed that both LiTFSI andQ0 dBle to form 6/1 AN/LiX crystalline phase
which was not predicted for the most associated saltsOliK@™ 800 while LiTFSI and0 "Q0 "O
predicted as dissociated and highly dissociated salts in AN. Due to the spbei@ahd non
spherical Y'O"Yi@ture, the former anion predicted to be superior for symmetrical packing with the
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solvatedd "Q however,”Y"O"Y"@as the ability to form bidentate coordination which in terms can
reduce the solvation number of AN molecule from the tetrahedral coordinaté&dfevertheless,
acetonitrile promotes high charge transport owing to its weaker interaction withsé&a saltgl43].
However, this might be a challenge to introduce acetonitrile as a suitable solvent for organic

electrolytebased Zrair battery due to its high volatility.

For the rechargeable batteries, anodic stability is critical since metal dissolution and deposition occurs
during the discharge and charge processes, respectively. The ideal scenario would be the amount of
metal dissipated in the electrolyte throughoutdlseharge process should be deposited of the same
amount in the charging process that has been dissociated from the anode. The anodic stability depends
on the electrochemical window of the anodic limit of an electrolyte. In most of the cases, solvent is
more dominant factor for the anodic limit than that of the anions of the electrolyte. However, in few
electrolytes like ANZn(TFSIp and PCZn(TFSly, TFSHanion demonstrated to be the limiting factor

for the electrochemical window of the electroljid3].
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Figure 2.14. Anodic stability of different Zalts in PC, AN, DMF, G2 solvents vs. Zr#fZn

predicted through DFT calculatioji43]
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From the Figure 2.14, it can be seen that sadth solvents have different electrochemical window
against anode (vs. Zn/Zi. However, the operating electrochemical window of the battery will be
dictated by the narrowest one, whether it is for the salt, solvent or electrode (anode and cathode)

potential.

@&OG a U710 0 organic electrolyte proved to have an excellent reversibility with a coulombic
efficiency of almost 100%155]. The study exhibited superior battery performance for organic
electrolyte than the aqueous one, shown in Figure 2.15. \Blam "OY0 salt was used in AN
solvent,it showed a stable electrochemical window of 1.8V with the capacity of 175 mAh/g after 50
cycle [156]. However, for bothw &0 a O and w&6 "OYD  salts in acetonitrile had lower
electrochemical window which is about 1.8 ~ 2.ALl00% Coulombic efficiency was achieved when
introducing triethyl phosphate (TEP) as a solvent in agueous medieowith"OY(0  salt resulting

in highly porous dendrite free depositions of [A67]. This indicate thafo €0 "OY0 /TEP based
organic electrolyte can also be a possible option feaiZbattery despite the study also introduced

water as cosolvent.
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In the rechargeable metfair batteries, during the charging process metallic electrodeposition occurs
on the electrode. This electrodeposition can be irregular and varied morphth&gyl59]along
energetically favourable crystallographic orientations, which is termed as dendrite formation.
Dendrite formation is a great concern in aqueousiZbattery technology which has been in focused

for along time. One of the prime investigation byaZdlviel[160] predicted that in the dilute solution
dendrite formation occurs due to the lack of anions in the vicinity of electrode. Initiation of dendrite
formation likely resulting from the increased current density as well as dilute nature of electrolyte
rather tha the composition of electrolyte i.e. type of salt or solj@etl], however, growth of
dendrite depends a lot on the mass transfer. Beside this, dendrite growth mainly an occurrence from
the repeated cycling, especially when there is an uneven current distribution occurs in the metal
electrolyte interphase [51]. Dendritermation can cause short circuit and poor cycling efficiency
from the nonuniform metallic deposition on anode. Growth of dendrite is also related with the shear

modulus of electrolyt§l59], therefore the viscosity of electrolyte solution play a major role.

Kar et al[148] reported that Zn interacts strongly with tetraglyme and is electrochemically reversible

at specific compositions of Zn£and tetraglyme. Han et §l43] investigated the stability of Zn
electrodes in presence of different nonaqueous electrolytes containing a variety of Zn salts
[(Zn(TFSD2, Zn(CF3S03)2, Zinc(l)tetrafluoroborate (Zn(BF4)2), Zinc(ll) hexafluorophosphate
(Zn(PF6)2] in various organic solvesn(acetonitrile (AN), propylene carbonate (PC), diglyme (G2),
N,N-dimethylformamide (DMF)). These electrolytes revealed high electrochemical potential (2.3V
3.8V) vs. Zn/ZA*. The ionic conductivities of 0.1 M Zn(TFSI)2 and Zn(CF3S03)2 were in the order

of AN > PC > DMF O G2 and the anodic stabilit

PC > DMF O G2.

Additionally, coulombic efficiency 0£#99% was reported for AN and PC solvent based electrolytes

indicating high reversibility of Zn deposition/dissolutid3] in threeelectrode haltell study. The
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fast ion transport reported in case of AN can presumably be attributed to the weakly coordinated
nitrogen donor in AN, which promoted large complexes contributing to the lower partial charge and
higher dissociation of anions (TFSI > CF3S03). Neverthetfless)donor solvents (PC, DMF, G2)

have higher interaction with Zn ion. The study determined that the anodic stability of an electrolyte
reduces with the increase in salt concentration while solvent edquoeous electrolyte is the most

crucial factor forthe wide electrochemical windojd/43].

Electrolyte stability can be different in nature. Electrochemical stability window of electrolyte versus
anode is discussed in anodic limit. Beside this, electrolyte should not undergo decomposition through
chemical reaction whether it is oxidation by azidg agent or decomposed by parasitic reaction in
presence of foreign compound like moisture or2Cld the metahir battery, one of the major
phenomena is the emergence of superoxide radical due to the inefficient ORR (oxygen reduction
reaction). Supepade radical is a strong reducing agent and can have stability in certain electrolytes.
Superoxide can rapidly decompose electrolyte into undesired stable discharge products which is the
reason of battery failure. Battery failure can also occur from thesion of moisture or COwhich

may result into hydrogen evolution or formation of undesired carbonate species during battery

operation.

Despite the wider electrochemical window of organic electrolytes, decomposition of organic
electrolyte possibly occur in the mett batteries by the superoxide formation which acts as a strong
reducing agenf132]. The super ox-Hdfahe argahiasolieat whidn éead®dto the
decomposition of the organic electrol\fte52]. This can be resedwted by
methylation process which can increase the stability of the electrolyte. Another approach can be using
fluorinated solvent or electrolyte additive63] to suppress the superoxide radical attack either on

D-H or nucleophilic radical compourj@i64]. The formation of superoxide anion radical and its two
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different reactive nature on organic solvebésed electrolyte are demonstrated schematically in the

Figure 2.16.
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Figure 2.16. Formation of superoxide radical, Nucleophilic and Hydrogen abstraction mechanism

by superoxide radical on organic solvents

Longer stability of superoxide in DMSO based electrolyte can cause decomposition of DMSO. This
can happen when superoxide attack the akphaf DMSO forming protonated superoxide
intermediate. The protonated superoxide will further be reduced in the @eesfed’ to MOH. The

decomposition reactions of DMSO in-&ir battery are shown belgd65]:

CHsSOCH + O Y  C3BOCH: + OH

OH+Li*+Y Li OH #+ 1/2 O

The formation of LIOHnN Li-air battery as a discharge product will drastically reduce the capacity of
the battery. Moreover, Abraham et |I65] also hypothesized that DMSO may further decompose
with the methyl sulfinyl carbanion forming complex organic products in the process. In the case of

Li-air system, superoxide radicals attack DME based electrolytes and decompose into hydroperoxides
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by autoxidation process leading to2COs formation while ethereal CHcarbons of EC, PC
decompose to kCOs species. This continuous consumption of solvents results into poor cycling
performance and limits the use of carbonate and-bsxd electrolytes in Liair batteried166].
Additionally, precipitation of lithium oxides clogs the porous cathode and significantly impede the
ingress of oxygenl67]. Among the various electrolytes the most widely used one is tris(2,2,2
trifluoroethyl) phosphatéTFP) in PC. In this context it must be noted that addition of TFP in PC
iIncreases its viscosity and significantly reduces the ionic conductivity. Howesavidh use of this
electrolyte is due to its low volatility, potential of working in low oxygen partial pressure and high

electrochemical windoyl68].

Detecting superoxide presence in meatal battery during electrochemical process is quite
ambiguous. This is due to the strong Lewis acidity of the alkali metals which rapidly decompose
superoxide to peroxide. However, superoxide is more stable in DM8Pared to other organic
electrolytes. This is due to complex © Li*(DMSO) ion pair formation in DMSO based electrolyte
[165]. This is in accordance with the hasdft acid base (HSAB) theory as DMSO has high Gutmann
donor number which help to reduce the Lewis acidity of metal ions. Due to the higher stability of
superoxide in DMSO based electrolyte, superoxide can be detgclietiting the cathodic voltage
during the oxygen redox couple on the return anodic sweep in cyclic voltammetry exp&ttognt
Weak acid nature of TBA+ is better able to form ion complex with the weak base of superoxide in
the presence of solvent with high acceptor number like DMSO, which lead to strong séhent
interacting paving the way for higher interaction between superoxide and. F8A this reason,
TBAPFs (tetra butyl ammonium hexafluorophosphate) salt better able to prevent superoxide
reduction to peroxide in DMSO based solvent meanwhile exhibited reversibility/Ob @edox

couple[169].
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Figure 2.17: Schematic of porous cathode condition: a) initial condition b) discharge process c)

complete cycl§l65]

Comparing with the TEGDME and PC, DMSO also exhibited higher and stabilized discharge voltage
with better discharge capacity. This might be resulted from the stabilized superoxide ion formation
with DMSO, which reduced the activation energy barrier inrdgiction process. This was also

confirmed from the cyclic voltammetry where reduction current did not decreased even after 50

cycles[165].

Passivation layer on porous cathode surface block the oxygen entrance taintsétkeries. In L

air battery, the discharge product formed mostlyOkiwhich not only block the porous carbon
cathode but also not fully reversible. DMSO based electrolyte found to be effective to dissolve the
thin peroxide film[165] while it was not significant for the case of AN, TEGDME and PC based
electrolyte. However, all of the discharge products did not reverse in the charging process. This is
due to the notoxidized insoluble segregated discharge products which lost electantiact with

the cathode surface, schematically shown in Figure 2.17. However, for aquesiubaitery cathode
blockage by zinc oxide has not been reported, yet there is a need to well investigate this phenomena

whether it is solely occurs in organieetrolyte environments.
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2.5 Concluding Remarks

From the literature reviewsechargeabl@n-air batteryis identified as a future battery owing to its
sustainability, cost efficacy and safety features. However, there is comparatively less attention being
paid to develop efficient electrolyte than bifunctional cataldstverthelesselectrolytesignificant
importance considering its functidor rechargeable Zair battery Most of the Zrair battery that

have addressed electrolyte investigated aqueous electrolyte. Hpeesegt a few haltell study

surprisingly no study yet to be addressed on organic electrolyte basadbattery(115].

Aqueous electrolytdased Zrair battery is not suitable for wide range application due to its lower
cell potential which also reduces the energy density as[8@ll This is mainly due to the lower
electrochemical stability of water whereas organic electrolytes have been broadly known of its higher

electrochemical stability windoy86].

Dendrite formation is a major threat which ultimately lead to the battery failure causingistwatt

While this is more pronounced in aqueous medium, aqueous basesdtatdiélectrolyte attracted a

lot of attention in the recent year studies to pnéwdendrite formation, however, reduces ionic
conductivity drastically while cell potential also remains low. Beside this, passivation and corrosion

problems lead to the poor efficiency in RZABs.

Another critical issue for all metalir batteries including Zair battery is the formation of superoxide
radical which decompose the electrol\jtg69]. Other than the focus on developing efficient
bifunctional catalyst, there are currently no other technique yet to be employed. Less focus have been

noticed on the catalytic activity associated with electrdi/7®].
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Alike other MABs, RZABs (rechargeable zir batteries) also has certain challenges owing to the
openair operating conditions. Evaporation, hydration anc: @@ression are also impeding the

stability of Znair battery operation.

