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The demand of energy has gradually increased and it has become a threat for the future generation. The
depletion of fossil fuel based economy has raised the interest in the field of electrochemical energy storage and
conversion devices. Batteries and fuel-cells are some of the most important energy storage devices for the social
development. It has been observed over the period of time that storage and conversion of energy are of high
importance and effective functional materials are required to enhance the performance of this innovative
technologies. In this regard porous materials which can facilitate the energy transportation have marked their
significance in the past few years. Metal Organic Frameworks are currently a hot research topic because of their
highly advantageous features to be used for energy storage such as high surface area, tunable pore size and
multifunctionalities. These can be synthesized according to the desires and therefore allows its utilization in
various next-generation devices.

Despite of having many electrochemical energy storage devices, its commercialization has been hindered due
to several factors associated with its performance. Therefore there is an urge to overcome these performance and
cost related limitations to fulfil the future energy demand. Unceasing research on the exploration of MOF
utilization in energy applications has inspired us to work in this fascinating field. Considering the vitality of these
energy devices, the present research work will be addressing various hurdle stones in each of this technologies
and a possible solution to overcome these problems. The chapters of the thesis include the utilization of MOF
materials in various energy related applications. In chapter 1, the introduction of MOFs and its applications in
various electrochemical devices was reviewed.

Chapter 2 is mainly focused on exploiting the electrochemical advantages of MOF as a safe and efficient
electrolyte in Li-ion batteries. The strategy involved in this research was to synthesize modified MOF in ionic
liquid system to possess enhanced inherent properties such as high ionic conductivity, low activation energy and

improved charge discharge characteristics.



During the development of modified MOF in ionic liquid system by electrochemical method, we observed the
growth of MOF on the working electrode. This observance inspired us to work on the modification of electrode
surface by MOF and conducting polymers. In chapter 3, the decoration of electrode surface first by MOF and then
by conducting polymer was demonstrated. In this research an attempt was made to investigate the application of
modified MOFs in zinc-air batteries. The zinc-air batteries fabricated using modified anodes solved the problems
like self-corrosion and showed improved discharge performance. Zinc-air batteries fabricated using MOF-5
modified Zn anode showed 4 times better performance than the pure Zn anodes. These results show the promising

nature of this material in improving Zn-air battery performance.

To further improve the performance of metal-air batteries and fuel-cells, an efficient ORR electrocatalyst is
needed. In this regard, chapter 4 deals with the preparation of MOF nanoparticles on functionalized acetylene
black surface using simple synthetic procedure. The decoration of ZIF-8, an example of MOF, significantly
improved the surface area of the carbon matrix for better electrocatalytic activity. The hybrid nanocomposite
material showed high activity towards oxygen reduction reaction with excellent methanol tolerance. This research

proposes the significance of this material in replacing the high cost platinum based electrocatalysts for ORR.



Preface

The present dissertation is submitted for the Degree of Doctor of Philosophy at Japan Advanced
Institute of Science and Technology, Japan. The dissertation is consolidation of results of the
works on the topic “Utilization of MOFs Materials for Enhanced Performance in
Electrochemical Energy Devices” under the direction of Prof. Noriyoshi Matsumi at the School
of Materials Science, Japan Advanced Institute of Science and Technology during July 2015-
June 2018.

Metal Organic Frameworks (MOFs) are currently one of the most promising materials for the
energy storage devices and are widely used in Li-ion batteries, fuel cells and other energy
storage materials. These materials possess various attractive features like high surface area,
tunable pore size and simple synthetic procedures due to which its utilization in various
applications is increasing. The author’s main focus is to utilize the interesting features of MOFs
in addressing the problems and challenges of current energy storage materials. Successful
completion of this research would yield electrochemical energy devices of high performance
and prolonged cyclability.

The work presented in this thesis covers the synthesis and characterization of MOFs based
materials alongwith their performance parameters as observed in various applications. Also
their real time application in Li-ion batteries and Zinc-air batteries have been studied
extensively. Finally the conclusions and future prospects of the studies are summarized in the
final chapter. To the best of my knowledge, the work is original and no part of the thesis has
been plagiarized.

School of Materials Science Ankit Singh
Japan Advanced Institute of Science and Technology

June 2018
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CHAPTER 1 MAJOR RESEARCH THESIS

As we all know that with the growing population the need of energy resources has been
increasing and renewable energy sources like solar power and wind power, are unable to fulfil
the demand of the society. Looking at the current energy demand there is an urge to harvest
and search for the sustainable energy sources like batteries, supercapacitors and fuel cells to
meet the practical need of clean energy. These electrochemical energy storage devices can
efficiently store the energy from different sources and can be utilized later as per the need.
Despite of having different working mechanism in these electrochemical energy devices, they
work on some key components like electrodes which are responsible for most of the reactions
occurring alongwith an efficient electrolyte for charge and ion transportation. Generally the
electrochemical properties like catalytic activity and physical properties such as conductivity
of the materials used in these devices decide the performance. Therefore, during the
development of efficient energy storage devices, functional materials which are able to
accelerate the transportation of energy carriers are studied widely to select the most suitable

materials for this innovative technologies [1].

1.1Metal Organic Frameworks (MOFs)

Over the past it has been discovered that porous materials are the most fascinating functional
materials to be used in these electrochemical devices. Among the class of porous materials
Metal Organic Frameworks (MOFs) have attracted tremendous attention of all the researchers
working in various fields. The name MOFs was first introduced by Prof. Omar Yaghi in 1995.
Though the field of MOF is relatively young, it has been widely explored in the past few
decades. More than 20,000 structures of MOFs have been discovered in this short period and

this count is growing with every year [5].

Major research thesis



CHAPTER 1 MAJOR RESEARCH THESIS

Metal Organic Frameworks, or MOFs, are crystalline materials with high porosity (~ 90%
free volume) and huge surface areas (beyond 6000 m?/g) [3]. MOFs have emerged as excellent
materials for wide range of applications ranging from gas storage, catalysis, separations and
energy storage applications [2,4-6]. MOFs are formed by the combination of organic and
inorganic chemistry where transition metals acts as a metal clusters and organic units as linkers.
The variation in metal ions and organic linkers leads to the synthesis of target structures with
desired properties. MOFs have gained huge attention of researchers all over the world due to
its extraordinary properties but one of the distinctive feature of these crystalline materials is
their diverse topology and tunable structures. Fig. 1 shows the examples of some already

reported MOFs.

C Secondary building units Different MOFs
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Fig. 1 lllustration of already reported examples of MOFs structure [1][2][3].

The same metal cluster can be linked to organic linkers to give various different types of
MOFs structure and vice versa as shown in Fig. 1b-c.The most interesting feature of MOFs is

porosity as it allows the guest molecules to diffuse into the bulk structure. Moreover the pore
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CHAPTER 1 MAJOR RESEARCH THESIS

size can be tuned according to the size and shape of the guests. This ultrahigh porosity of MOFs

is because of the long organic linkers that grants longer storage space inside the structure.

The structure of MOF contains both inorganic and organic units. The most commonly
used organic linkers also known as bridging ligands are carboxylates, or anions like
phosphonate, sulfonate and also heterocyclic compounds. The secondary building units of
MOF structure are metal ions or clusters (eg. Zn, Co, Fe, Ni, Mg) and mixture of metals are

also used for the synthesis.

1.1.1 Growth mechanism of MOFs

The synthesis of MOFs is often regarded by the term “design”, which means construction
according to desires. The understanding of functionality of organic linkers and metal
coordination environment can direct the synthesis. The synthetic conditions to establish MOF
structure without the decomposition of bridging ligands (organic linkers) is the key factor in
MOF synthesis. The complex relationship between the synthetic conditions and knowledge of
building units have slowed down the discovery of MOFs. Different synthetic methodologies
and strategies by various groups have been employed all over the world. Zeolite chemistry and
coordination chemistry have accounted for introducing wide variety of synthetic method
ranging from solvothermal, hydrothermal, electrochemical, microwave-assisted approaches [7].
The reason behind the different synthetic methods adopted in the field of MOFs is that they
can lead to variety of different MOFs from the same reaction precursors. The hydrothermal and
solvothermal synthetic methods are the most superior conventional methods for the synthesis
of MOFs. These methods require several hours to days for reaction completion. To reduce the
reaction time and synthesize MOF with controlled morphology other synthetic methods

discussed above were employed.

Major research thesis



CHAPTER 1 MAJOR RESEARCH THESIS

Fig. 2 summarizes the various synthetic methods and strategies that were adapted for the

synthesis of MOFs in the history. In principle the nucleation or growth of MOF is governed by

the reaction of organic linker or a bridging ligand with a metal ion having more than one labile

or vacant site. The topology of the MOF structure is governed by both organic linkers and

secondary building units i.e. metal ions or clusters.
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Fig. 2 Schematic representation of various synthesis methods, reaction temperatures
and resulting MOFs [6].
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The above described properties and astonishing functionalities of MOFs and its derivatives
have made them potential candidate for the development of energy storage devices. In these
past 20 years of investigation, their application in the field of energy have become an area of
interest for many researchers. Their organic-inorganic hybrid composition with high surface
area and multifunctionalities can be exploited in various energy applications. The exceptionally
high porosity and surface area are well suited for the gas storage, catalysis and separation
applications. This property of MOFs makes them an excellent adsorbents to be used in
automobile gas tanks and fuel cells. Also, the involvement of metal clusters used for the
formation of MOFs triggered the research interests to investigate its performance in
electrochemical energy storage devices. The presence of these metal clusters which mainly
includes the transition metal acts as active metal centers for catalytic performance and activity
responsible for the performance. MOFs involve wide range of organic ligands that are electro-
and photoactive which also contributes to its exploration in the field of energy. Compared to
other porous materials MOFs inherit some additional advantage like tunable pore structure and
open metal sites coordinated with organic ligands. Replacing or changing the organic
ligands/metal centers in MOFs can tune the materials in fabricating different electrodes,
electrolyte and electrocatalysts material for clean energy technology. Development of
nanotechnology and present-day characterization techniques have helped to modify these
attractive materials by efficient strategies in developing the energy devices. These
improvements in the evolution of MOFs and its related materials have spread the research
interest on various aspects of MOFs for its utilization in wide range of applications. This
exciting research field inspires many to study the significance of MOFs and MOFs derived

materials in the field of energy storage and conversion like batteries, fuel cells and many other.
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CHAPTER 1 MAJOR RESEARCH THESIS

1.2MOFs for lithium ion battery (LIB) applications

1.2.1 Introduction of LIBs

LIBs come under the category of secondary batteries and are the most progressive battery
technology in this modern society. LIBs are considered as the powerhouse in the digital market
and the advancement of LIBs was not achieved overnight, it’s a result of intensive hard work
of many researchers. LIBs are widely accepted as the next generation power source to meet the
requirements of electronic market. Intensified research is going on to improve the performance
of the LIB for future electric and hybrid vehicles. The reason behind LIB’s great success in the

recent past is because of its high specific energy, cell voltage and great capacity retention [8,9].