While each type oélectrolyte has its own pros and cons excerpted from the several research results,
yet none of the findings are yet promising enough for the commercialization. From the literature
reviews, certain organic electrolytes, RTILs or combination of them whilervaa an additive can

be fruitful to address the existing challenges associated with the electrolytes. Therefore, a great
opportunity waits for developing efficient rechargeableasirbatteries by employing new ways and

techniques to mitigate the exiggiproblems.
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Chapter 3

Research Gaps, Questions and Objectives

In this chapter, the research gaps are discussed from the earlier chapters. To address the research gap
investigative measurdbatneed to be addressed for the possible research challenges that may occur
during this PhD research project developmerd discussed briefly. Thereafter, based on these

research questions, research aims and objectives are outlined for the thesis research project.

3.1 Research Gaps

From the earlier chapters of introduction and literature reviews, organic electrolyte is primarily
identified as the key research gap for rechargeabl@iZmttery. Recently, concentrated electrolytes
are getting attention due to the enhanced stabitity gycling. Furthermore, for the flexible Zir

battery,development ofiexible organic polymer electrolyte also remains a key research gap.

More importantly, until now organic electrolytes that are addressed for other MABs lacks significant
research approach likevestigatingthe ORR-OER activity in the organic electrolyte medium,
passivation and corrosion behaviour of the organic electrolyte. Moreover, superoxide induced
decomposition process of the organic electrolytes requires an appropriate approach towards the
physiochemicaktability of the organic electrolyte after cycling. Apart from this, Zn coordination

chemistry in the organic eleotyte also remained a critical investigative parameter.
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3.2 Research Questions

From the identified research gaps, the following key questions are raised in order to imply organic

electrolytes for rechargeable -Afr battery (RZAB):

1 Identifying the key experimental techniques for the investigation of organic electrolytes
suitability

1 Selecting organic electrolyte from a wide variety of available options

1 Identifying the rechargeable Zair battery testing parameters for battery characterizations
and cycling

1 How to address the superoxide decomposition of organic electrolytes?

1 Appropriate methods for determining ORPER activity, passivation, and corrosion
phenomena of the organic electrolytes.

1 What type of discharge product may form during redox reaction-aiZmattery cycling and
how to identify that? Also, how to determine dendrite formation that may possibly occur like
many other batteries?

1 What will be effect of solidification of liquid organic electrolyte? Beside this, how to

determine the proper creeking of polymers?

3.3 Research Aims and Objectives

This PhDresearch project is focused on devising high energy density, sustainable, egftectise

energy storage device. For this, organic electrolytes are considered for the development of

rechargeable Zair battery. On a broader context, this study attemigtejorously investigate the

following key parameters of the addressed organic electrolytes:
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1 Dissolvability and optimized salt concentration of organic electrolytes

1 Electrochemical stability window

1 Electrochemical impedance and mass transport behaviour of organic electrolytes
1 Coordination chemistry of zinc in organic electrolytes

1 Reversibility of zinc

1 Screening process for decomposition of organic electrolytes

1 Analytics for redox reaction

1 Corrosion, passivation, and ORR activity

Further the organic electrolytes are investigated for the rechargeability and cyclability with the

assembled battery cell. In the fgkll battery testing the following performance criteria were

scrutinized:

1 Electrochemical impedance and mass transport behaviour of organic electralygesZn

air battery

1 Specific capacity
1 Discharge plateaus on variable current density
1 Polarization and power density of the battery

1 Rechargeability and cyclability

The suitable and optimized organic electrolyte is solidified with the polymer additive for devising

flexible Znair battery. The devised flexible organic polymer electrebhdeed Zrair battery

therefore characterized for the following performance parnsiet

1 Electrochemical impedance and mass transport behaviour of organic polymer eleetrolytes

based Zrair battery
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1 Specific capacity

1 Discharge plateaus on variable current density
1 Polarization and power density of the battery
1 Rechargeability and cyclability

9 Performance in flexible conditions

Overall, the proposed research is centrally designed to address organic electrolytemftazary

by investigating

)] Suitability of organic electrolytes
i) Cyclability and rechargeability of organic electrolytessed Zrair battery
i) Effect of solidification by polymer addition in the organic electrolyte
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Chapter 4

Materials and Methods

In this chapter, experimental methods that were adopted for this thesis research will be discussed.

Also, all the materials that were used with details will be addressed.

4.1 Materials

The following materials were purchased for this thesis research with their details are provided below:
Two organic solvents anhydrous DMSO (dimethyl sulfoxide) purié99.9%, and anhydrous DMF
(dimethylformamide) purity»99.8% are used both supplied by Merk Sigib@rich.

Inorganic zinc saltsZn(NGOs)2.6H20 (Zinc nitrate hexahydrate) reagent grade with purity 98% from
Merk SigmaAldrich, ZnCk.2H0 (Zinc chloride dihydrate) reagent grade with pur88% from

Merk SigmaAldrich, ZnSQ.7H0 (Zinc sulphate heptahydrate) analytical reagent grade with 99.5%

purity from Westlab were used.

Organic zinc salts: Zn(Ci OO (Zinc acetate dihydrate) reagent grade from Merk Sigudaich
and anhydrous Zn(GBQGs)2 (Zinc trifluoromethanesulfonaté Zn(OTf)2) purity >99.5%, water

<1.0% from Anhui Puya Biological Technology Co. Ltd. China were used.

Polyvinyl alcohol (PVA) molecular weight ~100,000 from Westlab, Polyethylene oxide (PEO) avg.

molecular weight ~100,000 from Merk Sigmddrich were used.

Zinc foil of 99.99% purity from AME Energy Co. Ltd, China was used. CT Carbon Cloth with

microporous layer of total 410 um thickness as working electrode material from Fuel Cell Store was

used. Also, platinum loading 0.5mg/€mt/C catalyst carbon cloth with microporous layer of total
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410 um thickness as cathode support material from Fuel Cell Store was used. Besides, glass fibre

separator from Gelon, China was used.
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Figure 4.1. Chemical structure of used salt, solvents and polymers for the experimental study
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4.2 Methodology

Firstly, solubility testing of considered salts in the organic solvents were carried out. Then ionic
conductivity of the suitable electrolytes was measured at room temperati€g l§$% conductivity

meter. TPS work bench type conductivity meter was used which has a maximum range of 20 mS/cm.
After that, electrochemical methods were employed to diagnose the battery performance. For
measuring the battery electrochemical performagggerimental setup should be reliable in order to

investigate the basic parameters.

In Zn-air battery based on organic electrolyte, Zn is the anode and while cathode usually is carbon
supported where oxygen diffusion take place. Between thel@adrode, electrolyte is placed which

act as an electronic insulator while transport ionicrgés in the battery system. The chemical
reaction occurs in the two electrodes which generates two different electrochemical potential. The
generated potential is higher at the anode than the cathode coundempagt battery discharge
Consequence of theotential difference drives the electron to flow towards the cathode through the
electronic circuit. Therefore, the ionic charges produced at the electrodes need to be transported
through the ionic circuit (electrolyte) to complete the redox reaction anésah that occur in Zair

battery. One of the crucial matters is the electrolyte must withstand with the generated pbtential.
simplicity at the development stage of new electrodes and electrolytes, three electrode measurement
technique usually emplogevhich only consider one hatkll reaction. In this measurement system,

zinc metal anode was used as the counter and reference el¢tjratide carbon was taken as the
working electrodd?2] . Through this technique, anodic stability can be observed, and the reaction
mechanism that occurs at the working electrode. The-#lestrode system is schematically shown

in the Figure 4.2.
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Figure 4.2. The experimental thre¢ectrode Swagelok hatkll with the section views

Zinc foil of 0.5 mm thickneswas used as the counter electrode. To achieve reliable result through a
complete reaction at the working electrode the following criterions were considered necessary for the

counter electrodg8]:

A High capacity

A high reaction kinetics

A reaction kinetics at counter electrode should not affect the system

A reversibility i.e. efficient dissolution and deposition

A sufficient capacity to withstand the current evolving from the reductibdation reactions

take place at the working electrode

83|Page



Zinc metal foil was used as the reference electrode. Thecdlalfeaction is standardized by the

reference electrodd]. The characteristics of the reference electrode used to consider:

A Constant composition
A Maintain a fixed potential that is reliable and stable
A Nonpolarizable by not affecting the cell potential

The reaction kinetics that mainly occur at the working electrode is the redox reaction. Porous carbon
cloth material of 11 mm diameter is used as the working electrode due to its high conductivity and
inertness. Stainless steel is used as the currenttooltiue to their higher anodic stability which can
ensure inert nature in the electrochemical reaction environment. Insulator is used to prevent short
circuit between the electrodes in the compact cell design. Teflon backisbeeti®de was used as it

Is a good choice as insulator due to their inertness with the organic electrolyte. Glass fibre separator
are widely used owing to their high chemical and thermal stability. More technically, glass fibre

separator was used to prevent contact between thengarlectrode and counter electrode.

The electrodes were connected to the Potentiostat to complete the electrochemical circuit. The

electrochemical circuit of the three and two electrode systems are shown in the Figure 4.3.
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Figure 4.3. Scheme of electrical circuits in (agl2ctrode cell (b) ®lectrode hakcell [5]

In the threeelectrode haltell battery testing cell, current flows between working electrode and
counter electrode, and the voltage is measured between working electrode and reference electrode
while current flowing through the reference electrode resaegligible. For the electrochemical
characterization of electrolytes stability, thveectrode electrochemical cells (Swagelok cell) were
prepared using carbon cloth as the working electrode, polished Zn foil as the counter and reference
electrode, glss fibre separator, and stainless steel as current collector. Zinc foils are polished, washed
with acetone and further cleaned in Sonicator. High conductive porous carbon cloth was used as the
working electrode to assimilate the porous cathode in reairdrattery. We have preferred opain

condition to assimilate the practical-Ar operating condition.

Prepared Swagelok cell was then connected with the VMP3 Biologic Potentiostat for electrochemical
characterization. To measure the electrochemical response in theldu®ede configuration for
half-cell battery testing, typical electrochemical chanaz#¢ions like linear sweep voltammetry
(LSV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) experiments

were carried out.
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Electrochemical impedance spectroscopy (EIS) is adestructive technique that investigate cell
resistance in the batte[@, 7]. In this technique, within a set range of frequency, a linear response
can be achieved through small perturbation of voltage/current at different phase. The phase shift
between the voltage and current provide the mass transfer and charge transfer ienpEuganc
phenomenon is presented through Nyquist or Bode impedance plot. The frequency range is taken

from 1 MHz to 100 mHz.

Linear Sweep Voltammetry (LSV) is used to determine the stability window of the elec{&Igie

In this technique, current is varied within the predefined range of voltage. In Cyclic Voltammetry
(CV) technique, alike LSV, the current varies with the predefined range of voltage. While LSV is
only oneway process mainly of oxidation, cyclic voltammyeis a complete loop of both oxidation

and reduction process. Both LSV and CV were obtained by evaluating the current at the working
electrode in the course of the voltage scan. Working electrode potential was measured with the
standardized reference diexde retaining a constant potential. The scan rate used was 1 mV/s and 10

mV/s for LSV and CV, respectively.

In addition, potentiodynamic polarization experiments were carried out with three electrode
Swagelok cell where Zn was used as the working and reference electrode and carbon cloth as the
counter electrode. RDE (rotating disc electrode) experiments wenedcaut to find out the
comparative ORR activity at different electrolyte medium where Pt supported carbon cloth used as
the disc working electrode, Zn as the counter and reference electrode in a beaker cell. Beaker was
filled with relevant electrolyte $ation and purged with oxygen for 30 minutes prior to the RDE

experiments.