LIBs in comparison to other commercialized rechargeable batteries are highly advanced
in terms of high energy density. The superiority of LIBs over other battery technology in terms
of its gravimetric and volumetric energy density is clearly shown in Fig. 3 [10]. Although the
theoretical energy density of Li-metal battery is higher than that of LIBs, the poor

rechargeability and susceptibility towards fire makes it unsafe for commercialization.
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Fig. 3 Comparison of energy densities of different kind of batteries [9].
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CHAPTER 1 MAJOR RESEARCH THESIS

A LIB is made up of unit called electrochemical cell in which the chemical energy is

converted to electric energy by a specific electrochemical reaction.
Typically, a LIB consists of three primary components [11]:

1) Cathode (Positive electrode)- the electrode at which reduction occurs,
2) Anode (Negative electrode)- the electrode at which oxidation occurs and
3) Electrolyte- ion conducting media between the cathode and anode which often acts as

a separator also to avoid the internal short-circuit.

During the process of discharge, the anode or negative electrode gets oxidized and
releases an electron. The electron then moves to the cathode or positive electrode which accepts
electron through the outer circuit. The operation of typical LIB is illustrated in the Fig. 4 using

carbon as anode and LiCoO; as cathode.

€

S

charging

= Supply

Cathode Material £l | Anode Material
(e.g. LiCoO,) ectroiyte (e.g. Graphite)

Fig. 4 Schematic representation of charge-discharge process in LIB using graphite
as anode and LiCoO: as cathode adapted from Department of chemistry, University
of Illinois, Urbana.
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CHAPTER 1 MAJOR RESEARCH THESIS

1.2.1.1 Cathode

Cathode materials are one of the major component of LIBs in determining the energy
density of the cell [12-14]. The chemistry of LIBs is based on intercalation and de-intercalation
compounds [15,16], cathode materials provide the lithium ions which gets intercalated to the
anode material during charging process and are extracted during discharge process. Various
factors like cell voltage, capacity, cycle life and inertness towards the other components of the
cell should be taken into consideration before the choice of the cathode materials. The cathode

materials for LIBs are classified into three groups (Fig.5) [17]:

a) Layered
b) Spinel
c) Polyanion-type

a) LiCoO2was the first commercialized cathode material for LIBs having layered structure
(Fig. 5a). It offers a cell voltage of 3.9 V with high theoretical capacity of 274 mA h g.
The cathode materials with layered structure having general formula as LiMO2 (M= Mn,
Cr, Co, Ni, etc.) are one of the most suitable materials owing to their low cost and high
specific capacity [18-21].

b) Spinel-structured cathodes have a distinct 3-dimensional robust structure which offers low
cost and environmental friendly materials for high performance LIBs applications [22,23].
Among various spinel-structured materials, the best example is LiMn2O4 (Fig. 5b) with
high cell voltage, superior cycling and excellent rate capability.

c) Polyanion-type cathode materials are known to show high thermal stability than other type
of materials and are considered as most promising cathode materials for LIBs [24-26].
These materials are often referred as olivine-type with general formula LiMPO4. Examples

of such olivine-type material is LiFePO4 (Fig. 5¢) that has slightly distorted hexagonal
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CHAPTER 1 MAJOR RESEARCH THESIS

closed packed geometry and has some great advantages like flat discharge potential ~ 3.4

V with high thermal and chemical stability.

Fig. 5 Crystal structures of (a) layered- LiCoO>, (b) spinel- LiMn2O4 and (c) olivine-
LiFePO4[16].

1.2.1.2 Anode

Anode materials are paired with cathode materials for the fabrication of LIBs. The
anode materials acts as a host for Li-ion ion and it should allow the reversible intercalation and
de-intercalation without much structural changes. For anode materials, certain properties have
to be considered like excellent porosity, low cost, good conductivity, excellent durability, light

weight and ability to form stable solid electrolyte interface (SEI).

Anode materials for LIBs can be classified into three main categories for simplicity:

a) Carbon based materials
b) Alloy materials

c) Silicon materials

Major research thesis
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a) Carbon-based materials are currently used in the commercial LIBs due to its excellent
conductivity, hierarchical structure for Li-ion intercalation, high availability and low cost.
Extensive research is going on to improve the performance of carbon based anodes like
graphite. The formation of dendrites with continuous deposition of Li-ions in the charge-
discharge process and low working potential are some of the biggest challenges in large
scale applications. The theoretical capacity of these graphite based anodes is 372 mAh gL,

b) Alloy materials (like Sn, Al, Mg, Ag and their alloys) can compensate the disadvantages
of graphite based anodes like poor capacity as well as safety issues [27—29]. They possess
high theoretical capacity nearly 2-10 times more than that of carbon based anodes. In Sn
alloy (Fig. 6) [30] anodes the problem of lithium deposition can be resolved by increasing
the onset potential over Li/Li*. These anode materials also suffer from problems like large

change in volume on intercalation and de-intercalation leading to capacity loss.

Fig. 6 Tin-encapsulated hollow carbon spheres an example of alloy anode materials [29].

c) Recently, silicon has emerged as a very efficient and promising anode material for LIB
applications due to its high gravimetric capacity and volumetric capacity amongst all the
other known elements[31-34]. A conversion reaction takes place during the process of

intercalation and de-intercalation in Si-based anodes. Their form changes to amorphous
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CHAPTER 1 MAJOR RESEARCH THESIS

from a crystalline state resulting in large capacity loss on subsequent charge-discharge

cycles. Table 1.1 lists the advantages and disadvantages of various anode materials.

Table 1.1 Advantages and disadvantages of various types of anode materials.

Material Advantages Disadvantages
Carbon (1) High electronic conductivity (1) Low specific capacity
{2) Nice hierarchical structure (2) Low rate capacity
(3) Abundant and low-cost resources (3) Safety issues
Alloys (1) High specific capacity (400-2300 mA h g™") (1) Low electronic conductivity
(2) Good security (2) Large volume change (100%)
Transition metal oxides (1) High specific capacity (600-1000 mA h g~*) (1) Low coulombic efficiency
(2) Nice stability (2) Large potential hysteresis
Silicon (1) Highest specific capacity (3579 mA h g™") (1) Large volume change (300%)

(2) Rich, low-cost, clean resources

1.2.1.3 Electrolyte

Electrolyte is a substance that contains free ions for conduction between anode and cathode.
Electrolytes play a decisive role in the performance of battery, therefore in order to employ it

in LIBs it should meet certain important requirements:

a) High solubility in various organic solvents.

b) High ionic conductivity which is an important characteristic of the electrolyte.

c) High thermal and chemical stability with wide electrochemical stability window.

d) The materials should be able to form stable, solid and conductive solid electrolyte
interface (SEI) for better performance.

e) Low cost and less toxic.
Electrolytes can be classified into four types depending on the cell design and its application:

a) Conventional liquid electrolytes
b) Polymer electrolytes
c) Gel electrolytes

d) Solid state electrolytes

Major research thesis
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a) Previously, liquid electrolytes such as ethylene carbonate (EC), diethylene carbonate
(DEC) and propylene carbonate (PC) were used extensively in commercial LIBs [35,36].
These liquid electrolytes possess high conductivity, less viscosity and can form very stable
solid electrolyte interface (SEI) which makes them an excellent and suitable candidates to
be used in LIBs. These liquid electrolytes show extraordinary electrochemical behaviour
due to its above mentioned properties. But at the same time these electrolytes suffered from
the problems like leakage, ignition at high temperatures and reactivity with undesired cell

components.

To overcome the problems of conventional liquid electrolytes, researchers employed
room temperature ionic liquids (ILs) as a safer and greener electrolytes [34,37,38]. ILs have
gained enormous attention in various applications and do not crave for any introduction in
today’s world. These are molten salts comprising of cations and anions and are generally
characterized by weak interactions. They exhibit properties like high ionic conductivity, non-
volatility, great electrochemical stability and are soluble in various inorganic and organic
compounds [39-41] (Fig. 7). The use of ILs in commercialized LIBs is hindered because of its

high viscosity that results in reduced mobility of free ions.

Thermal and chemical stability Low melting point

High ionic conductivity High polarity

Flame retardancy Solubility with many compounds

Fig. 7 Properties of ionic liquids.
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CHAPTER 1 MAJOR RESEARCH THESIS

b) Polymer Electrolytes are salt solutions which are dissociated in the high molecular weight
polymer host to form an ionically conducting phase. It have many advantages like high
ionic conductivity, low volatility, easy processability, wide electrochemical window and
solvent free condition. Polyethylene oxide (PEO) (also termed as polyethylene glycol
(PEG)) are commonly used in combination with Li salts. They were designed to overcome
the issues of liquid electrolytes such as leakage and safety risks. But the conductivity of
polymer electrolytes was relatively lower than that of the liquid electrolytes at room
temperature. The mobility of ions in the polymer electrolytes predominantly occurs through

the polymer segmental motion as shown in Fig. 8 [42].

4

Lithium on

I PEO chan

© Oxygen

Fig. 8 Illustration of Li-ion conduction in PEO-based electrolytes via polymer
segmental motion [41].

c) Gel polymer electrolytes represents the state of the electrolyte which is neither completely
solid nor liquid. In these gel electrolytes the polymer membrane is swollen with a solvent
and lithium salts are dissolved in it. Since the solvent is trapped inside the polymer matrix
it avoids the problem of leakage and at the same time it possess the properties of both solid
and liquid electrolytes. It shows better ionic conductivity compared to polymer electrolytes
because of the diffusive properties of liquids to facilitate the ion mobility but mechanical

stability is generally lower.
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CHAPTER 1 MAJOR RESEARCH THESIS

d) Solid state electrolytes overcome the limitations of liquid electrolytes as well as gel
polymer electrolytes. It was introduced in LIBs because it can act both as separator and
electrolyte. This unique concept of solid state electrolytes is interesting because it provides
high durability, high energy density, light weight and also offers the cell design. For this
purpose, various solid state electrolytes were synthesized using polyethylene oxide (PEO)
and its derivatives. But the crystalline nature of solid state electrolytes does not allow high

conductivity as it was required.

1.2.2 MOFs as electrolyte materials for LIBs

In 2011, B.M. Wiers et al. studied the conduction of Li-ion inside the metal organic
framework structure [43]. Lithium isopropoxide was added to the Mgz(dobdc) framework by
grafting method after soaking for 2 weeks (Fig. 9a). The suggested mechanism of lithium ion
conduction inside the pores of the framework is through ion hopping from site to site. The
resulting system showed highly improved ionic conductivity in the range of 10* S cm™. The
ease of lithium transport inside the metal organic framework accounted for activation energy

of just 0.15 eV.

In another research, C.Yuan et al. synthesized a composite polymer electrolyte by the
incorporation of nano-sized metal organic framework in the polyethylene oxide matrix [44].
The system showed high conductivity of 3.16 x 10° S cm™ at room temperature with enhanced
electrode interfacial stability. The synthesized solid PEO-LiTFSI/MOF-5 electrolyte exhibited
high electrochemical stability window of ~ 4.57 V. The results suggested that the incorporation
of Lewis acidic surface properties by nano-sized particles can greatly enhance the conductivity
and interfacial properties (Fig. 9b). The addition of these porous metal organic frameworks as

fillers also improved the cycling performance of the synthesized electrolyte material.
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Fig. 9 (a) Schematic of grafting Li-salt in Mgz(dobdc) framework. (b) Illustration of
improved Li-ion conduction by MOF-5 [42][43].

In similar study by C. Gerbaldi et al., aluminium based metal organic framework was used
as filler in poly (ethylene oxide)-based nanocomposite polymer electrolyte (NCPE) membranes
[45]. Besides significant enhancement in ionic conductivity by two orders they showed
interesting thermal and interfacial characteristics. A solid state lithium polymer cell was
fabricated by using this electrolyte material to achieve outstanding cycling profile stable till 50
°C (Fig. 10). The addition of specific amount of AlI-BTC (aluminium benzenetricarboxylate)

MOF in the polymer matrix of PEO based system advances the electrolyte to form thinner and

safer LIBs.
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Fig. 10 Mlustration of cycling behaviour with aluminium based metal organic
framework as filler in PEO based electrolytes [44].
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More recently, K. Fujie et al. showed the first study of Li ion conduction in ionic liquid
incorporated MOF as host materials [46]. LITFSA mixed with EMI-TFSI ionic liquid was
incorporated in ZIF-8 framework to enhance the ionic conductivity and its phase behaviour
was studied. The system showed better ionic conductivity inside the pores than the bulk

suggesting the role of conductive paths for the ions provided by MOFs.

1.3 MOFs for zinc-air battery applications

1.3.1 Zinc-air battery- Introduction

The transition from a fossil fuel to clean energy economy is inevitable process in our
society. This gradual transition has led to active research in the field of energy storage and
conversion. Batteries are known from a very long time to store electrical energy and they find
use in various applications ranging from a mobile phone to electric vehicles. Among many
battery technologies in the market, Li-ion batteries have proven to be dominant in the modern
society to meet the requirements of next generation electronic and electrical devices. Even after
tremendous research over Li-ion batteries, the commercialization is still hindered because of
its high cost and limited energy density. The limited energy densities of Li-ion batteries is

because of its intercalation chemistry.

In recent past metal air batteries, that features very high theoretical energy density have
gained much attention as an alternative to high cost Li-ion batteries. Zinc-air battery which
involves the electrochemical coupling of anode and breathable air electrode or cathode is one

of the promising battery technology among other metal-air batteries [47,48]. It has almost five
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times higher theoretical energy density compared to Li-ion batteries as shown in Fig. 11 [49].

It also allows to reduce the cost of the battery and improve safety for future applications.

L ‘w Theoretical specific energy (Wh/kg)
10000 , ,
‘m Practical specific energy (Wh/kg)
8000

6000
4000
2000

Energy Density (Wh/kg)

0

Fig. 11 Comparison of energy densities (theoretical and practical) of different batteries
[48].

1.3.2 Zinc-air battery- Configuration and operation

Zinc-air battery has three main components- a negative zinc electrode (anode), a positive
air electrode (cathode) with a catalytic layer that allows the diffusion of oxygen from air and
converts it to OH™ and aqueous alkaline electrolyte (Fig. 12) [50]. Apart from the three main
electrochemical components, there is a membrane separator that avoids the contact of positive

and negative electrodes with each other.
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Fig. 12 Schematic showing Zinc-air battery configuration [49].

During the discharge of zinc-air battery following reactions takes place at the electrode:
At positive electrode oxygen is reduced to OH" ions by the electrocatalyst [51-53]:
O2 + 4 + 2H.O0 - 40H

At negative electrode zinc oxidation takes place and soluble zincate ions are formed:
Zn + 40H >  Zn(OH)s* + 2¢

Once the alkaline electrolytes reaches the supersaturated state, insoluble zinc oxide is

formed by the decomposition of zincate ions:
Zn(OH)2> > ZnO + H0 + 20H
Overall reaction:

2Zn + O > 2Zn0

Major research thesis



CHAPTER 1 MAJOR RESEARCH THESIS

1.3.2.1 Cathode materials

In zinc-air batteries cathode is often referred as air electrode because oxygen diffuses
through cathode and the reduction of oxygen to OH" takes place. For a material to act as cathode
for zinc-air batteries, it should have properties like high porosity and excellent electrocatalytic

activity.

Zinc-air battery does not require precious metal catalyst like platinum and palladium for
oxygen reduction reaction. It has been observed that the use of precious noble metals tends to
decrease the performance of the battery once they diffuse to the zinc anode. These noble metal
decrease the hydrogen overvoltage and thereby enhances the corrosion and gas production[54].
The electrocatalyst for zinc air batteries typically includes CNT mixed with CoO (Fig. 13a)
[55], Mn304 nanoparticles loaded onto graphene (Fig. 13b) [56] and catalysts consisting of
metal-nitrogen-carbon (M-N-C). These M-N-C type materials are synthesized by pyrolizing
nitrogen precursors with metals like Fe- and Co- on carbon support [57,58]. The above
mentioned electrolcatlayst shows better electrochemical performance in comparison to noble
metal catalyst for primary zinc air batteries. The electrocatalyst is supported on to the porous
carbon material to act as an air cathode for battery applications. In order to avoid the leakage
of the alkaline electrolyte from the porous air electrode, it is often mixed with

superhydrophobic materials like polytetrafluoroethylene (PTFE) for hydrophobization.
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Fig. 13 (a) Schematic showing MnsO4 nanoparticles supported over reduced graphene
oxide for oxygen reduction reaction. (b) Illustration of CoO nanocrystals decorated CNT
supported by TEM image [54][55].

1.3.2.2 Electrolytes

Zinc-air battery generally operates in alkaline medium like potassium hydroxide (KOH) or
sodium hydroxide (NaOH) to achieve better performance [59]. KOH is considered most
suitable electrolyte system because of its high conductivity, low cost, low viscosity and high
oxygen diffusion coefficients [54]. Other electrolytes, like NaOH is considered as less active
as the reaction products of NaOH with atmospheric CO2 have lower solubility that leads to
clogging of air electrode pores. The concentration of KOH is kept around 30 wt% for the

electrolyte to minimize the zinc anode corrosion and evolution of hydrogen gas.
1.3.2.3 Anode material

Zinc is employed as anode material for Zinc-air batteries as it features low equivalent
weight, high specific energy density, abundance, low toxicity and above all it is the most
electropositive metal stable in highly alkaline media. It was observed over the years that the

zinc particles with high surface area are preferred for high performance in zinc-air batteries.

Major research thesis




CHAPTER 1 MAJOR RESEARCH THESIS

Zinc in various different states from sheet, fibres, flakes and ribbons have been developed for

battery applications (Fig. 14) [50,60,61].

Zinc flakes Zinc ribbons

Fig. 14 Various forms of zinc used in zinc-air batteries as anode materials
[49][59][60].

But as the surface area of the zinc anode increases, the rate of corrosion also increases
drastically and lowers the efficiency of the battery. Because of this, despite being relatively
mature battery technology and early start, the zinc air battery applications were not extended
because of the problem of self-corrosion. It applications are limited only in hearing aids or
other medical and telecommunication fields due to its poor cycle life. Many attempts were
made to slow down the dissolution of zinc in aqueous alkaline media or supress the self-

corrosion. Previously, mercury was used along with zinc to reduce the self-corrosion but due
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to high toxicity and environmental issues the use of mercury was stopped [62]. Different
strategies were employed to replace the use of mercury and enhance the performance of zinc-

air battery by lowering down the self-corrosion and Hz evolution.

a) Alloying- To stabilize the zinc anode, it’s alloying with different metals like cadmium,
bismuth, tin, magnesium etc. was done. But this strategy could not bring up the change
as most of the metals were non-toxic and dangerous for environment similar to mercury.
One of the interesting and acceptable alloy of zinc and nickel gained attention, as it
reduces the corrosion when compared with pure zinc. The impedance results and
potentiodynamic experiments revealed that the corrosion rate was less after adding Ni
and significant suppression in hydrogen gas evolution was seen by A.R El-Sayed et al

[63].

b) Additives- Mixing of zinc with metal oxides like In2O3, Bi2Os3, etc. was also evaluated

as an effective approach to suppress Hz evolution and improve battery performance [64].

c) Surface coating- Al,Os was also mixed with zinc to evaluate the electrochemical
performance of the battery [64]. And it was observed that among the three metal oxides,
Al>03 showed most favourable characteristics when mixed with zinc as anode.
Therefore later it was surface coated over the zinc and the unit cell was fabricated for
electrochemical measurements. It was observed that the surface modification was much
more effective than just adding the metal oxide as additive. Discharge efficiency was
greatly enhanced by coating Al>Os on the surface of zinc and showed promising future

(Fig. 15b).