After the CV experiments, electrolyte samples were collected from the Swagelok cells. This cyclic

electrolyte samples were compared with the freshly prepared electrolytes examined with FTIR
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(Fourier Transform Infrared Spectroscopy) and NMR (Nuclear magnetic resonance) techniques. The
comparative study with FTIR spectroscopy pr o
chemical structure. From this, any possible change of the cHestnigzture for the cycling electrolyte
samples can be obtained when compared with the fresh electrolyte sample. Similarly, through NMR
experiments, identical solvent peaks were compared for fresh and cycling samples of the organic

electrolytes.

FTIR experiments were carried out with the Perkin Elmer instrument. The transmittance spectrum
was chosen within the frequency range of 4000 to450 cm' and scan rate resolution of 4 ém

Both'H NMR and"*C NMR spectroscopy were carried out for better accuracy and reliability te cross
check the possible decomposition of organic solvents of the electrolytes studied. Bruker BACS600
machine was used for NMR experiments. Deuterated reference solvent Chleb{@DCk) was

used for all the NMR experiments.

Carbon working electrodes from the CV experiments were further analysed with XRD, SEM and
EDX analyses in order to understand the deposited products on the carbon working electrode, surface
morphology of working electrode and elemental analyses. Mini 608xX-Ray Diffractometer is

used for XRD analyses of the working electrode samples. The range used ff@Awiih a step of

0.02 at 2/min for 40KV and 15mA setting. FEI NOVA NanoSEM 450 FSEM electron
microscope was used for SEM analyses. Bruckea3bI30 EDX detector was used for the EDX

elemental analyses.

For the battery cycling, the battery test cell used in chap&rsbown in the Figure 4.3. On the

cathode side of the cell, ailiffusion occursthroughthe convection procesom the surrounding

natural environmenthile the zinc anode is air sealed.
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Figure 4.4. Two electrode battery testing cell used: (a) schematic of the practical testing battery

cell (b)

In chapters 8, EIS, FTIR, XRD, SEM and EDX analyses were carried out as described earlier.
Beside this, galvanostatic dischaigjfearge cycling were carried out with different&te. Also, step

wise voltagecontrolled polarization technique was used teasure the power density. Specific
capacity and discharge plateau with variable current loading were measured through one single

discharge stepycle.
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Chapter 5

Insight into organic electrolytes for rechargeable Zrair battery

Overview

Devising rechargeable zirair battery (RZAB) is considered to be one of the future promises for
sustainable and alternative energy storage systems. In{hie Eaitery, aqueous alkaline electrolyte

IS pervasive, emanating from its inherent nature ofesap ionic conductivity, low cost,
environmentally benignity and excellent safety. Yet, there are major technical hurdles that are mainly
derived from the aqueous alkaline system like hydrogen evolution induced from the lower
electrochemical stability wofow, corrosion and passivation. To mitigate these hurdles, we have
explored organic electrolytes, considering key criteria of battery performance with relevant and
progression of electrochemical characterization and-giadly techniques for their suitabyl of

making RZAB. Since the electrolytes is in the centric part of the technical analytics in battery building
block stability of the zinc anode, electrolytes stability and cathodic oxygen reduction reaction (ORR)
performance were investigated along wittysicochemical properties and mass transport behaviour.
Moreover, reversibilityirreversibility phenomena and type of discharge product during the redox
reactions, coordination chemistry and decomposition process in organic electrolytes were thoroughly
investigated with the posfectrochemical characterizations to have the greater insight of the

suitability of organic electrolytes at Zair battery operando.
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5.1 Introduction

Electrolyte is an indispensable part of battery building block system. However, for rechargeable Zn
air batteries, electrolyte has been less prioritized than the electrodes and bifunctional catalyst. This is
unfortunate as all the three core componentsg@ode, electrolyte and catahesithode) have a
strong correlation for making an efficient rechargeablaiZibbattery. The major reason to overlook

the importance of electrolyte for RZAB is because of the existing conventional aqueous alkaline
electroyb 6s 1 nherent advantages such as superior
kinetics that dominate over the decafled]. However, lower electrochemical stability window of
aqueous electrolyty-7], hydrogen evolution reactidB8-10], corrosion11, 12] dendrite growth

[9, 13, 14]and passivatiofil5, 16]phenomena exists in the widely used aqueous alkaline electrolyte
for the RZABs. Consequently, neutralqueous electrolytgd7-19] received attraction. However,
neutral aqueous electrolytes are still based on the water solvent which will have lower electrochemical
stability window and hydrogen evolution reaction. Besides this, sluggish oxygen reaction kinetics
and lower electrochemat stability window were also reported for neutral aqueous electrolytes based

RZAB [20, 21}

Organic electrolytes are widely explored for different matabatterie§22-24] whereas are organic
electrolytes are the constituent of the commercialohi batteries. More importantly, organic
electrolytes are well known for wider electrochemical stability window, long cycling and stability of
metatbatterieqd25-27]. Surprisingly, very few studies have investigated organic electrolytes for Zn
batteries[28-30]. Han et al.[31] explored electrochemical, transport, dynamic properties and
solvation structure of organic zinc electrolytes. It is predicted that weaker coordination and the
dissociated solvation structure of organic electrolytes foster faster dynamics and highetivabnduc
respectively. Moreover, in Han et al. study, organic electrolytes exhibited excellent reversibility and
wider electrochemical stability window. Even organic solvent TEP (triethyl phosphate) with water as
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co-solvent (7:3) and Zn(OT{) (zinc-trifluoromethanesulfonate) salt basedrganic electrolyte
exhibited wider electrochemical stability windd@0]. Naveed et al.study also reported that TEP
addition in HO/Zn(OTf) organic electrolyte suppress dendrite formation in a-mndattery. Kar

et al.[32] investigated TEGDME (tetraglyme) and ZaCtinc chloride) organic electrolyte where
complex species coordinate with ethereal oxygen of TEGDME; however, no coordination was
observed between Zhand TEGDME. On the other hand, Wang ef{3®&] reported that Z#f can
coordinate with DMF organic solvent. Owing to this coordination chemistry betwe&DEAF in
DMF/zZn(OTf):electrolyte was found to be effectively suppressed dendrite growth and achieved long
cycling for Znion battery. In addition, physiochemical properties of organic solvents are crucial
factors for Znrair battery due to the expose in air environment. This study is focused on the key
inherent properties such as melting and boiling point temperature, density and visco®tlyass w
vapor pressure, shown in Table S1. Low melting point and high boiling point temperature of solvents
are beneficial for the wider range of operating temperature of the battery, and eventually the battery
can run in the excessively cold and hot weattenditions. On the other hand, lower density and
viscosity of the organic solvents can provide better ionic conductivity and mass transport of the charge
species. One of the most considerable properties of organic solvents is the vapor pressure as this
parameter affects the battery performance due to evaporation of the solvent in the air battery operating
conditions. Interestingly, both DMSO and DMF have advantages considering the physiochemical
properties than widely considered water solvent. Considériagwe have investigated DMSO and

DMF based organic electrolytes in this study.

Previously very few studies on organic electrolytes have been investigated in inert environments in
order to explore zinc reversibility and specifically for zioo battery applications. Therefore, it is

uni denti fied about t lowinairpgesence that assinsilatesalnbattgry e 6 s
environment. In these circumstances, exploring organic electrolytes for their suitabilityain Zn
battery operando becomes a necessity. Moreover, it is still unknown about the corrosion, passivation
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and ORR catalytic activity of organic electrolytes in oxygen environments. Herein, these critical
performance parameters along with zinc coordination chemistry and decomposition screening of
addressed organic electrolytes with appropriate electrocherhaaaterization techniques and post
study analyses are investigated for the addressed organic electrolytes suitability for the rechargeable

Zn-air battery.

5.2 Material and Methods

In this study to investigate organic electrolytes suitability foaérbattery, organic solvents DMSO
(dimethyl sulfoxide) and DMF (dimethylformamide) were used. Commonly considered zine salts
inorganic salts which include Zn(N¥2.6H20 (Zinc nitrate hexahydrate), Zn&®@H:0 (Zinc sulfate
heptahydrate), Zn@RPHO (Zinc chloride dihydrate) and organic zinc salts which include
ZN(CRSM)2 (Zinc trifluoromethanesulfonatd Zn(OTf)2) and Zn(CHCOO) (Zinc acetate
dihydrate) were used as the salts. Zintdsithe counter and reference electrode materials, and high
conductive porous carbon cloth as working electrode materials were used. Details of the materials are

provided in chapter 4.

Primarily, the solubility of the chosen orgaiorganic zinc salts in the organic solvents was first
determined. Then, salt concentration optimization of the suitable electrolytes was investigated with
the conductivity meter. Finally, optimized electrigly were electrochemically characterized through
EIS, LSV, CV techniques. Furthermore, potentiodynamic polarization and RDE experiments were
carried out. Additionally, positudy analyses such as FTIR, NMR, XRD, SEM, EDX were

undertaken. Please refer taagiter 4 which provides more details of these experimental techniques.
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5.3 Analytical Results

5.3.1Electrochemical characterization of electrolyte

The solubility of the considered zinc salts in the organic solvents is shown in behl&®ong the
considered zinc salts, Zna®@H.0 was found insoluble in both DMF and DMSO while Zn(QTf)
was insoluble in DMSO. Moreover, an ionic conductivity meter was used to find the optimized salt
concentration. The ionic conductivity of the organic electrolyte for different salt concentrations is
shown in Table 53. Even though ZnGRHO and Zn(CHCOO) were soluble in both DMF and
DMSO solvents, their ionic caduoctivity was too poor for further consideration. Only
DMSO/Zn(NG)2.6H0, DMF/ Zn(NQ)2.6H20 and DMF/Zn(OTf) were found to be suitable
considering solubility and ionic conductivity. The ionic conductivity of DMSO/Zn{6H:0,

DMF/ Zn(NGs)2.6H20 and DMF/ Zn(OTH) with different salt concentrations are shown in Figure
5.1. The ionic conductivity was the highest at 0.50 M salt concentration for all the electrolytes, while
0.5M DMF/Zn(OTfp has the highest ionic conductivity of all electrolytes tested. Therefore,
optimized salt concentration i.e., 0.5 M of DMSO/Zn@¢®BH20, DMF/ Zn(NG)2.6H20 and DMF/

Zn(OTf)2 were further investigated through electrochemical characterizations.
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Figure 5.1: lonic conductivity of DMSO/Zn(N26Hz0, DMF/ Zn(NQ)2.6H0 and DMF/

Zn(OTfporganic electrolytes in variance with salt concentration af£19

Electrochemical Impedance Spectroscopy (Ed8alyses were carried out for the three different

electrolytes to analyse the charge transfer, mass transport and diffusion behaviour of the organic

electrolytesThe Nyquist impedance plots of the organic electrolytes demonstrated a single imperfect

semicircular loop in the highmid frequency regions which was same for all the three organic

electrolytes case, as shown in Figure 5.2(a). This can be attributedctwatige transfer mechanism

at the electrodelectrolyte interface. The imperfection of thensarcular loop arises from the non

ideal capacitive behaviour of the system which can be realized from the Bode impedance plot, as

shown in Figure 5.2 (b) and 5.2 (c). Besides this, a tail following the&esuaiar loop which almost

looks like a straighline in the low frequency region can be attributed to the diffusion mechanism that

reflects the ion diffusion process between the electrode and electrolyte interface. However, this is not
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an ideal Warburg diffusion resistance as the phase shift did not occirptad® angle, rather the

phase angle exhibited around®59his indicates a nemeal double layer capacitance i.e., the
presence of a constant phase element that causes the restricted diffusion phenomena through an iner
passivation layer. Besides this, tharXercept in the Nyquist impedance plot represdmtsohmic
resistance of the cells. As can be seen from these behaviours of the system, it can represent the bulk
electrolye resistance in series with the two simple Randle circuits in series conn¢8#iprithe
equivalent circuit model with relevant parameters is shown in the supporting information section S4
(a). The first Randle circuit represents the constant phase element in parallel with therahapypet
resistance while the second Randle circepiresents another constant phase element in parallel with
the restricted diffusion resistance. Therefore, this equivalent circuit model is applied to simulate the
experimental results through CNLS (complex +hoear leastsquare) method with-Eit softwae.

The criteria for the optimized simulatieverecarried out with the weighted average 1, fitting relative

error 0.001 and 10000 iterations parameters through randomized Simplex process where the error is
found to be less than 1%. The fitting of Nyquist and Bode impedance plot for the three organic
electrolytes case are demonstrated in Figure S5.4 (b) and S5.4 (c), respectively. From the simulated
results (shown in Table S5.4 (d) in Sl), it can be observed that both ¢hamgker and diffusion
resistane are minimal for DMF/Zn(OT#)electrolyte while maximum for DMSO/Zn(NOB$H-0
electrolyte case. Besides this, diffusion resistance is significantly higher compared tetichaspert
resistance for all the cases. During the charge transport, nucleation of Zn occurred at the porous
carbon electrode; however, due to the presencikseblved oxygen in the electrolyte, thin film of
passivation layer of ZnO (zinc oxide) might have formed. Apparently, this passivation layer causes
high diffusion resistance bgeen the electrode and electrolyte interface. Beside this, the resistance
sharply increased after 1 Hz where the seinular loop ends i.e. restricted diffusion mechanism
occurred- can also be realized this can be seen in the Bode impedance pltediepieigure 5.2(b)

and 5.2(c). Apart from these, ohmic resistance is also minimum for DMF/Zn(€&¢)rolyte.
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Figure 5.2. (a) Nyquist impedance plot (b) Bode impedancé ftetjuency vs. phase angle (c)

Bode impedance pldtfrequency vs. impedance

To find out the electrochemical stability window of the electrolytes, linear sweep voltammetry (LSV)
experiments were conducted through the oxidation potential sweep from OV to positive higher
voltage, shown in Figure 5.3. The oxidative potential of the DMF/Zn(QDIMF/Zn(NGs)2.6H0

and DMSO/Zn(N@)2.6H0 zinc organic electrolytes was about 22\3V, as shown in Table S5.

This is almost two times higher than the electrochemical stability of the aqueous alkaline electrolyte
as water solvent has a stability window of 1.[3#7]. Moreover, the oxidative stability of the

previously studied on zinc organic electrolytes e.g., DMF/ Zn(£arfIAN/Zn(ClOa4)2, exhibited

similar result435, 36]
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Figure 5.3. Linear sweeyoltammetry of DMSO/Zn(N§R.6H20, DMF/ Zn(NQ)2.6H20 and DMF/

Zn(OTfyelectrolytes

Cyclic voltammetry (CV) experiments were conducted to find out the reversibility of Zn in the
different electrolytes medium, shown in Figure 5.4. The redox peak potential for Zn
stripping/deposition ideally should be around 0 V for ther&fierence electde (for Standard
Hydrogen Electrode: Zn redox potentiak8.76V); however, due to the presence of oxygen in the
air environment and other electrochemical complexity like electrode and electrolyte nature,
overpotential in redox peak potential will be ied. This is evident from the redox peak potential
in cyclic voltammetry cycles for the considered zinc organic electrolytes. For DMF/Zn(OTHf)
electrolyte case, oxidation peak is observed at-0.2¥ (there is a shift of oxidation peak towards

to 0.05 V at the end of the 50th CV cycle) while two reduction peak visible at a/@2&Y and-
0.43V. This is similar to the earlier studies where ldamt.[31] reported additional redox peaks
while Wang et al[36] reported two oxidation and one reduction peaks for DMF/Zn({&Tdrtrolyte.

Nevertheless, those studies were carried out in an inert environment. Also, due to the speciation of
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Zn and its chelating effect, multiple redox peaks can occur while two close peaks can form a
superimposed broader peak. Even though at first cycle, oxidation peak potential is observed around
0.2 V for DMF/Zn(NQ@)2.6H20 electrolyte while intensity of oxidation peak potential drastically
reduced on the subsequent CV cycles. However, at around 1.7 V another oxidation peak can also be
observedvhich is possibly of ZnO that formed during the reduction of Zn reacted with the dissolved
oxygen Similarly, for the DMSO/Zn(N®)2.6H20 electrolyte case, large oxidation peak potential was
observed at 1.5 Which can be attributed to the Zm@eanwhile additional oxidation peak potential

was also observed around 0.05é&fevant with Znduring the CV cycles. Moreover, the reduction
peak can be observed at 0.19 V only at the first CV cycle. For both DMSO/Z2n®0 and DMF/
Zn(NG:s)2.6H20 electrolyte, maxnum reduction peak current occurred@b V. Furthermore, from

the cyclic voltammetry experiments, comparing DMF/ZngN®H.0O and DMSO/Zn(N®)2.6H0
electrolytes, DMF/Zn(OT#) electrolyte exhibited faster and uniform redox reaction kinetics. After
the first cycle, the oxidation peak current reduced drastically for both DMF/Z){88,0 and
DMSO/Zn(NG)2.6H20 electrolytes. This indicates limited strippibghaviourof the deposited
product that plated on the working electrode during the reduction prddessover, the reduction

peak current also reduced for DMF/Zn(BJ£6H20 electrolyte after the first cycle. Uniformly
reduced reduction and oxidation current on the subsequent following CV cycles for
DMF/Zn(NGs)2.6H20 electrolyte was exhibited for 50 CV cycles. On the contrary, higher reduction
current was observed on the subsequent CV cycles compared to the oxidation current for 50 CV
cycles. Therefore, from the cyclic voltammetriy unveiled higher reversibilitydr DMF/Zn(OTfk
electrolyte comparing DMF/Zn(NOz)2.6H20 and DMSO/Zn(NG)2.6H20 electrolytes in the

meantime very poor reversibility was observed for DMSO/Zn{N6H20 electrolyte.
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Figure 5.4. Cyclic voltammograms (a) DMF/Zn(QTf)) DMF/Zn(NQ)2.6H20 and (c)

DMSO0/Zn(NQ@)2.6H20 electrolytes for 1, 10", 25" and 50" cycle

Freshly prepared electrolytes along with those collected after CV cycling were analysed through
ATR-FTIR, 1HNMR and 13GNMR characterization techniques. Through these analyses, we tried
to understand the solvation structure of the electrolytes as waltyapossible decomposition of
electrolyte that may occur during the redox cycling. Zinc is widely known for having one or more
coordination structuref36, 37} In the ATRFTIR spectra, C=0O and-8 symmetric bond were
identified at 1659 cmhand 1254 cmrespectively, in the pristine structure of DMF solvent. However,
after the dissolution of Zn(OT#¥alts in DMF solvent, these peaks are shifted slightly and new peak
appeared adjacent to the C=0 antll ®ond peaks. This instinct of doublet peaks can be correlated
to the zinc coordination with DMF solvef6]. Due to the coordination effect of zinc, relevant

coordinated peaks of pristine solvent apparently have a noticeable shift in the electrolyte state where
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zinc coordination with solvent is identified. Thus, in DMF/Zn(QTé&lectrolyte, two different
coordination of zinc with DMF can be identified around 1670cnear to C=0, while zinc
coordination at 1270 ctis due to the asymmetric vibration off\Cbond, as shown in Figure 5.5 (a).
Similarly, in DMF/Zn(NQ)2.6H0 electrolyte, zinc coordination is identified at 1665 canound

the close proximation of C=0 bond, however, no visible coordination néab@nhd was observed
which might be due to the absenmeasymmetric vibration of @ bond. On the other hand, in
DMSO/Zn(NG)2.6H20 electrolyte, only single zinc coordination effect can be identified at 1050 cm

L around the S=0 bond. Thus, zinc coordination in the organic electrolytes for the DMF and DMSO
solvent medium exhibited different coordination of zinc. Therefore, it implies that coordination of
zinc chemistry can be different due to the differences ajrsnof salts despite the same solvent

medium.

In the'H NMR spectra, the molecular water included in the zinc nitrate and zinc triflate salts, and
ppm level in the electrolyte solvents, the presence20f ¢an be predicted at the range-2.9 ppm

while the peak around 7.3 ppm can be attributed to the reference &ie&nt. The standard peak
associated with DMF solvent are at 8.02 ppm-@&iO, at 2.97 ppm and 2.86 ppm for the multiplet

of CHs while relevant multiplet peak of two methyl group at 2.62 ppm for DMSO so[88m0].
Interestingly, both in fresh and cycling samples of the electrolytes, there are peak5s.&tfhh

range. This peak is an indication of tH@H group presence which was also identified in FTIR
analyses. Moreover:*C NMR analyses showed that the peaks associated from 77 ppm is relevant
to the reference solvent CDCH-C=0 at 163 ppm, and two methyl group at 36 ppm and 31 ppm of

DMF solvent, DMSO solvent peak appeared at 40.76 [3&+O0].
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Figure 5.5. Zrcoordination in FTIR spectrum for (a) DMF/ZDTT ; (b) DMF/Zn(NQ)2.6Hz0 ;

and (c) DMSO/ Zn(N§)2.6H20 electrolytes

Nevertheless, decomposition of organic electrolyte possibly can occurs in theaimbtdteries by

the superoxide formation which acts as a strong reducingpgdgdnt The super oxHd de a
of the organic solvent molecule which leads to the decomposition of the organic elep@jlyfer

this, we have characterized the electrolyte samples rigorously through FTHRMEHand 13C

NMR analytical techniques. Comparing the fresh electrolytes with the CV cycling samples of the
electrolytes through FTIR analyses [shown in supporting infoomesh.8], it did not show any

change in the solvation structure or any minor or noticeable shift of peak of the electrolytes indicating
integrity and stability of the electrolytes. This was further confirmed throughNMIR and 13C

NMR analyses [shown isupporting information &9], where it was also observed that there was no
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maj or shift or di mi ni shing of DMF or DMSO so
noticeable that in 1THNMR analyses, the additional peaks identified@bl or O group have a

major shift in all the electrolytes. In tNMR analyses where protonated species demonstrated major
hurdle to identify additional peaks other than the characteristic peaks of the electrolytes due to water
molecule presence or formation ofdngxyl group. Further, 13GIMR analyses were carried out. For
DMF/Zn(OTf). electroyte, comparing the fresh and cycling samples, there were no differences in
the peaks observed other than the characteristic peaks of the electrolyte-NME3@nalyses.
However, for DMF/Zn(N@)2.6H-0 electrolyte, an additional smaller peak in the furthest dioelth

of -CHO can be observed in the fresh electrolyte which was diminished in the cycling sample of the
electrolyte. Similarly, for DMSO/Zn(N§)..6H-0 electrolyte, an additional peak was also noticed in

the furthest ugield region which was also sippeared in the cycling sample. This might be due to

the weaker coordination of carbon a®@H species that were broken down after the redox reactions

during the cycling voltammetry process.