In another study by Y. Cho et al., Lithium boron oxide (LBO) was coated over the

zinc particles for surface modification [65]. The surface modified zinc particles with
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LBO coating showed increased discharge capacity as shown in Fig. 15a and hydrogen
evolution suppression. The enhanced performance of the cell fabricated by using LBO
coated zinc as anode was attributed to the thin porous oxide layer that prevents the zinc

electrode from corrosion in alkaline medium.
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Fig. 15 (a) Comparison of discharge curves among bare zinc and LBO coated zinc, (b)
Comparison of pure Zinc, commercialized zinc and Al.O3 coated zinc discharge profile
in KOH electrolyte [63][64].

1.3.3 MOFs for surface modification of Zn anode for Zinc-air batteries

After taking inspiration from above literatures where surface modification of zinc showed
outstanding results, for the first time we present the development of zinc—air batteries with an
extended life by the use of modified MOFs leading to decreased self-corrosion, and

improvement of discharge performance after anode modification.
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1.4 MOFs for Oxygen Reduction Reaction (ORR) application

1.4.1 Oxygen Reduction Reaction- Introduction and challenges

Oxygen is the most abundant element in the earth’s crust and very important for life
processes. At the same time Oxygen Reduction Reaction (ORR) is also equally important not
only for biological process but for electrochemical processes as well (including corrosion,
sensors, metal-air batteries) especially in fuel cell applications [66—-70]. The reduction of
oxygen in aqueous electrolytic solutions occur mainly by two pathways — 1) the direct
reduction from O to H2O by 4-electron process or 2) the 2-electron pathway where O> get
reduced to H20> as shown in Fig. 16. Each pathway has its own importance and applications.
The 2-electron pathway that leads to the formation of H2O> is used in hydrogen peroxide
production, while the 4-electron process is essential for metal-air batteries and fuel cell
applications [71].

O2bulk)

diffusion

" O2(ads)

Fig. 16 Hllustration of two different reduction pathways of oxygen in two different
aqueous medium acidic and alkaline [70].
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The mechanism of oxygen reduction reaction is quite complicated and includes formation of

various intermediates, depending on the electrode material, electrolyte and catalyst. Table 1.3

mentions the ORR processes and respective thermodynamic electrode potentials are also listed

[72].

Table 1.3 Thermodynamic electrode potentials of ORR processes [71].

Electrolyte

ORR reactions

Thermodynamic electrode
potential at standard

7
7

conditions, V

0,+4H" +4e"— H,0 1.229
Ac@nc aqueous 0, +2H" + 26 - H,0, 0.70
solution
H,0, +2H" + 2¢" — 2H,0 1.76
0, + H,O +4e — 40H 0.401
Alkul'me aqueous 0, + H,0 + 26" — HO, + OH- _0.065
solution
HO, + H,O + 2¢” —» 30H" 0.867

Non-aqueous
aprotic solvents

()2 te — ()2-

0, +e = 0,

Strongly dependent on

solvent

The role of electrocatalysts in ORR is to facilitate the high current densities at potentials

close to equilibrium potential. And the reduction of oxygen should be selectively by 4-electron

process without the formation of hydrogen peroxide as it leads to corrosion. Sluggish kinetics

of oxygen reduction reaction lowers down the overall performance of the cells, therefore the

search for new and better electrocatalyst is a formidable challenge for the electrochemists. The

solution of this problem can lead to massive transformation in the field of electrochemical

energy storage and conversion.

Since the discovery of platinum took place for oxygen reduction reactions, platinum-based

electrocatalysts is serving as one of the best for ORR undisputedly. But huge loading of
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platinum is needed to overcome the sluggish kinetics of ORR that leads to very high cost [73].
The large scale commercialization of ORR based technologies is impeded by the problems like
high cost, methanol poisoning etc. This has led to huge attention of researchers to substantially
reduce the Pt loading or find inexpensive non-precious metal catalysts while maintaining its

ORR activity.

1.4.2 MOFs derived electrocatalysts for ORR

It has been described previously that the high surface area and porosity of MOFs can be
tailored by tuning the structure carefully [74,75]. Porous carbon derived from MOFs have
gained tremendous attention in the search of developing high performance electocatlaysts for
ORR [76-78]. They exhibit very high surface area, high porosity, corrosion resistant property
and low cost which can be most attractive properties for ORR electrocatalysts. Though porous
carbon can be synthesized by various other methods like pyrolysis and chemical activation of
polymeric aerogels or organic precursors, the choice of precursor is crucial for making it highly
active. Developing electrocatalysts from MOFs as novel precursor is greatly appreciated world-
wide by the science communities. The synthesis of electrocatalysts from MOFs have
completely overshadow the traditional synthesis because of several advantages such as: a) their
structure can be tuned accordingly depending on targeted properties to achieve high pore
volume and ultra-high surface area, b) the use of metal clusters as secondary building block in
the synthesis of MOFs allows to implement transition metals with high electrocatalytic activity,
c) and it also allows to easily impregnate several heteroatoms in the resulting porous carbon
materials for high activity while selecting organic ligands which acts as a linker in MOF

synthesis [75].
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1.4.3 Metal free electrocatalysts derived from MOFs

Zhang et al. synthesized efficient metal free ORR catalyst by selecting chemically and
thermally stable porous ZIF-8 as precursor and template (Fig. 17a) [79]. N-doped graphitic
porous carbon polyhedras (NGPCs) featured high degree of graphitization, surface area and
showed high electrocatalytic activities. The metal free electrocatalyst was synthesized using
ZIF-8 precursor because of its high nitrogen content incorporated in the aromatic ring. It was
observed with morphological characterization that the structure of parent NMOF was
maintained after the pyrolysis in temperature range 700-1000 °C also (Fig. 17b). The cyclic
voltammograms in 0.1 M KOH solution saturated with oxygen showed steep rise in reduction
current and the shift in peak potentials was observed to higher voltages on increasing pyrolysis
temperature. The catalyst obtained after 10h of pyrolysis at 1000 °C (NGPC-1000-10) revealed
highest current density of 4.3 mA cm™ comparable to Pt/C (4.5 mA cm-2) vs Ag/AgCl as
shown in Fig. 17c. The same catalyst reduced oxygen by dominant 4-electron process with
high cycling stability. The results showed promising nature of metal free electrocatalysts

derived from MOF as an alternative to conventional Pt-based catalysts.
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Fig. 17 (a) lllustration of ZIF-8 structure and synthesis of NGPCs after carbonization,
(b) TEM images of ZIF-8 and NGPC showing retained structure of parent MOF, (c) CVs
of NGPC-1000 showing effect of carbonization time on current density [78].
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MOFs derived porous carbon materials to synthesize electrocatalyst has been explored by
many reseachers. In a study by J. Li et al. MOFs was used as a template material to synthesize
porous carbon material with ternary doping of nitrogen, phosphorus and sulphur for ORR [80].
These N, P and S heteroatom doping was done in porous carbon to increase its activity with
the synergistic effect. The conventionally synthesized MOF-5 was completely dried and soaked
in methanol solution of dicyandiamid (DCDA), triarylphosphine (TPP) and dimethyl
sulfoxide (DMSO). The soaked MOF-5 in N, P and S precursors was then pyrolized at 900 °C
in presence of nitrogen and washed thoroughly with acid solution to remove trace metal before
electrochemical measurements. The morphological characterizations showed that pore
structure got changed after doping and the presence of new active sites are responsible for high
catalytic activity. The synthesized NPS-C-MOF-5 also showed excellent methanol tolerance

and stability compared to commercial Pt/C catalysts.

1.4.4 Non-precious metal electrocatalysts derived from MOFs

It is well known that non-precious metal catalysts are highly effective in enhancing the
ORR activity due to its exposed active sites, electron transfer and low cost. In the vast library
of synthesized MOFs, Zn and Co based MOFs are highly popular to generate non-precious
metal catalysts for ORR. The active sites in the non-precious metal catalysts is the topic of
debate till date. In recent studies it has been observed that the nitrogen-metal moieties on carbon
support are highly active sites for the reduction of oxygen. Lou’s group reported that N-doped
carbon nanotube frameworks (NCNTFs) (Fig. 18a) designed by pyrolizing ZIF-67 in Ha/Ar
atmosphere are highly active electrocatalyts for ORR and OER [77]. ZIF-67 served as a single
precursor for the formation of crystalline NCNTFs and also acted as a source of carbon and

nitrogen for the growth. The electrochemical performance of the crystalline NCNTFs as
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bifunctional oxygen electrocatalyst completely overshadowed the performance of Pt/C catalyst

as shown in Fig. 18b.

J. Wei et al. developed porous Co-Nx/C catalysts (ZIF/rGO-700-AL) by graphene-
directed route as high performance ORR catalyst (Fig. 18c) [81]. The epoxy and hydroxyl
functional groups present on graphene oxide directed the synthesis of ZIF nanocrystals by
coordinating with metal ion (Co?*) of ZIF. After the growth of ZIF crystals over GO sheets the
composite material was carbonized at 700 °C for 3 h in argon atmosphere. The embedded Co
particles on the carbon matrix of GO was observed by TEM. The hierarchically porous Co-
Nyx/C catalysts possess extremely high surface area, open active sites and enhanced electrical
conductivity. Outstanding stability and high ORR catalytic activity was observed by

electrochemical measurements in both alkaline and acidic medium (Fig. 18d).
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Fig. 18 (a) FESEM images of NCNTFs, (b) LSV curves of NCNTFs and Pt/C catalyst,
(c) Schematic showing the preparation of nanoporous Co-Nx/C catalyst, (d) LSV curves
of ZIF/rGO-700-AL catalyst in alkaline and acidic medium [76][80].
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1.4.5 Non-carbonized metal electrocatalysts from MOFs

Jiang et al. reported the utilization of copper containing MOF with highly porous
nanocage structure as non-precious metal catalysts for ORR [82]. A novel MOF (NPC-4) was
synthesized by assembling methyl functionalized carboxylate connected with di-copper
paddle-wheel to give nano porous cage like structure. The high O, uptake capacity was
observed for novel MOF after complete activation of MOF pores by solvent exchange method.
To enhance the activity of NPC-4, the detachment of catalyst was avoided by introducing
reduced graphene oxide (RGO) immobilized glassy carbon electrode as an electron transfer
mediator. The synthesized NPC-4/RGO electrocatalyst shifts the onset potential to more
positive side at -0.13 V vs Ag/AgCI compared to already reported MOF derived catalysts. The
usage of RGO and MOF with activated pores leads the reduction of oxygen by 2-4 electron

pathway and opens up new direction in various fields.