To understand the redox reactions and deposited products on the working electrodes during the cyclic
voltammetry, carbon working electrode samples from different electrolytes were examined through
XRD analyses. The XRD analyses are shown in Figure 5.@@mesponding background XRD of

carbon working electrode, pure zinc foil, zinc triflate and zinc nitrate hexahydrate salts shown in the
Figure S5.10. The peak pattern af,32®, 37, 48, 57, 63 and 68 for DMSO/Zn(NQ)2.6H20
electrolyte case matchestiwthe ZnO patterfd3-45]. A trace amount of ZnO is also formed as the
deposited discharge product for DMF/Zn(8j£6H20 electrolyte case identified at peak positions of
34°and37°. For DMF/Zn(OTf} case, there is no evidence of ZnO being formed from the peak pattern
rather zinc triflate characteristic peak being observed at thé 2&n8 the weak peak at 32i$ an

i ndication of zinc triflate salt; however, evi

product can be realized from the peak &t[83, 44]
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Figure 5.6. XRD pattern of deposition products on Carbon working electrode for

DMSO/Zn(NQ)2.6H20, DMF/ Zn(NQ)2.6H20 and DMF/Zn(OTH electrolytes case study

The deposited product on carbon working electrode during CV cycles were further examined for
morphological structure and EDX analyses. From the SEM surface morphology depicted in Figure
5.7, it can be noticed that there is a significant amount of depo$droDMSO/Zn(NQ)2.6H20
electrolyte case where the deposition is-oaiform but heavier in some localized regions. On the
other hand, moderate growth of deposition in some localized regions which is nearly uniform
deposition across the electrode surfeaa be noticeable for the DMF/ Zn(M@6H:20 electrolyte
case. The growth pattern of deposition can be described as heavy growth of mossy and pallet type
platelets for DMSO/Zn(N€)2.6H-0 and DMF/Zn(NQ)2.6H0 electrolyte case, respectively.
However, a thin layer of deposition can be noticeable for DMF/Zn{C8l€ctrolyte cases when

compared with the fresh carbon working electrode SEM surface morphology, as shown in the
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supporting information S5.11. This is further understood from the results of EDX elemenatg| X
EDX elemental mapping and EDX elemental quantitativeayanalyses, as shown in Figure S5.12.
From these analyses, the deposited product for the DMSO/ZMEERO and DMF/
Zn(NGs)2.6H0 case, ZnCcan be predicted from both EDX element, mapping and quantitative
analyses while zinc triflate salt can be identified for DMF/Zn(@&Rectrolyte case. This is also
supported from the earlier XRD analyses where the strong peak of ZnO is indicated for
DMSO/Zn(NG)2.6H20 electrolyte and this is why heavy deposition of ZnO can also be observed in
the surface morphology. Even though weaker presence of ZnO was predicted in XRD analyses for
DMF/Zn(NQs)2.6H0 electrolyte, from the EDX elementalray, mapping, ah quantitative
elemental analyses, formation of platelets can be traced with the possible ZnO foj4¢3tiGm the

other hand, for the DMF/Zn(OTfelectrolyte case, a smooth surface with a surface layer from
DMF/Zn(OTf)2 electrolyte can be predicted from the SEM and EDX analyses. Additionally, XRD
analyses did not indicate ZnO formation, rather an indication of zinc triflate salt. This is also reported
in a previous study that no zinc oxide was formed rathé#/Zm reversibility prevailed for

DMF/Zn(OTf)2 electrolyte in Zrion battery[36].
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Figure 5.7. SEM surface morphology of carbon working electrodes for DMSO/Zn®HO,

DMF/ Zn(NG)2.6H20 and DMF/Zn(OTH) electrolytes case after CV cycling

5.3.2 Influence of electrolytes on anodic and cathodic performance

Potentiodynamic polarization experiments were conducted to investigate the zinc anodic stability
with the considered electrolytes. From the analyses, it predicted lower corrosion potential for DMF/
Zn(NQOzs)2.6H20, and a similar corrosion potential was noticed for DMSO/ZnjhE€H.O and
DMF/Zn(OTf)2electrolytes. More importantly, a passivation region is clearly noticeable for both the
DMSO/Zn(NG)2.6H20 and DMF/Zn(N@)2.6H0 electrolytes cases while there is no passivation

region appeared for DMF/ZnOTf elealyte, as shown in Figure 5.8.
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Finally, to find out the zinc organic electrolytes influence on catalytic activity feaiZbattery
operation, three electrode RDE (rotating disc electrode) experiments was conducted. Moreover,
oxygen solubility was measured for each organic electrslyiation after the 30 minutes purging

with oxygen. The ppm level of soluble oxygen quantified for the DMSO/ZgNgBPLO,
DMF/Zn(NGQs)2.6H0 and DMF/Zn(OTf) electrolytes are measured as 19 ppm, 22 ppm and 25 ppm,
respectively. For the RDE experiments, LSV with scan rate of 10 mV/s for determining ORR (oxygen
reduction reaction) activity with 1600 rpm and oxygen purged condition, shown in Figure 5.9. It
predided halfwave potential of 0.52 V, 0.65 V and 0.74 V for the DMSO/Zn{dGH:0,
DMF/Zn(NQs)2.6H0 and DMF/Zn(OTf) electrolytes, respectively. Therefore, higher fvedfve
potential indicates better ORR activity for DMF/Zn(Ozlé)ectrolyte. Higher ORR aeity can also

be correlated with the higher oxygen dissolvability in the organic electrolytes and the predicted results
showed the high value of oxygen ppm level in DMF/ZnOTf electrolyte, which coincidentally
exhibited the best ORR activity as well. Camgently, it can be excerpted that ORR activity can be
substantially different for different electrolyte mediums. This is the first time we are reporting on
organic electrolyte influence on catalytic ORR activity which should be a standard performance

yardgick for Znair battery studies.

5.4 Discussions

Three zinc organic electrolytes DMSO/Zn(j&6H0, DMF/Zn(NG)2.6H20 and DMF/Zn(OTH)

were considered primarily among several combination of organic solvents and inanggmi zinc

salts based on the physicochemical properties, solubility and ionic conductivity. They all have shown
a similar electrochemical stability window, which Ismast two times wider than widely considered
aqueous alkaline electrolyte for Air battery. DMF/Zn(OTH electrolyte has shown better mass
transport and better reverdity of Zn?/Zn compared to DMSO/Zn(Nép.6HO and
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DMF/Zn(NQzs)2.6H20 electrolytes. Lower reversibility of DMF/Zn(NR.6HO and poor
reversibility of DMSO/Zn(NQ)2.6H20 can be linked with the quantified amount of ZnO passivation

on the working electrode. Beside this, potentiodynamic polarization experiments further strengthen
the theory of passivation phenomenon for DMSO/Zn{N6HO and DMF/Zn(NG)2.6H0
electrolyte and no passivation beingticed for DMF/Zn(OTf) electrolyte. This can be further
correlated with the higher oxidation peak overpotential for DMSO/Zr|NEHO and
DMF/Zn(NGQs)2.6H0 electrolytes where stripping of the possible formed ZnO required more
potential (oxidation) energy. Thus, stripping was limited because of ZnO formation. On the other
hand, protonated species that were also identified iNIHR, possibly of zinc hydroxiel that can
produce ZnO. Interestingly, ZnO is not predicted for DMF/Zn(@#e&fgctrolyte even thougzinc
hydroxide can be observed in the-NMR. Therefore, there might be other complex phenomenon
for ZnO evolution that might occur in the nitrate based DMSO/ZniN&H0O and
DMF/Zn(NGs)2.6H0 organic electrolytes. We assume that zinc metal reacts with zinc nitrate to
produce zinc oxide (ZnO) and zinc nitrite (Zn(N£) [47]. This might be the reason behind the
passivation of the electrode surface and irreversibility of the nitrate based DMSOAINGNED

and DMF/Zn(NQ)2.6H20 organic electrolytes. Additionally, reversibility or irreversibilitycan it

be tied with the zinc coordination chemistry in the considered organic electrolytes apart from the
passivation occurrences? Earlier studB8 on DMF/Zn(OTf} electrolyte put forward the case for
Zn?*Zn reversibility owing to the Z4DMF coordination chemistry. In this study, it can be observed
that reduced coordination number of zinc in DMSO/Zn{N®H0 and DMF/Zn(NG)2.6H0
electrolytes have less reversibility. Nevertheless, decomposition of the zinc organic electrolytes was
not identified that mostly can occur in the form of decomposition of organic solvent molecules by
superoxide radicals in the air environment of meitabatteries. Another important asg from the
experimental studies is that there can be significant differences in corrosion, passivation, oxygen

dissolvability and ORR activity for the different electrolyte media. Unfortunately, most of these
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parameters are overlooked for the organic electrolyte studies, and they can have significant effect on

the metalair batteries including the Zair battery performance.

5.5 Conclusion

From the experimental analyses for the suitability of zinc organic electrolytes, it can be identified that
DMF/Zn(OTf)2 electrolyte has better electrochemical stability, reversibility and applicability for Zn

air battery operation, compared to DMSO/Zn@®BH20 and DMF/ Zn(N@)2.6H-0 electrolytes.

Even though organic electrolytes suppressed the hydrogen evolution owing to their inherent nature,
zinc nitrate based organic electrolytes were found to be unsuitable as battery electrolytes due to the
excessivepassivation, corrosion, irreversibility, and lower ORR activity Zn{d®H0. On the

other hand, owing to the better ionic conductivity, charge and mass transport, and reversibility
phenomena of DMF/Zn(OT4Electrolyte proved to be an excellent option for devising a rechargeable
Zn-air battery. More importantly, the absence of passivation and better ORR activity also supports
the suitability of DMF/Zn(OTH) electrolyte. Also, this study for the very first time investigated the
passivation and corrosion @momena, correlation between the organic electrolyte and ORR activity

of catalyst, and decomposition screening process for organic electrolyte-éar Zzaitery.
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AppendixT A
Supporting Information: Chapter 5

Insight of organic electrolytes for rechargeable Zrair battery
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S5.1. Physiochemical properties of Solvdftg]

Properties DMSO DMF Water

Melting point 18.5°C -61°C 0°C

Boiling point 189°C 153°C 100°C

Density 1.1 g/eni 0.95 g/cm 1 g/cn?

Viscosity 1.996 cP 0.92 cP 0.89 cP (25C)

Vapor pressure 0.17 KPa (40C) 1.34 KPa (40C) 7.38 KPa (40C)
6~8 6.7 7.0

pH
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S5.2. Solubility of Zinc salts in organic solvents

Organic Solvent Zinc salts Solubility Ref. ]
Dimethyl sulfoxide ZN(NG:3)2.6H20; ZnCbk.2H0; soluble [This
(DMSO) Zn(CHsCOO).2H.0 work]
Zn(CRSG)2; ZnSQ.7TH20 insoluble
Dimethylformamide| Zn(CRSGs)2; Zn(NGs)2.6H0; ZnChk.2H20; soluble
(DMF) Zn(CHsCOO).2H.0
ZnSO.7H20 insoluble
Acetonitrile (AN) | Zn(ClOs)2; Zn(CFsSGs)2; ZN[(CFs)2-N-(SOr)2)]2; Soluble [5, 6]
Zn(BFs)2; Zn(PFs)2
Zn[(CRs)2-N-(SQ)2)]2; Zn(CRS0s)2; Soluble
Diglyme (G2) Zn(PFs)2
Zn(BF4)2 insoluble [5]
Propylene ZN[(CRs)2-N-(SO)2)]2; ZN(CRSs)2; Soluble
carbonate (PC) Zn(PFs)2; Zn(BFs)2
Dimethylformamide Zn[(CFRs)2-N-(SQ)2)]2; ZN(CRSGs)z2; Soluble
Zn(PFs)2; Zn(BFs)2
Zinc chloride Soluble
Tetraglyme Zn[(CR3)2-N-(SOp)2)]2; ZN(CKSGs)2; ZnSO;, Limited [7]
Zn(CHsCOOY) solubility
Triethyl phosphate Zn(CRSGs)2 Soluble [8]
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S5.3. lonicconductivity of organic and aqueous electrolytes