In another report, pyridine modified graphene was used as building block for the growth
of MOF by M. Jahan et al [83]. In this study, the RGO was functionalized with pyridine ligands
which acts as struts to attach metalloporphyrin nodes for the formation of hybrid graphene-
MOF structure (Fig. 19). Also, RGO attributed to the enhanced electrocatalytic activity by
serving as electron mediator and effect of its weight % also influences the catalytic activity.
The synergistic effect of RGO and pyridinium linker leads to the improved crystallization of
iron porphyrin catalysts and helps in reduction of oxygen via 4 electron process. The composite
also showed excellent methanol tolerance and higher selectivity for oxygen reduction

compared to other reported catalysts.

Major research thesis



CHAPTER 1 MAJOR RESEARCH THESIS

Fig. 19 Schematic showing the process for the formation of graphene-porphyrin MOF
composite [82].

1.5 Research Outlook

All these above mentioned reports confirms the capability of MOF as an effective
material in the field of energy storage and conversion because of its fascinating properties.
Over the time many strategies were adapted as discussed above to employ MOFs and MOF
derived materials to improve the performance of the energy storage devices. These interesting
results have raised the interest of researchers to exploit the highly advantageous features of

MOF in various fields of energy storage.

The above mentioned work in various literatures inspires us to utilize MOFs in energy
storage materials and help in the development of the society. Hence, the present work aims to

utilize MOF in three different fields discussed below:
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1) Li-ion batteries- An attempt will be made with ionic liquid incorporated modified
MOFs to serve as a better and safer electrolyte system for Li-ion batteries with

increased thermal stability, high ionic conductivity and other electrochemical aspects.

2) Zinc-air batteries-Further, dimensionally and morphologically controlled MOFs will be
decorated over anode carefully to reduce self -corrosion of the negative zinc electrode,

reduce dendrite formation, and improve discharge performance.

3) ORR electrocatalysts- MOFs with active carbon material will be tested for its efficiency
as electrocatalysts for ORR and its methanol tolerance will also be evaluated for

application in fuel cells and metal-air batteries.

Successful completion of this research would yield electrochemical energy devices of

high performance and prolonged cyclability.
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Chapter 2

Modified Metal Organic Frameworks
(MOFs)/lonic Liquids Matrices for Efficient
Charge Storage Iin Li-ion Batteries

Abstract

In this study, an ionic liquid incorporated modified MOF was synthesized to serve as an
efficient electrolyte system for Li-ion batteries. Further, the MOF (IL) was doped with a lithium
salt, lithium bis(triflouromethylsulfonyl) imide (LiTFSI) by a modified procedure. Samples
with varying amount of MOF (IL) in ionic liquid were prepared, characterized and evaluated
for their electrochemical behavior. A high conductivity in order of 102— 103 Scm™ at 51 °C
and a low activation energy of ion transport was observed in all samples. The systems showed
high electrochemical stability to be employed as gel electrolyte in Li-ion secondary batteries.
These systems showed highly reversible capacity of over 3000 mAhg™ in the charge-discharge
studies carried out after fabricating anodic half-cell composed of Si/electrolyte/Li. These
results illustrate the feasibility of the prepared modified MOF (IL) as potential solid state

electrolytes for Li-ion secondary batteries.
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2.1 Introduction

Metal Organic Frameworks (MOFs) [1] or coordination polymers are of extreme interest
due to several unique features and their applications in the fields of gas storage [2,3], separation
[4], catalysis [5,6], sensors [7] and these have been studied extensively as ionic conductors [8—
12]. Apart from these properties, an extraordinary feature of MOFs which makes them more
interesting is that the supramolecular design of MOFs allows easy tunability depending upon
the organic ligands and metal centres giving a versatile desirable properties in synthesized
matrices. Recently many studies have been conducted for the application of MOFs in

electrochemical energy storage devices especially, Li-ion batteries.

C. Yuan et al. [13] reported that the use of nano sized particles of MOF with Lewis acidic
surface are of special interests to increase ionic conductivity. These porous fillers with large
surface-to-volume ratio are more helpful to stabilize the electrolyte/Li interface. B. M. Wiers
et al. [11], synthesized a solid lithium electrolyte by the addition of lithium isopropoxide
(LiO'Pr) to a Mgz(dobdc) (dobdc* = 1,4-dioxido-2,5-benzenedicarboxylate) MOFs with open
metal sites. The resulting electrolyte showed enhanced ionic conductivity of 3.1 x 10 Scm'?
at 300 K. C. Gerbaldi et al. [14] synthesized a poly(ethylene oxide)-based nanocomposite
polymer electrolyte (NCPE), prepared by the incorporation of specific amounts of
aluminium(l11)-1,3,5-benzenetricarboxylate (Al-BTC) MOFs as filler for all-solid-state LiB to

improve the ionic conductivity.

Simultaneously, ionic liquids have also gained significant attention in the fields of
catalysis [15,16], extraction [17,18], electrochemistry [19] and chemical reactions as green
solvents [20,21] owing to their exclusive properties such as high solubility, non-volatility, non-

flammablility, wide electrochemical window and high thermal stability [22]. lonic liquid due
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to their inflammable property and designability allows many possibilities for new MOFs. lonic
liquid incorporated MOFs have been studied widely in the fields of catalysis [23,24] and gas
adsorbents [25]. Very recently H. Kitagawa et al. [26] studied lithium ion diffusion in ionic
liquid incorporated MOFs. In these studies, ionic conductivity and Li-ion diffusion was looked

upon.

However, till date there are no reports on charge-discharge behaviour of lithium ion
secondary batteries fabricated using such electrolytes. In the present work, dimensionally and
morphologically controlled MOFs was carefully used to ease the ion transport in the electrolyte
system. The obtained MOF based solid ion-gel electrolyte enabled efficient charge-discharge

behaviour with maximum discharging capacity of over 3000 mAhg™* with a Si anode.
Why MOF-5?

The initial choice of MOF was MOF-5 because there are numerous reports focussing on the
electrochemical preparation. Also apart from having high surface area, MOF-5 also shows high
porosity and thermal stability. The preparation of MOF-5 allows to keep metal salt
concentration little higher that can generate more Zn;O clusters [13]. These metal clusters
enables the MOF to have more number of Lewis acidic sites which can be helpful in anion

trapping for enhanced conductivity.
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2.2 Experimental

1-Allyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide (AMImTFSI) was
synthesized according to the literature [27]. MOF (IL) was synthesized with a modification in
an already reported electrochemical method [28] and with an introduction of different ionic
liquid. Dimethylformamide (DMF) and tetrahydrofuran (THF) was purchased from WAKO Co.
Ltd. and used as received. Chloroform, for washing the product, was purchased from WAKO
Co. Ltd. Scanning Electron Microscopy (SEM) analysis was done on a Hitachi S-4500 (Hitachi
Ltd., Chiyoda-ku, Japan). X-ray diffraction data was collected using Rigaku SmartLab (Rigaku,

Japan) operating at 40 kV, 30 mA at a rate of 1° min!

, using Cu Ko radiation. Ionic conductivity
was measured with a complex-impedance gain phase analyzer (Solartron model 1260;
Schlumberger, Germany) under the frequency range from 0.1 Hz to 1 MHz. DC current
measurements were carried out on ECstat-100 (EC-FRONTIER Co. Ltd., Japan). Linear sweep

voltammetry measurements were carried out on Biologic VSP s/n 1190.

For charge-discharge studies, silicon based anodic half-cell was prepared using CR2025
type coin cells with silicon as the working electrode (¢15 mm, Kindly donated by NISSAN
Co.), lithium metal as the counter electrode (¢15mm, Honjo metals, Japan) and a disc shaped
polypropylene based membrane (Celgard®) as separator (16 mm). The prepared silicon based
anodic half-cell was charged and discharged in a galvanostatic mode with a cut off potentials
limit (2.1 Vto 0.03V) at a current rate of 0.1C (0.0172 mA) using compact charge and discharge

system of EC Frontier; ECAD-1000.

2.2.1 Synthesis of MOF/ionic liquid matrix by electrochemical method [28] : Synthesis of the

MOF (AMIMTFSI) was achieved by a constant dissolution of Zn?* ion from Zn anode (Scheme

1). The dissolution was carried out by applying a constant direct current (DC) of 150 mA. A
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titanium electrode was employed as cathode. The electrolyte used in this procedure was a
solution containing terephthalic acid (H.BDC) (0.5 g, 0.003 moles), zinc nitrate hexahydrate
(0.65 g, 0.002 moles) and (1-allyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide)
AMIMTFSI (4.6 g, 0.011 moles) in DMF (50 mL). The electrochemical galvanostatic
procedure was carried out for 4 hours at room temperature. A white powder formed during the
procedure, was filtered and washed with DMF first and then with chloroform. The sample was

then dried in oven at 80 °C under vacuum to afford pure MOF (AMImTFSI) or MOF (IL) 1

Terephthalic acid

(Fig. 1).
Scheme 1
DMF (45 mL)
0.5g H,BDC + 0.65g Zn(NO3),.6H,0 + 4.6g AMIMTFSI ——————— 3 MOF-5 (AMImTFSI)
4h 1

it | TTTTTTTTI T P rTTTTTTTT e !
| HO 0 L ' :
1 1 -
| H\NZ /= |

1 1 1 |
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' o \\ // ol N :
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1 : : F F : : :
1 I | 1 |
1 1 ! 1
1 I | 1 |
| o . '

1 1

: °© OH : : TFSI-= : : AMIm* = :
1 1 . -
! H.BDC= v bis(trifluromethylsulfonyl) 11 1_gj1y1-3-methylimidazolium |
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(b)

Fig. 1 (a) A white colour MOF (IL) floating during
electrochemical synthesis at room temperature, (b) MOF (IL)
crystals after drying at 80 °C under vacuum.

2.2.2 Lithium salt doping in MOF/ionic liquid matrix by grafting method [12] : Synthesized

MOF (IL) 1 sample was activated at 120 °C under vacuum for 24 hours, and the activated MOF
(IL) 1 was then soaked in 1.0 M solution of Li-TFSI in THF for 3 days at 80 °C. After treating
Li-TFSI (THF) for three days, the sample was washed three times with 20 mL of fresh THF by
centrifugation. The sample was then kept for overnight activation under vacuum at 120 °C to

obtain lithium incorporated MOF (IL) 2.

2.3 Characterization

The synthesized AMImCI prepared according to the literature [27] was characterized
using 400 MHz nuclear magnetic resonance (NMR) spectrometer (Bruker) by *H NMR in
DMSO as shown in Fig. 2. Anion exchange of AMImCI was carried out with LiTFSI leading
to the formation of AMIMTFSI. Silver nitrate test was performed to determine the completion

of successful ion exchange (Fig. 3 and 4).
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Fig. 2 'H NMR spectrum of AMImCI in DMSO.

(b)

Fig. 3 AMImCI (a) before and (b) after silver nitrate test.

Fig. 4 AMImTFSI (a) before and (b) after silver nitrate test.
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The MOF (IL) 1 matrix, obtained as white crystalline material was characterized by XRD,
FTIR, and SEM and was then subjected to electrochemical measurements for further analysis.
X-ray diffractograms were shown in Fig. 5. XRD pattern of the ionic liquid modified MOF-5
is different from the conventional MOF-5. The Metal Organic Frameworks are very flexible
and can change their structure to great extent on solvent removal [29]. A number of reports
identify this aspect in MOF-5 and have substantiated it beyond any doubt. Similarly, in the
present studies too, the XRD pattern of as-synthesized (blue) MOF (IL) is in good agreement
with peaks observed in case of pure MOF-5 (red). But when the sample is washed and dried,
the peaks shifts towards larger angles. When the solvent is removed in case of MOF (IL), the

side chains of ionic liquid interacts strongly, leading to the complete contraction of MOF (IL).

——MOF (IL) as-synthesized

220 — N X
- MOF-5
=
N
=
¥
C—
c
—
5 10 15 20 25 30 35
2 Theta (degrees)
—— MOF (1L) washed & dried
}o
=
N
=
Y]
—
=
L A 1 " L A 1 i 1 A 1 "
5 10 15 20 25 30 35
2 Theta (degrees)

Fig. 5 X-ray diffractograms of conventional MOF-5, MOF (IL) as-synthesized
(without washing) and MOF (IL) washed and dried 1.
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The FT-IR spectra in Fig. 6 confirmed the formation of matrix, well resembling that of
MOF-5. The peak present at 1665 cm ™ in the IR spectra indicates the shift in the peak position
for the carboxylate group of BDC (1,4 benzenedicarboxylate) linker from 1610 cm™, due to
interaction with the Zn4O clusters, showing the presence of bonding between organic linker
and metal species. The deprotonated carboxylic acid linker bonded to the MOF-5 metal centre
is also indicated by the peak at 1436 cm ™ [30] These two peaks suggest that there is a bonding
indicative of MOF-5. The peaks at 1505 cm™ and 1597 cm™ were indicative of the asymmetric
stretching vibrations and the peak at 1388 cm™ due to the symmetrical stretching vibration of
the carboxylic acid groups in BDC. Peaks in the range of 1284-730 cm™ can be attributed to
the in-plane vibration of the BDC group. The two peaks in the range of 740-830 cm™ are due
to CH=CH aromatic plane bends, which show that the phenyl ring was 1,4-substituted [28].
And the new peak in the spectrum of MOF (IL) 1 at around 1322 cm™ can be attributed to C-

N stretch confirming the presence of ionic liquid in MOF matrix.

3
o~
-2 —— MOF (IL)
b
= —=1665 cm’’
«
-
-
§, MOF-5
= -~
(4 1436 cm"e—H
-
. I 2 | . 1 8 1 " '
0 500 1000 1500 2000 2500

Wavenumber (ecm™)

Fig. 6 Infrared spectra of conventional MOF-5 and MOF (IL) 1.
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Morphological characterization of synthesized MOF (IL) 1 was done by SEM. Fig. 7
shows a SEM image of MOF (IL) 1 synthesized by electrochemical method showing a specific
flower shaped geometry. This indicated that the morphology of MOFs depends both on the

synthetic methods and ionic liquid system used as template.

x50k 20 ym

Fig. 7 SEM images of MOF (IL) 1 showing flower shaped morphology.

2.4. Results and Discussion

2.4.1 lonic conductivity

Three samples with different weight % of 2 in AMImTFSI were prepared and ionic
conductivity measurements were performed by AC impedance method. As mentioned in
Experimental Section, it should be noted that lithium salt was incorporated into MOF (IL) 1,
and the resulting MOF (IL) 2 was used after washing with THF. Hence, the present system
(2/AMIMTFSI) does not require an external addition of Li salt. The temperature dependence
of ionic conductivity for different electrolyte compositions of 2 in AMIMTFSI are shown in
Fig. 8(a). Arrhenius plots showed linear profiles with rise in temperature, indicating no

decomposition or phase change over the temperature range. As expected the ionic conductivity
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decreased with increase in wt% of 2 in AMImMTFSI because of the change in physical state
from liquid to gel (soft solid). This small decrease in the ionic conductivity of the sample can
be associated with the amount of ionic liquid as it acts as ion carrier. Also as the observed
conductivity is due to all the constituting cations and anions present in the sample i.e. ions of
ionic liquid alongwith Li salt (AMIm*, TFSI, and Li*) therefore the ionic conductivity
decresases slightly with increase in wt% of 2 in AMIMTFSI. The ionic conductivities of the
samples were calculated and were in the order of 102 ~ 10 Scm™. The sample in liquid state
with 10 wt% of 2 in AMIMTFSI showed slightly higher ionic conductivity i.e. 1.0 x 10

Scm™ at 51 °C.

To obtain more information on conduction behavior of the prepared samples, VVogel-Fulcher-
Tammann (VFT) fitting [31-33] shown in Fig. 8(b) was carried out. The temperature

dependence of ionic conductivity was determined by VFT Equation,
B
0=ATY? eT-To

where To= ideal glass transition temperature of electrolyte; T = temperature of measurement;

A = pre-exponential factor and B = activation energy .

The VFT parameters are listed in Table 1. It was interesting to observe a decrease in activation
energy with increasing wt% of 2 in AMIMTFSI. The decrease in activation energy of ion
transport can be associated with the change in ion conductive path owing to the ordered

structure of MOF (IL).
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Fig. 8 (a) Arrhenius and (b) VFT plots for different compositions of MOF (IL) 2

in AMImTFSI.
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Table 1: VFT parameters for different compositions of 2 in AMIMTFSI.

State Sample in A B (K) R? o at 324K eV
AMIMTFSI (ScmriK2) (Scm?)
Liquid 10 wt% MOF (IL) 11.21 7224 0.999 1.0 x 102 0.062
Liquid 20 wt% MOF (IL) 3.99 662.2 0.998 5.0 x 103 0.057
Gel 30 wt% MOF (IL) 1.88 636.5 0.998 2.3x103 0.054

And the high ionic conductivity of the solidified ion-gel electrolyte is because of higher
possibility of long distance migration under dimensionally controlled ion conductive path
rather than in fully amorphous random-walk system. Though other coordination polymers also
show ordered structure and regulation in ion conductive path, here ionic liquids itself will act
as ion carrier. So the synergistic effect of ordered structure and the presence of ionic liquid as
the solvent for ion conduction, led to the high ionic conductivity which is also evident from the

low values of activation energy.

The solidified ion-gel electrolyte system showed comparable ionic conductivity in the
range of ~102-103 S cm™! with other ionic liquid based gel electrolytes like Mg-BTC (MOF)
incorporated CPE composed of PEO and LiTFSI (102-10°S cm™?) [34] and with PEO +
LiTFSI + AI-BTC (MOF) (103-10"7 S cm™1) [14]. Also our system showed slightly higher ionic

conductivity compared to ionic liquid/PEO-PMA gel electrolytes (103-10° S cm™) [34].

VFT plots showed the activation energies in the range of 0.054-0.0.062 eV (5.3-6.0 kJ
mol ™). These activation energy values are much lower than that of the well-established ceramic
electrolyte LIPON-Li3PO4 (0.55 eV, 53.0 k mol™) [35] and in LISICON-Li14ZnGe4O16 (0.40

eV, 38.5 kJ mol™) [36]. In addition, our solidified ion-gel electrolytes showed almost 20 times
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lower activation energy compared to the PEO/Li* polymer electrolyte (1.66 eV, 160.4 kJ mol™?)
[37] and 5 times lower than that of the porous CB[6]-based solid lithium electrolyte (0.32 eV,
31 kJ mol ™) [38]. With a high conductivity in the order of ~102-10° S cm™ and activation
energy less than 0.062 eV, these modified MOF based solidified gel electrolyte can be

considered as prospective electrolyte for the battery system.

2.4.2 DC polarization measurements

Chronoamperometry experiments for all the three samples were done to study the steady
state current and Li-ion diffusion in MOF (IL) matrices using cell setup shown in Fig. 9. A DC
voltage of 0.03 V was applied across the Li/electrolyte/Li type cell for an indefinite period of
time until the current reached a steady state. As shown in Fig. 10 the steady state current
flowing was contributed only by Li-ion conduction which shows that Li salt was successfully
incorporated into the MOF (IL) 1 matrices. All these experiments were done in a glove box

filled with argon gas with very low moisture content.

Electrode contact
(steel)

L1 electrode

-
Electrolyte %
Li electrode —&———

Electrode contact
(steel)

Fig. 9 Cell setup for DC polarization.
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Fig. 10 DC Polarization profiles at room temperature for Li/electrolyte/Li
cell with different wt% of MOF (IL) 2 in AMImTFSL

2.4.3 Linear sweep voltammetry scan (LSV)

Electrochemical window of the synthesized electrolytes with different compositions of 2

in AMIMTFSI was determined by LSV in Li/electrolyte/Pt cell configuration at a scan rate of

10 mV s within 0 to 6 V range of potential. LSV curves obtained for different compositions

are shown in Fig. 11(a).

For all the samples, a potential working window of 5.22 to 5.55 V was obtained. After

5.22 VV / 5.55 V, sudden increase in the current exhibited the occurrence of an electrochemical

reaction. To observe lithium plating and stripping processes, Fig. 11(b) shows cyclic

voltammetry experiment performed for 20 wt% of 2 in AMIMTFSI at a scan rate of 10 mV s

in Li/electrolyte/Li cell. Almost ideally reversible peaks for both lithium stripping and lithium

plating processes were observed.
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This indicated that the MOF (IL) matrices possess high electrochemical stability and are

able to appease the requirement of high voltage lithium ion batteries.