Electrolyte Molar concentration| lonic conductivity Conditions
(mS/cm)
DMSO / Zn(NQ)2.6H0 0.2M/0.5M/ 1.0M 6.5/9.4/9.1 19°C, DIP-type Pt
DMF / Zn(NGs)2.6H20 02M/05M/1.0M| 57/9.1/8.7 electrode probe
DMF / Zn(CRSGs)2 0.2M/0.5M/1.0M| 9.6/14.3/12.2| conductivity meter
DMF / Zn(CHCOO.2H.0 0.2M/0.5M/1.0M| 0.24/0.49/0.67|  [This work]
DMSO / Zn(CHCOOQO.2HO0 | 0.2M/0.5M/1.0M | 0.16/0.33/0.47
DMSO / ZnCk.2H.0 0.5M /1.0M 1.6/27
AN / Zn(CIQu)2 0.5M 25.7 20°C, DIP-type
H20 / Zn(CIQy)2 0.5M 71.4 conductivity meter
H20 / ZnSQ 0.1IM/1.0M 9.6/47.8 [6]
TEP / Zn(CESQs)2 0.5M 4.1 [8]
TEP : HO (7:3) / Zn(CESs)2 0.5M 6.5
H20 / Zn(CRSCs)2 0.5M 31.1
AN / Zn[(CFs)2-N-(SQ)2)]2 0.5M 28 20°C, DIP-type
DMF / Zn[(CRs)2-N-(SO)2)]2 0.5M 18 conductivity meter
PC / Zn[(CE)2-N-(SO)2)]2 0.5M 8 [5]
G2 / Zn[(CR)2-N-(SO)2)]2 0.5M 6
AN / Zn(CRSQ)2 0.5M 20.5
DMF / Zn(CRSQs)2 0.5M 19
PC / Zn(CESQs)2 0.5M 4
G2/ Zn(CRSGs)2 0.5M <1
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S5.4.Electrochemical impedance spectroscopy of DMSO/ZnjNeH.0O, DMF/

Zn(NGs)2.6H20 and DMF/ Zn(OTf)electrolytes

S5.4 (a). Equivalent electrochemical circuit for the Fitting of EIS

L

VY
77 77

A 0 03 —
R1 | S | M‘.
R2 kA3

*R1 = resistance of the bulk electrolyte medium
R2 = charge transfer resistance
Q2, Q3 = constant phase element

M3 = restricted diffusion resistance

S5.4 (b). Fitting of Nyquist impedance plot for DMSO/Zn@®BH20, DMF/

Zn(NGs)2.6H20 and DMF/ Zn(OTf)electrolytes

200
Nyquist Impedance Plot
DMS0/Zn(NO3)2.6H20
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150 i
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g £
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O 100 7
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200
° Nyquist Impedance Plot
J / DMF/Zn(NO3)2.6H20
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S5.4 (c). Fitting of Bode impedance plot for DMSO/Zn@¥®H.0O, DMF/

Zn(NGs)2.6H20 and DMF/ Zn(OTf)electrolytes

25 -10
Bode Impedance Plot
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2.5+ - -10
Bode Impedance Plot
DMF/Zn(OTf)2
xp-Im nce vs. Fri n
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S5.4 (d). Tabulated value tfe EIS fitting models
Electrolyte R1 | Q2 a2 R2 | Q3 a3 Rd2 |td2
q F.sh@a- 1) q q F.sMa-1) ( o] ) (S)
DMSO/Zn(NG)2.6H20 | 1.44 | 0.6e-3 | 0.55 | 57.2 | 7.89e- | 0.78 | 778.3 | 0.62
3
DMF / Zn(CRSQ0s)2 0.74 | 0.14e- | 0.86 | 31.3 | 3.04e- | 0.81]201.9|1.93
3 3
DMF / Zn(NQs)2.6H20 | 1.45 | 0.21e-3 | 0.83 | 36.9 | 4.91e- | 0.78 | 520.9 | 1.58
3
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S5.5. Electrochemical stability window of Organic electrolytes fosystem

Electrolyte ESW Parameters
DMSO / Zn(NQ)2.6H0 22V 1 mV/s, Porous activated carbo
DMF / Zn(NGs)2.6H20 2.2V cloth (WE), Zn disc (CE, RE),
DMF / Zn(CRESQs)2 23V air atmosphere [This work]
AN / Zn[(CFRs)2-N-(SO)2)] 2 3.8V
DMF / Zn[(CFs)2-N-(SO)2)]2 29V 25 mV/s, Pt disc (WE), Zwire
PC / Zn[(CE)2-N-(SO)2)]2 3.4V (CE, RE), inert atmosphef8]
G2/ Zn[(CE)2-N-(SO)2)]2 2.6V
AN / Zn(CESGs)2 3.6V
DMF / Zn(CRESQs)2 2.8V
PC / Zn(CEBSGs)2 33V
G2/ Zn(CESGs)2 2.4V
AN / Zn(BFs)2 3.8V
DMF / Zn(BR)2 2.8V
PC /Zn(BFs)2 33V
AN / Zn(PF)2 3.6V
DMF / Zn(PFk)2 25V
PC / Zn(Pk)2 33V
G2/ Zn(Pk)2 23V
DMF / Zn(CRSGs)2 25V 1 mVI/s, Zn(CE, RE), stainless
steel (WE), inert atmosphejg]
AN / Zn(CIOs)2 22V 20 mV/s,Pt (WE), Zn (CE), iner{
H20 / ZnS04 1.8V atmospher¢o]
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S5.6. Reversibility of Zn in organic electrolytes

Electrolytes Reversibility Conditions
DMSO / Zn(NQ)2.6H0 Poor reversibility, 10 mV/s, Carbon (WE),
DMF / Zn(NGg)2.6H0 Moderately Zn (CE), Zn (RE), air
reversibility atmosphere
DMF / Zn(CRSQGs)2 Excellent
reversibility [This work]
AN / Zn(CIOs)2 *C.E. 99% after 20 | 20 mV/s, Pt (WE), Zn
CV cycle (CE), inert conditior}6]
H20 / Zn(CIQy)2 *C.E. 70% after 20
CV cycle
H20 / ZnSO4 *C.E. 60% after 20
CV cycle

AN-Zn(TFSIe/ Zn(OTf/

*C.E. 99% / 100% /

Zn(BF)2/ Zn(PF)2 100% / irreversible
PG Zn(TFSIe/ Zn(OTf)/ *C.E. 100% / 100%
Zn(BF4)2/ Zn(PFs)2 irreversible / 100%
DMF- Zn(TFSIe/ Zn(OTf/ | *C.E. 50% /
Zn(BF4)2/ Zn(PFs)2 irreversible /

irreversible / 100%

G2- Zn(TFSIk/ Zn(OTf)/
Zn(PFs)2

irreversible /
irreversible / 100%

10 mV/s, Pt disc (WE),
Zn-wire (CE, RE), inert
atmospher¢5]

TEP / ZnCRSOs)2 *C.E. 89% 1 mV/s, SS disc (WE), Zi
TEP : BO (7:3) / Zn(CESQy)2 | *C.E. 81% (CE, RE), inert
H20 / Zn(CRBSQs)2 *C.E. 75% atmospher¢3]

*C.E. = coulombic efficiency; CV = cyclic voltammetry
WE = working electrode, CE = counter electrode
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S5.7 (a). FTIR characterization of zinc organic electrdytd S O/ NOg)2 6261l c a s e
S -
o
g -
)
E
s
=
T S
——Zn(NO,),.6H,0
- —— DMSO
—— DMSO0/Zn(NO,),.6H,0
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)
Species FTIR Characterizatiofil0-13]
DMSO 3443/cm 3000/cm 1406/cm 1311/cm 1042/cm 952/cm 697/cm 667/cm
O-H bond | 2910/cm 1436/cm C-S stretch| S=0 930/cm CHorGS | CS
CH3 C-H bend stretch C-Sor asymmetric| symmetric
stretching C-H stretch stretch
bend
Zn(NOs3),. | 3343/cm 1622/cm | 1328/cm 1046/cm 818cm
6H,0 O-H bond | NO3 N=0 N-O N-O bend
stretching | stretching | symmetric | (bonded)
stretch
DMSO/ 3443/cm | 3000/cm 1406/cm 1344/cm | 1311/cm 1018/cm | 952/cm 830/cm
Zn(NOs3),. | O-H bond | 2910/cm | 1436/cm | N=O C-S stretch| S=0 696/cm N-O stretch
6H,0 C-H C-H stretching stretch C-S or GH | (Free NO3)
stretching | stretch or stretch or
bend bend
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S5.7 (b). FTIR characterization of zinc organic electrdiytd F / MO@s)f. 661 c a s e

é - m
8
c T
o
E | W
7]
c
S e
|_
T SN——
- Zn(NO,),.6H,0
—— DMF
— DMF/Zn(NO,),.6H,0
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber
Species FTIRCharacterization [11-14]
DMF 3500/cm 2930/cm 1659/cm 1500/cm 1384/cm 1255/cm 1088/cm
O-H bond 2855/cm | C=0 1438/cm | GN GN 1063/cm
CH3 GH stretching bending GH
stretching asymmetric asymmetric
stretching bending
Zn(NOs3)2. | 3343/cm 1622/cm 1328/cm 1046/cm 818cm
6H,0 O-H bond | NO3 N=0O N-O N-O bend
stretching | stretching | symmetric | (bonded)
stretch
DMF/ 3500/cm 2930/cm 1650/cm 1500/cm 1384/cm 1254/cm 1328/cm 1093/cm
Zn(NOy).. O-H bond 2855/cm | C=0 bond 1438/cm | GN GN NO3 1063/cm
6H0 GH GH stretching | bending stretching | GH
stretching asymmetric asymmetric
stretching bending
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S5.7 (¢). FTIR characterization of zinc organic electrdytd F / Z n){cQaTsfe

T ‘
l_ B
X
~
}_
©
= —— DMF/ZnOTf
X —— DMF
4 — ZnOTf
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
cm’”
Species FTIR Characteristi¢42, 14, 15]
DMF 3500/cm 2930/cm 1659/cm 1500/cm 1384/cm 1255/cm 1088/cm
O-H bond 2855/cm | C=0 1438/cm | GN GN 1063/cm
GH GH stretching | bending GH
stretching asymmetric asymmetric
stretching bending
Zn(OTH 3493/cm 1650/cm 1228cm 1033/cm 720/cm 632/cm
O-H bond 1610/cm 1189cm S=0 GF bending GS
CF3 S03 stretching stretch
stretching stretching
DMF/Zn(OTf)2]  3500/cm 2930/cm 1650 /cm 1500/cm 1384/cm 1254/cm 1150/cm 1092/cm
O-Hbond 2855/cm C=0 bond 1438/cm GN 1225/cm CF3 1070/cm
GH GH stretching GN bending | stretching GH
stretching asymmetric asymmetric
stretching bending
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S5.8.FTIR spectruntomparison of fresh and CV cycling samples of electrolytes (a)

DMF/Zn(OTf)2; (b) DMF/Zn(NQ)2.6H20 ; and (c) DMSO/ Zn(N§)2.6H20 electrolytes
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S5.9. 1H NMR experiments comparative study of Fresh electrolyte (blue color) and after CV
cycling (maroon color) (a) DMSO/Zn(N{2.6H20, (b) DMF/Zn(NQ)2.6H20 and (c) DMF/ZnOTf
electrolytes; 13eNMR experiments comparative study of Fresh electrolyte (blue color) and after
CV cycling (maroon color): (d) DMSO/Zn(NR.6H20, (e) DMF/ Zn(NQ)2.6H20 and (f)

DMF/Zn(OTf)2 electrolytes

1H NMR[Cycling_DMS0/ZnN03]

L L L L L L L T T T T LA S I T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

1H NMR[Fresh_DMS0/ZnNO3]

T T T T T T T T T T T T T T T T T T T T
0.0 95 90 &5 80 75 70 65 60 55 S50 45 40 35 3.0 25 20 15 10 05 00
f1 (ppm)

(2) DMSO/Zn(NG)2.6H:0 electrolyte : 1H NMR experiments comparative study of Fresh electrolyte

(blue color) and after CV cycling (maroon color)
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1H NMR[Cycling_DMF/ZnNO3]

L ,\ jl

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

1H NMR[Fresh_DMF/ZnNO3]

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

(b) DMF/Zn(NGOs)2.6H20 electrolyte : 1H NMR experiments comparative study of Fresh electrolyte (blue

color) and after CV cycling (maroon color)
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1H NMR [Cycling_DMF/ZnOTf]

l | _A VA

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 4 T

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
f1 (ppm)
1H NMR[Fresh_DMF/ZnOTT]