(@
! J
ok
2 a1l —— 10 wt% MOF (IL)
é — 20 wt% MOF (IL)
= 21 —— 30 wt% MOF (IL)
2 L
E 3
U o
4}
Sk
[ 1 1 5 1 A 1 N 1 i 1 i 1
0 1 2 3 4 5 6
Potential (V) vs Li/Li’
(b) 400}
300 =
- . g .
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-« X
E o}
£ Ll s
7]
- 8
-
= =100
o L = Lithium plating
<200
S
-300 -
—“N) [ L M 1 i 1 2 1 Y L 2 1 i 1 i 1
-1 0 1 2 3 4 5 6 7

Potential (V vs Li/Li™)

Fig. 11 (a) LSV curves of Li/electrolyte/Pt cells with different electrolyte compositions (Pt as
working electrode and Li as counter and reference electrode). (b) Cyclic Voltammogram of

Li/electrolyte/Li cells with 20 wt% of 2 in AMImTFSI electrolyte composition.
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2.4.4 Charge-discharge characteristics

The charge-discharge characteristics were studied for the 30 wt% of 2 in AMImMTFSI
electrolyte composition in a coin anodic half-cell configuration shown in Fig. 12 using Si anode
(theoretical capacity; 4200 mAhg™) with 30 puL of EC : DC=1:1 at various current rate of 0.1C
(0.0172 mA) to 2C (Fig. 13). The 30uL of EC:DEC was added to the electrolyte composition
during the cell fabrication just to wet the electrode surface. The EC:DEC also allows quick
formation of solid electrolyte interface. The 30 wt% of 2 in AMImMTFSI is a gel state product
compared to other two compositions (liquid), therefore the charge-discharge behavior of this
particular electrolyte composition was studied extensively. Although the other electrolytes
have better electrochemical parameters, the objective of the study to arrive at a gel state

electrolyte was the motivation behind the choice of this electrolyte.

The result of 10 charge-discharge cycles of 30 wt%o of 2 in AMImTFSI at 0.1C, 0.5C, 1C
and 2C is shown in Fig. 13(a). The first cycle showed highly irreversible capacity because of
SEI formation in the first cycle. But the capacity tends to stabilize after the first cycle which
suggests the formation of stable conductive SEI layer after the first cycle. The stability of the
SEI layer is also evident from the retention of the high reversible capacity at higher current

rates.

s Cinint cell cap

= =

~* Spring wave
———— Spucer
T Silicon clectrode
e + Electrolyte
= Gasket
s Ceelgard

R s — | ithium clectrode

~——— Coin cell base

Fig. 12 Set-up of the assembled anodic-half cells.
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Fig. 13 Charge-discharge profiles of Li/electrolyte/Si cell fabricated using 30
wt% MOF (IL) in AMIMTFSI with 30uL of EC :DEC=1:1 for=l p-eyetes—aitea)
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lithium ion batteries. The constructed cell with 30 wt% of 2 in AMImTFSI exhibited a stable

cycling behavior and showed reversible discharge capacity of 3000 mAhg™. Coulombic

efficiency of the cell was observed to be ~90% which indicated few electrochemical reaction

was occurring resulting in the decomposition of the electrolyte material.
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Fig. 14 Rate cycling performance of Li/electrolyte/Si cell

fabricated using 30 wt% MOF (IL) in AMIMTFSI with 30 pL of
EC : DEC = 1:1 for 40 cycles.

Fig. 15(a) and (b) shows the cycling performance of Li/electrolyte/Si cell fabricated

using 10 wt% and 20 wt% of 2 in AMIMTFSI. These two electrolyte show better

electrochemical properties because of its state being liquid but the cycling performance is

comparatively lower than 30 wt% of 2 in AMImMTFSI. This can be attributed to the lesser

amount of MOF (IL) in the two samples which provides the long range ordered pathway for

the free ions to move. The mobility of ions in the charge-discharge mechanism plays a huge

role because of its intercalation and de-intercalation chemistry.
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Fig. 15 (a) Discharge capacity of Li/electrolyte/Li cell fabricated using 10 wt%
MOF (IL) in AMImTFSI with 30 pL of EC : DEC = 1:1 for 10 cycles at 0.1C.

(b) Discharge capacity of Li/electrolyte/Li cell fabricated using 20 wt% MOF
(IL) in AMImTFSI with 30 pL of EC : DEC = 1:1 for 10 cycles at 0.1C.

2.5 Conclusion

A modified MOF with ionic liquid framework was synthesized by the electrochemical
reaction resulting in a modified MOF-5 with AMIMTFSI. The obtained crystalline product was
characterized by XRD, FT-IR, SEM and TEM analysis. XRD analysis showed the crystallinity
of the MOF in ionic liquid matrix. The FT-IR spectrum of modified MOF (IL) 1 showed close
resemblance with MOF structure. SEM and TEM showed the change in morphology from
conventional cubic to more porous distinct flower shaped morphology because of the

incorporation of highly conducting AMImTFSI ionic liquid.

The electrochemical analysis of the sample was done by doping the electrolyte with
lithium salt by the modified procedure. After incorporation of Li-salt in MOF (IL) 1 samples
with different wt%, resulting MOF (IL) matrices showed the highest ionic conductivity for 10
wt% MOF (IL) in AMIMTFSI. The DC polarization measurements showed the successful

incorporation of lithium in MOF (IL) matrix. The compound showed an electrochemical
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window of 5.22-5.55 V. After fabricating Si/electrolyte/Li type half cell, 90% coulombic

efficiency was observed in the presence of 30 uL of EC: DC=1:1.

Thus, we conclude that the modified MOF with ionic liquid framework prepared in ionic
liquid system by electrochemical method revealed high ionic conductivity as a solidified ion-
gel electrolyte and wide electrochemical window. Further when Li/electrolyte/Si type anodic
half cell was fabricated, the cell exhibited a reversible capacity of 3000 - 3300 mAhg™. These
enhanced attributes attained from new MOFs (Fig. 16) affirm that the prepared modified MOF

(IL) to be a prospective electrolyte in energy storage devices.
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Si anode material. We are grateful to Mr. Osamu Notoya and Mr. Koichi Higashimine at
CNMT (Center for Nano Materials and Technology), JAIST for their assistance in analysis of

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Li-ion batteries

Max. g, (ionic

Fig. 16 Graphical illustration showing high electrochemical aspects of synthesized gel
electrolyte.
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Chapter 3

Surface modification of Zn Anode by MOFs
Coating for Improved Zinc-Air Batteries

Abstract

Modified MOF-5 (IL) was successfully synthesized over the zinc electrode by a mild in-
situ electrochemical method using imidazolium based ionic liquid as a templating agent. After
the synthesis of MOF-5 (IL), controlled electro-polymerization of thiophene was also done
over the Zn electrodes for polythiophene coated Zn anodes. The as-synthesized MOF-5 (IL)
and PTh@ MOF-5 (IL) was characterized by using XRD and SEM. The corrosion behavior of
Zn anode with different surface modifications was investigated by employing potentio-
dynamic experiment in a conventional 3-electrode setup. Chronopotentiometry experiment was
performed to see the discharge behavior of different Zn based anodes. The zinc air battery with
pure zinc as anode showed current density of ~ 7 mA cm. On the contrary, zinc air batteries
with zinc anodes decorated with MOF-5 (IL) showed 4 times enhanced current density of ~
27-30 mA cm. Considering corrosion current and current density, MOF (IL) decorated Zn
anodes and PTh@ MOF (IL) coated Zn anodes showed the most favorable characteristics to be

used in zinc-air batteries.
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3.1 Introduction

Zinc-air battery is known to be one of the most reliable battery technology amongst other
metal-air batteries. Zinc-air batteries have theoretical density nearly five times higher than that
of the Li-ion batteries and is considered to be the post Li battery technology [1-3]. The
development of zinc-air batteries took early start but even then their large scale
commercialization could not happen. The applications of zinc-air batteries were only limited
to the hearing aids and other small medical and telecommunications field only [2]. The main
cause for its limited applications is associated with one of its important component- “Anode”.
In commercial zinc-air batteries, zinc is employed as anode [4-8] due to its low cost, high
abundance, low toxicity and stability but its advantages comes up with problems like self-
corrosion and hydrogen evolution reaction [9-15]. The reason behind the hydrogen evolution

reaction in zinc-air batteries is the parasitic reaction between zinc and water shown below:
Parasitic reaction: Zn + 2H,O — Zn(OH), + H>

This undesired reaction leads to the self-corrosion of the zinc anode in batteries resulting
in the low performance and limited energy density of the zinc-air batteries. To overcome the
problems associated with zinc anode, many strategies were implied by the active researchers
all over the world. In the early stage, mercury was used with zinc to avoid the problem of
hydrogen evolution reaction by increasing the hydrogen overpotential of anode but its high
toxicity raised the environmental concerns [1]. As an alternative different possible solutions
were proposed like addition of metal oxides, alloying zinc metal and surface modification of

zinc anode [7,16,17].

In this context, suppression of hydrogen evolution by adding lithium boron oxide (LBO)
was observed by Y. Cho et al [18]. In another report by S. M. Lee et al., Al, Bi and In oxides

were added to the Zn-based anodes to study the suppression in hydrogen evolution [19]. Al2O3
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as an additive showed the most interesting results and was further coated over the zinc anode
in the same study. And it was observed that surface coating zinc particles with Al,Oz led to the

better discharge performance instead of adding Al>Oz as additive.

Metal Organic Frameworks (MOFs) have stimulated immense attention in the last few
decades due to their simple synthetic procedure, high surface area, low cost, and high tunable
porosity depending on the length of organic ligands [20-25]. These fascinating properties of
MOFs are of vital importance and are exploited in various fields such as fuel cells, Li-ion
batteries, supercapacitors etc. for clean energy [26—-31]. Many studies have been conducted for
the application of MOFs as anti-corrosion material [32—35], but scarcely any investigation was
performed to understand the effect of MOF coatings on zinc anode for zinc-air battery

applications.