T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

(c) DMF/Zn(OTf)2electrolyte : 1H NMR experiments comparative study of Fresh electrolyte (blue color)

and after CV cycling (maroon color)
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13C NMR[Cycling_DMS0/ZnN 03]

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

T
100 95 a0 85 80 73 70 63 60 33 30 45 40 335 30 25 20 15 10 3 0

f1 (ppm)
13C NMR[Fresh_DMSO/ZnN 03]

100 95 a0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 1]
f1 (ppm)

(d) DMSO/Zn(NQ)2.6H:0 electrolyte : 13C NMR experiments comparative study of Fresh electrolyte

(blue color) and after CV cycling (maroon color)
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13C NMR[Cycling_DMF/ZnNO3]
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(e) DMF/Zn(N(G)2.6H20 electrolyte : 13C NMR experiments comparative study of Fresh electrolyte

(blue color) and after CV cycling (maroon color)
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13C NMR[Cy cling_DMF/ZnOTT]
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() DMF/Zn(OTf)2electrolyte : 13C NMR experiments comparative study of Fresh electrolyte (blue

color) and after CV cycling (maroon color)
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S5.10. XRD of carbon working electrode background, powder XRD of Zn{@i@) Zn(NQ)..6H20
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S5.11. SEM surface morphology of fresh carbon working electrode sample
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S5.12 (a). EDX, elemental analyses and mapping of carbon working electrode sample of

DMF/Zn(NG:s)2.6H:0 electrolyte case
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S5.12 (b). EDX, elemental analyses and mapping of carbon working electrode sample of
DMF/Zn(NG:s)2.6H:0 electrolyte case
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S5.12 (c). EDX, elemental analyses and mapping of carbon working electrode sample of
DMF/Zn(OTf): electrolyte case
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Chapter 6

Cyclability of organic Zn-air battery

Overview

Sustainable energy development becomes the most priority of the world to meet the increased energy
demand within a nezero CQ emission policy. Considering this, Zir battery seemingly has the

future promise in the post{ion battery technology for commercialization owing to its high energy
density, abundance and facile electrochemistry. Nevertheless, the current aqueigteleased

Zn-air battery limits its potential integration for a wide range of applications mainly associated from
the lower ekctrochemical stability window, dendrite formation, passivation and hydrogen evolution
that induces limited cycle life. As organic electrolytes have shown wider electrochemical stability
window, good stability, and reversibility in the prior chapter Bhis chapter galvanostatic discharge
charge cycling of battery and key battery characterization parameters are investigated for the organic

electrolytesbased Zrair battery.
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6.1 Introduction

The commercialization of rechargeable-&in battery (RZAB) is yet to achied-3]. There are

several technical challenges that impede the commercialization of RZAB. Usage of conventional
aqueous alkaline electrolyte remains one of the major technical higdigsviany of these technical
barriers like lower electrochemical stability window, hydrogen evolution, passivation, dendrite
formation, corrosion etc. are discussed in the earlier chapters. These technical issues are mainly one
of the major root causes towarthe poor cycling and lower battery cycle life that hinder the progress

for the commercialization of RZAB. In this context, organic electrolytes are widely used for the
current commercial Lion batteries. Organic electrolytes are inherently superioranynof the
technical issues when compared with the aqueous electrolytes. One of the major advantage of the
organic electrolytes are for their inherent nature to suppress the hydrogen evolution which is one of
the core unresolved issues with the electraligeomposition of aqueous RZABs. Among the other
attributes of the organic electrolytes are wider electrochemical stability window, long cycling and
stability reported for L-batterief8, 9]. In the previous chapter, it was observed that organic
electrolyte can mitigate many of the core technical challenges that are associated with the aqueous
alkaline electrolyte for the current state of art rechargeablairZoatteries. In the previous gitar
demonstrated good prospect regarding tshseemor ga
specifically towards for Ztair battery environment. Therefore, it is important to look at the key
technical parameters like battery cycling, specdapacity, power density for RZAB with the

incorporation of the organic electrolytes.

One of the approaches towards the current aqueous alkaline based RZAB cycling is noticeably too
short period of cycle tim§l0-12]. Many of theaqueousRZABs studies adoptedycle length of

batterycycling testwereas low as twenty minutes to one haunfortunately, his is not a suitable

Page | 152



approach to investigate the RZAB cycling as it does not reflect the commercial standards of minimum
ten to twenty hours cycle time requiremgt2-15]. Even for the lab scale, at least 1C rate which is
equivalent to two hours of each cycle time should be considered for the battery galvanostatic
dischargecharge cycling16, 17] The chargalischarge plateau cannot be well understood from the
short cycle time especially for the discharge cycle. Therefore, duringt@3Bminute discharge

time the battery voltage drop will be less if compared with the long hour discharge tiow per

the aqueous alkaline electrolytb@sed Zrair battery, during the discharge cycle formation of zincate
(zinc hydroxide ion: Zn(OH¥) occurs. It is now well established that precipitation of zinc oxide
(Zn0O) occurs from the saturated zincft8-20]. Thus, with a shorter discharge cycle time period,
zincate formation will be less when compared with the longer discharge cycle time period. More
importantly, the ZnO induced passivation of the electrg@iElswill also be less for the shorter cycle

time period. In other words, during long cycle severe passivation can cause the failure of the RZAB
operation based on aqueous alkaline electrolyte. Similar aspects are also applicable for the zinc anode
corrosion menomena which will have lessened effect during shorter cycle time. Beside this, due to
zinc being more electropositive than hydrogen, hydrogen evolution reaction is unavoidable in
aqueous electrolyte medium which induces decomposition of electrolyteghhrithe water
electrolysis[22, 23] The hydrogen evolution reaction that also simultaneously occurs during the
battery cycling will also have less effect on the decomposition process of aqueous alkaline electrolyte
when shorter cycle time periods, limited cycling hours and excessiveobleetf the battery system

is used.

On the other side of the battery cycling, charging cycle time period also equally has significant
implications on the battery operation. In this scenario, charging cycle time period will have different
types of degradation effect for RZAB operatj@n, 25] Firstly, from the prospect of shorter charging
cycle, is that zinc nucleation on the anode electrode from the zinc ions or species in the electrolyte

medium will be comparatively less during shorter charging cycle when compared longer charging
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cycle time period. More importantly, zinc nucleation growth is not uniform along the anode electrode
in Zn-air battery. From the several studies, it has been demonstrated theifoom growth of zinc

in some localized regiorj26, 27] In this localized regions, zinc growth is faster than other areas of
the electrode surface. This phenomenon is known as dendrite growth. Dendrite growth adversely
affects the battery life, it causes cell to shmrtuit leading to the failure of the baty[28, 29] From

this perspective, shorter charging cycle will have minimum dendrite growth which thus deviates from
the real scenario of the practical battery operation of RZAB. From the longer charging cycle time
period perspective, as discussed earlier will ragker dendrite growth and thus, will likely to cause
battery failure. Another important factor of charging cycle in RZAB is the passivated ZnO that may
cover the zinc anode as well as cathode surface. This formed ZnO will be required to reverse back to
zinc metal and evolve oxygen during the charging cycle. Unfortunately, this is not well understood
from the prior studies due to shorter charging cycle period as well as the currently widely adopted

bulk electrolyte based RZAB testing cells.

It is noteworthy to highlight that the current state of art ofatrbattery mostly incorporate a bulk
electrolyte with a significant spacing gap {53nm) between the battery electrod@8-32]. This

might be a fruitful approach to avoid the dendrite growth during the long hour cycle. However, on
the other handexcessiveslectrolyte based RZAB system will be larger in size and will obviously be
unsuitable to incorporate in many applications including EV, 10Ts (internet of things), wearable and
portable applications. More importantly, the precipitated ZnO might be acaaahalisthe bottom of

the cell in addition to the deposition on the electrodes surface of the battery. Beside this, there are
also studies that adopted zinc anode or electrolyte replacement after a certain period of RZAB cycling
[33-35]. This is also not practical from the RZAB commercialization perspective. Therefore,
rechargeable Zair battery with the bulk electrolyte system will require regular maintenance which
will significantly reduce the user friendly, customer interest andidgias From the above

perspective, it is now an essential task to develop a protocols for RZAB cycling parameters, cell
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design and structure, maintenance and commercial feasibility. Bulk electrolyte based RZAB test cell
was not being adopted in this study for the organic electrblgsed battery cycling and
characterizations. Rather, as theainbattery assimilates thedl cell, single fuel cell stack was used

for the investigation of RZAB cycling and battery relevant testing techniques. Here, the single RZAB
test cell comprised of a zinc foil as the anode attached with the stestdessurrent collector, glass

fibre separator soaked with electrolyte placed in between the electrodes and cathode electrodes in a
sandwiched structure (shown in Figure 4.4). Therefore, there is no arrangement for the
accommodation of extra electrolyte to be held in this battery testingys&#m as there is no spacing

gap apart from the separator placed in between the electrodes. Beside this, the open structure of the
cell has the advantage of better diffusion at the cathode electrode which will likely to cause more
evaporation of the et¢rolyte. Nevertheless, the used organic electrolytes will have less evaporation
than the aqueous electrolyte system discussed in the earlier chapter (also in SI S5.1). In this scenario,
many of the critical parameters like passivation, dendrite growfiedances etc. likely to have more
adverse effect in the used battery testing cell than the widely adopted bulk electrolyte based RZAB
testing cells for aqueous Aratteries. Beside this, unlike most of the existing studies which adopted
shorter cycle time.e., high Crateis not consideredh this studyfor the battery cycling. Here, 1C

battery cycling rate i.e., one hour of discharge cycle and one hour of charge cycle of total two hours

duty cycle was used for RZABs cycling investigation.

Beyond aqueous electrolyte system, very few studies investigated organic electrolytes for Zn batteries
[36] [37] [38] [39] [40]. Moreover, the organic electrolytes were studied under the inert environment
or for Znrion battery system which deviates from the simulateehiZrbattery operation. Also,
existing aqueous alkaline based RZABs lacked long hour cycling, used shortémeggderiod and

mostly adopted bulk electrolyte which are rsiandard testing protocols towards RZABs
commercialization perspective. In the previous chapter, organic electrolytes demonstrated better

electrochemical stability window and stability than @gus electrolytes for Zair battery. Therefore,
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in this chapter, rechargeable-Air battery cycling and characterizations with standard battery testing
protocols were further explored for investigating the zinc organic electrolytes towards the

development of RZAB.

6.2 Materials and Methods

99.5% pure zinc foil from AME Energy Co. Limited, China as the anode electrode material,
0.5mg/cn? Pt/C as cathode materials from Fuel cell store, Zinc nitrate-ngkate [Zn (NG)2.

6H20] salt, Zinc Triflate/ZnOTf [Zn (CESs)2] salt, ACS grade 99.9% pure anhydrous DMSO
(Dimethyl sulfoxide) containing > 0.1% water and 99.8% pure ACS grade Dinhethylformamide
(DMF) containing > 0.1% water fromlerck-SigmaAldrich are used for this experimental study.

Details of the materials are provided in chapter 4.

Considering solubility and ionic conductivity, three optimized electrolytes of 0.5 M
DMSO/ZN(NG)2.6H20, 0.5 M DMF/ Zn(NQ)2.6H0 and 0.5 M DMF/(ZnOT#$) were chosen for

the battery cycling and performance -in battery cells were assembled using Zn foil as the anode,

0.5 mg/cn Pt/C as the cathode support and prepared organic electrolytes with glass fibre separators.
To understand the mass transport phenomena, power density, effect of current density, and battery
cyclic performanceé electrochemical hniques EIS (Electrochemical Impedance Spectroscopy),
and galvanostatic chargischarge techniqgue were employed. After the battery cycling, electrodes
were probed through pestortem techniques including XRD, SEM and EDX. Please refer to chapter

4 whichprovides more details of these experimental techniques.
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6.3 Results and Discussion

6.3.1 EIS analyses for fresh organic Zair batteries

Electrochemical impedance spectroscopy (EESh core electrochemical technique for battery
diagnostics that can bring information about the charge and mass transport, capacitance, and
impedance analytics of the battery. In the earlier chapter, EIS was carried out on the bulk electrolyte
in three ebctrode system. However, in the practical battery scenario, usually amount of electrolyte is
very less for the compactness of the battery. Also, in the previous case for EIS analyses were carried
out for the Swgelok cell with three electrode cell system where presence of dissolved oxygen was

l i mited in the electrolyte. However, I n this
continuous oxygen diffusion through the porous cathode. Thus, this isaa Battery prototype

where electrochemical reactions occur at both zinc anode and Pt/C cathode support. Therefore, ZAB
will have different impedance scenario than the previous case with the other three electrode
electrochemical cells. Therefore, EIS asaly were carried out for the three different zinc organic
electrolytesbased Zrair battery in fresh condition i.e., before the galvanostatic discliwduayge

cycling to understand the initial battery state.
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Figure 6.1. Comparison of EIS of organic-Zim batteries for DMF/Zn(OT#%)
DMF/Zn(NG)2.6H20 and DMSO/Zn(N€)2.6H20 electrolytes (a) Nyquist impedance plot (b, c)

Bode impedance plot

From the Nyquist impedance plot shown in Figure 6.1 (a), it demonstrated that all the three different
organic ZAB have similar pattern of impedance characteristic shape mainly represencaciemi

with a small tail. The bulk resistance of the battery is higher for DMSO/Z#)¢NB0 electrolyte

case whereas lowest for DMF/Zn(B)@6H20 electrolyte. Beside this, from the Bode plot
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impedance, shown in Figure 6.1 (b), the phase shift occurred arffudegree phase angle for all

three case which represent the presence of constant phase element (CPE). Also, different reaction
mechanisms are taking place at anode and cathode. At the zinc anode, oxidation of metallic zinc
occurs whereas at the cathode uetbn of oxygen occurs during the battery discharge phase. Beside
this, produced charges during redox mechanism at the electrodes will have diffusion mechanism.
From the phase shiftf can represent with constant phase element that have psspadtance
behaviour of the electrodes. Moreover, the battery will have a capacitance behaviour overall and will
have a charge transfer resistance between the two electrodes with electrolyta.rédrefore, the

EIS impedance of the organic ZABs can be represented with the bulk electrolyte resistance in series
with the two Randle circuit. Thdirst Randle circuit is consisting of thexpedance between the
electrode and electrolyte interfaceparallel to thenterfacialconstant phaselementwhereas the
second Randle circudonsists of the charge transfer resistance between the electrode in parallel to
the double layer constant phase eleni®4}. The ECR (equivalent circuit resistance) are shown in
Figure S6.1 (a). Using this ECR, all the three ZABs were fitted for both Nyquist and Bode impedance
plot with the weighted average 1 through CNLS (complexlimear least square) method. The fitting
shaved only 1.12.9% error for all the threeaas wher eas 62 value were ir
0.0001. This indicates the appropriateness of the ECR and fitting of the impedance plots. The fitting
of the Nyquist and Bode impedance plots as well as the relevant error plots are demonstrated in
Figures S6.1 (b, ¢, d) and the impedance values are tabulated in Table S6.1(e). From the fitting value
of impedances, bulk electrolyte resistance is lowest for DMF/ZngO1d)lowed by
DMSO/Zn(NG)2.6H.0 and DMF/Zn(NQ)2.6H:20 electrolyte based ZABS.his was also evident

from the ionic conductivity of the organic electrolytes measured in the earlier chapter 5.

At the anode, impedance against the oxidation reaction is minimum for DMF/ Z2n(®20 based

ZAB and the resistivity of the diffusion of zinc ion is also low. This might be due to the lower
viscosity of DMF solvent than DMSO (shown in Table S.1). On the other hand, at the cathode,

impedance owing to the reduction of oxygen and associ#tadidn of oxygen ion were minimum
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for DMF/Zn(OTf) case. This can be correlated with the higher oxygen diffusion occurrence in
DMF/Zn(OTf)2 electrolyte than the DMF/Zn(Np.6H20 and DMSO/Zn(NO3)2.6H20 electrolytes
which was experimentally measured in the earlier chaptéfhe charge transfer between the
electrodes were minimum for DMF/Zn(NJ2.6H20 electrolytecase. Since this impedance analyses
were conducted for fresh battery condition, therefore will have different scenarios of battery

Impedance after battery cycling conditions.

6.3.2 Specific Capacity, Discharge Plateau and Power Density

Based on the consumed weight of Zn and 0.25 mAgnrent density with a cwdff voltage of 0.5

V is considered41] to measure the specific capacity shown in Figure 4.3(a). Specific capacity was
measured for the three different zinc organic electrolyts®d Zrair batteries. The specific capacity
demonstrated a very low value of 172 mAh/g for DMSO/Zn{N®H20 based ZAB, and 233 mAh/g

for DMF/Zn(NQOs)2.6H20 electrolytes based ZAB, however, significantly higher at 552 mAh/g for
DMF/Zn(OTf)2 electrolyte based ZAB. The higher specific capacity for DMF/Zn(©afctrolyte

case can be tied with the better stripping preaafszinc and enhanced ORR (oxygen reduction
reaction) kinetics that were found in the earlier chapter 5 with CV (cyclic voltammetry) and ORR
activity measurement experiments. Nevertheless, the specific capacity for the DMF/Zn(OTf)

electrolyte based ZAB is lower than the aqueous electrolyte based[Z2B3]

The power density is also higher for the DMF/Zn(QHiectrolyte based organic ZAB which was
measured as 4.3 mW/émompared to 2.6 mW/chand 2.3 mW/crifor DMSO/Zn(NQ)2.6H20 and
DMF/Zn(NQs)2.6H0 electrolytes based ZABs, respectively. The higher power density for
DMF/Zn(OTf)2 electrolyte based ZAB can be associated mainly with the zinc stripping process as
well as with the lower polarization resistance compared to the other two organic electrolyte based

ZABs. Nevertheless, the power density of all tinganic electrolytes based ZABs are significantly
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low when compared to the previously reported aqueous alkaline basedZ+BS]. Furthermore,
different current density effect was also investigated on the battery voltage stability during the
discharge operation of the organic ZABs, depicted in Figure 6.2 (c). The constant current density load
stepwise varied from 0.1 mA/é&to 0.25 mA/crdand then to a maximum 0.5 mA/émhich was
reversed back to current densities of 0.25 mA/and then to the initial 0.1 mA/dnEach of the
constant current density load operated with anl@ute period discharge operation. Reversing back

to the hitial current density load condition were conducted to observe the batteries discharge voltage
retention capability that was demonstrated in the forward steps. From this variable constant current
density load testing, it can be noticeable that DMF/Zn(©Mm§s comparatively higher voltage
retention capability with a comparatively stable discharge plateau comparing the two other organic
electrolytes based organic ZABs. However, higher current density seems to be challenging for these
organic electrolytes lsead ZABs when compared to the aqueous alkaline electrolytel4se47]

This is owing to the limited stripping behaviour of zinc metal and lower ORR activity in these zinc

organic electrolytes.

6.3.3. Cycling of Organic Znair batteries

Galvanostatichargedischarge cycling was carried out for the organic ZABs with 0.1 mAzcm

1C rate i.e., 2h of single cycle duration consisting of 1h discharge and 1h charge operatidh. Cut
voltage was not considered for the primary investigation as the galvanostatic disttrengge
cycling behaviour are unknown. The galvanostatic digsheharge cycling of batteries for 25 cycles

in 50 hours that spanned almost over 2 days are shown in Figure 6.3. From the comparative cycling
demonstrated in Figure 6.3 (a)shiows that battery discharge voltage drained to 0.50 V around over
the 25 cycles for both DMSO/Zn(NJ2.6H20 and DMF/Zn(NQ)2.6H:20 electrolytes based RZABs.
However, for the DMF/Zn(OT#)electrolyte case, battery discharge voltage maintained around 1.0 V

for the same period of cycling. This implies that DMF/Zn(QH&lectrolyte has the much better
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discharge operation owing to superior zinc stripping and ORR activity. On the other hand, battery
charging voltage was around 1.90 V for DMF/Zn@®3bH20 and DMF/Zn(OTHf) electrolyte case

over the 25 cycles whereas this was around only 1.4V for DMSO/Z){8&-0 electrolyte case.

This indicates the better OER (oxygen evolution reaction) activity for DMSO/Z#)(N62.0
electrolyte based RZAB comparing the two other organic electrolytes based RZABs. From this
chargedischarge voltage characteristics, it bannferred that higher zinc stripping and ORR activity
largely associated with the zinc triflate salts presence in the organic electrolyte while lower ORR and
stripping behaviour arises from the zinc nitrate salts presence. With the same perspecti@e, DMS
solvent might be the better off than DMF solvent for enhanced OER activity. Battery discharge
voltage for the 25 cycles excerpted from the galvanostatic clissgearge cycling shown in Figure

6.3 (b), indicates higher discharge voltage of around 1i@rVDMF/Zn(OTf). electrolyte case
followed by 0.60 V for DMF/Zn(N®)2.6H20 and 0.47 V for DMSO/Zn(N§k.6H20 electrolyte case

of RZABs. Beside this, nominal discharge and charge capacity for the 25 cycles of the organic ZABs
are demonstrated in Figure 6.3 (c). It indicates a lower charging and discharging efficiency for
DMF/Zn(NGQs)2.6H0 electrolytes whereas DMF/Zn(O%#lectrolyte has the higher charging and
discharging efficiencies. This can be more understandable from the coulombic efficiency
demonstradd in Figure 6.3 (d). The predicted coulombic efficiency over the 25 cycles is about 92%,
87% and 74% for the DMF/Zn(OBf)DMSO/Zn(NQ)2.6H20 andDMF/Zn(NQs)2.6H20 electrolyte

based RZABs, respectively. Comparatively higher coulombic efficiency for DMSO/Z{88.0

case can be attributed to the lower charging potential, even though discharge voltage is significantly
low. Beside this, the voltage gap for DMF/Zn(Gilifased RZAB was an average of 0.87 V whereas
this was about 1.45 V for DMF/Zn(Nf2.6H20 and 0.90 V for DMSO/Zn(N§).6H20 electrolyte

based RZABs. From the charging and discharging volage during the galvanostatiedibergege
cycling, it demonstrated higher voltage efficiency for DMF/Zn(@THase followed by

DMSO/Zn(NG)2.6H0 and DMF/Zn(NQ)2.6H20 electrolytes based RZABs.

Page | 162



Moreover, galvanostatic chargéscharge cycling for an extended hours of about 120 hours (which

Is equivalent to 5 days) were carried out. During this extended period of galvanostatic charge
discharge cycling operations, batteries failure was noticed DBISO/ZN(NGs)2.6H.0 and
DMF/Zn(NQs)2.6H0 electrolytes based RZABs. For DMSO/Zn(®X¥H-O electrolyte case
battery failure occurred around 120 hours of cycling owing to a battery cellctoanit, shown in

Figure S6.2 (a). The battery failure was notit@dDMF/Zn(NGs)2.6H20 case where it also failed
around 120 hours of cycling, shown in Figure S6.2 (b). Beside this, in both scenarios, battery
discharge voltage dropped to near zero voltage. On the other hand, there is no eahcshidoeing
observed for DMF/Zn(OT#)electrolyte based RZAB for the similar period of galvanostatic charge
discharge cycling meanwhile battery voltage also did not dropped to zero volt. Therefore, it indicates
that zinc nitrate based organic electrolytes might cause defairitation which might be the reason
behind the cell shoutircuit leading to the battery failure. However, dendrite formation was minimum

or did not occur in organic ZAB with DMF/Zn(O&fpased organic zinc electrolyte.
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Figure 6.2. Organic ZAB characterizations: (a) Specific capacity, (b) Power density and (c) Effect

of current density odischarge plateau; comparison for three different organic electrolytes
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