Also, conducting polymers have been extensively used to inhibit the corrosion of various
metal surfaces. Some of the widely used such polymers are polypyrrole (PPy), polyaniline
(PAni) and polythiophene (PTh) [36]. These conducting polymers act as a passivation layer
against the active corrosive species like (O2, H*, CI") and thus provide stability to the metal
surfaces. Among various conducting polymers studied so far, PTh is most impressive because
of its certain advantages like structural versatility easy processability, high stability in strong
electrolyte systems and well established electrochemistry [37,38]. These inherent properties of
PTh have widen its applications in various fields including energy storage devices,

anticorrosion paints and modified electrodes.
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In this work, coating of zinc surface by thin passivation layer of MOFs will be investigated
to improve the zinc air battery performance. The dimensionally and morphologically controlled
MOFs deposition on zinc anode by electrochemical method in imidazolium based ionic liquids
is studied. Furthermore, to give the stability to the MOFs layer over zinc anode, polymerization

of thiophene will also be done as illustrated in Fig. 1.

Fig. 1 Schematic illustration of decoration of MOF thin films over zinc surface
followed by electropolymerization of thiophene.

Why MOF-5?

During the electrochemical preparation of MOF-5 in chapter 2 we observed the growth
of MOF-5 on the surface of working electrode i.e. zinc plate, which inclined us to thought of
its utilization in zinc-air battery applications. The added advantage of using MOF-5 for
corrosion protection of zinc anode was that it involves zinc metal clusters as secondary building

unit. So while modifying the electrode surface it was thought to contribute to the activity also.
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3.2 Experimental

1-Butyl-3-methylimidazolium chloride (BMImCIl) was synthesized according to the
literature [39]. MOF (IL) was decorated electrochemically with a modification in an already
reported method by our group with an introduction of ionic liquid. Dimethylformamide (DMF)
and tetrahydrofuran (THF) was purchased from WAKO Co. Ltd. and used as received.
Thiophene was purchased from TOKYO CHEMICAL INDUSTRY Co. Ltd. Scanning Electron
Microscopy (SEM) analysis was done on a Hitachi TM3030 plus (Hitachi Ltd., Chiyoda-ku,
Japan). X-ray diffraction data was collected using Rigaku SmartLab (Rigaku, Japan) operating
at 40 kV, 30 mA at a rate of 1° min™!, using Cu Ko radiation. Electrochemical deposition of
MOFs, polymerization of thiophene, potentiodynamic polarization and chronoamperometric

studies were carried out on Biologic VSP s/n 1190.

3.2.1 Synthesis of MOF-5 (IL) decorated zinc anodes — Modified MOF-5 (IL) was successfully

synthesized over the zinc electrode by a mild in-situ electrochemical method using BMImCI
ionic liquid as a templating agent in a two electrode system by employing a modified procedure
of reported method [40] (Fig. 2). Synthesis of the MOF-5 (IL) was achieved by a constant
dissolution of Zn?* ion from Zn anode. The dissolution was carried out by applying a constant
direct current (DC) of 0.20 A. A titanium electrode was employed as cathode. The electrolyte
used in this procedure was a solution containing terephthalic acid (0.5 g, 0.003 moles), zinc
nitrate hexahydrate (0.65 g, 0.002 moles) and BMImCI (1.99 g, 0.014 moles) in DMF. The
electrochemical galvanostatic procedure was carried out for 1hr to get uniform coating of MOF
(IL) over the zinc electrode. After that electrode was kept for drying at room temperature for 6

hours (Fig. 3).
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Two-electrode system
Metal plates
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Fig. 2 A two electrode system used for electrochemical decoration
of MOF-5 (IL) on zinc surface at room temperature (Anode- Zinc
sheet, Cathode- Titanium sheet).

Fig. 3 lllustration of growth of MOF-5 (IL) films on zinc surface
during electrochemical synthesis.

3.2.2 Synthesis of MOF-5 (IL) / polythiophene decorated zinc anodes — After the synthesis of

MOF-5 (IL), 0.5 M thiophene was added in the solution described for the synthesis of MOF-5
(IL) films on zinc. Further cyclic voltammetry experiment was performed using Ag/Ag* as
reference electrode, titanium as counter electrode and MOF-5 (IL) decorated Zn as working
electrode in three electrode system (Fig. 4) . The experiment was performed for 10 cycles and
rise in the current with increasing cycle number confirms the electropolymerization of
thiophene (Fig. 5). After electropolymerization, the electrode was kept for drying in closed

container at room temperature.
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Fig. 4 A three electrode system used for electropolymerization of thiophene
at room temperature (W.E- Zn sheet, R.E- Ag/Ag+, C.E- Ti sheet).
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Fig. 5 Cylic voltammogram for electropolymerization of thiophene on MOF-5 (IL)
decorated Zn electrode (W.E- Zn sheet, R.E- Ag/Ag+, C.E- Ti sheet).

3.2.3 Synthesis of polythiophene decorated zinc anodes - The zinc electrodes were

mechanically polished with abrasive paper and rinsed with acetone before electrochemical
experiment. The electropolymerization of thiophene on zinc was performed in

dichloromethane in the presence of 0.1M NBu4BF4 and 0.5M thiophene according to already
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reported literature [41]. The electrodes were polarized in galvanostatic mode to deposit

homogenous PTh films, and with optimized current density higher than 2.5 mA cm™.

3.3 Characterization

The synthesized BMImCI prepared according to the literature was characterized using 400
MHz nuclear magnetic resonance (NMR) spectrometer (Bruker) by 'H NMR in DMSO as

shown in Fig. 6.
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Fig. 6 'H NMR spectrum of BMImCI in DMSO.
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The correspondence of the four main peaks (6.8°, 9.7°, 13.7° and 15.4°) illustrated that
MOF-5 can be successfully prepared in ionic liquid system. Also, after electropolymerization
of thiophene, structure of MOF-5 was intact with generation of some amorphous peaks as well

which can be attributed to polythiophene (Fig.7).
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Fig. 7 X-ray diffractograms of conventional MOF-5, MOF-5 (IL) and PTh@ MOF-5 (IL).

SEM images in Fig. 8 shows the (a) bare zinc surface, (b,c) show flower shaped
morphology of MOF-5 (IL) crystals prepared by electrochemical method over zinc electrode
using 3 electrode system. It forms the porous passivation layer over the zinc surface to avoid
its direct contact with highly alkaline solution and thereby improving the battery performance ;
(d,e) images show electropolymerized polythiophene films decorated over zinc surface; and
(f,g) images demonstrate the polythiophene layer decorated over the MOF-5 (IL) crystals. The

strategy behind electropolymerizing thiophene over MOF-5 (IL) layer was to improve
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adherence of MOF layer on zinc surface. Furthermore, as polythiophene has high electronic
conductivity and porous structure it will not affect the performance of MOF decorated zinc

electrode rather will provide stability to the electrode.
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Fig. 8 SEM images of bare Zn (a); MOF-5 (IL) Zn (b,c);
PTh@Zn (d,e); and PTh@ MOF-5 (IL) Zn (f,g).

3.4 Results and Discussion

To evaluate the polarization behaviour of surface modified zinc anodes, potentio-dynamic
polarization experiment was carried out in three electrode system using 0.1M KOH as
electrolyte. Pure zinc and modified zinc based anodes served as working electrode, platinum
as counter electrode and Ag/AgCl as reference electrode. For measuring the electrochemical
parameters (Ecorr, lcorr) TOr metal corrosion in aqueous solutions it is important to study the
electrode kinetics using Tafel’s plot (potentio-dynamic polarization). The Butler-Volmer
equation is generally employed to evaluate the cathodic and anodic reaction in the corrosive
system [19]:

2.303 (E — Ecorr) 2.303(E — Ecorr)
g exp| e 1}

I = Icorr{exp

Where, | is the external current density, lcorr is the measure of the corrosion current, E is the
electrode potential, Ecor is referred as corrosion potential and ba and b are the Tafel’s slope for

anodic and cathodic region.
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The polarization curves for zinc based anodes are shown in Fig. 9. And the values of
corrosion current density (lcorr) and corrosion potential (Ecorr) obtained by Tafel’s fit on the
linear polarization data are listed in Table 1. The corrosion potential of MOF modified zinc
electrode shifted towards positive potential (-0.87 V) compared to pure zinc (-1.34 V) with
significant drop in corrosion density indicating the effectiveness of surface coating. The lower
performance of PTh@Zn is attributed to its amorphous structure which covers all the active Zn
metal responsible for the activity. The lower lcorr Observed in MOF decorated zinc electrode
shows the controlled dissolution of zinc anode after the formation of porous passivation layer
of MOF. The corrosion current is directly related to hydrogen evolution in zinc-air batteries as
hydrogen evolution takes place with formation of oxides. Therefore, the lower values of lcorr
suggested that surface coating on zinc electrode was highly effective strategy to supress

hydrogen evolution and thereby increasing the battery discharge performance.

The lcorr Value calculated for PTh@ MOF-5 (IL) Zn was even lower than the MOF-5 (IL)
Zn, indicating the effect of polymerization of thiophene in improving the battery characteristics
with MOF-5 (IL). The electropolymerization of a conducting polymer like polythiophene
proves to be an efficient approach for modification of the anodes as it provides high thermal

and chemical stability.
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Fig. 9 Comparison of potentiodynamic polarization curves of pure zinc, MOF-5 (IL)
Zn, PTh@MOF-5 (IL) Zn and PTh@ Zn in 0.1 M KOH electrolyte at room
temperature. (W.E- Zn sheet, R.E- Ag/AgCl, C.E- Pt).
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Table. 1 Electrochemical parameters of modified Zn anodes derived from potentio-
dynamic polarization curves in 0.1 M KOH electrolyte

21 anodes qurosion Co_rrosion current
potential (Ecorr: V) density (Icorr:pA cm™2)
Pure Zn -1.340 503.2
MOF (IL) Zn -0.868 186.7
PTh@MOF (IL) Zn -0.872 128.1
PTh@ Zn -0.880 493.1

Chronopotentiometry experiment was performed to see the discharging behavior of

different Zn based anodes. The potential went down abruptly in case of pure zinc anode while

the potential with zinc anodes decorated with MOF-5 (IL) sustained for a longer cycle (Fig.

10). The zinc air battery with pure zinc as anode showed current density of ~ 7 mA cm?2. On

the contrary, zinc air batteries with zinc anodes decorated with MOF-5 (IL) and PTh@ MOF-

5 (IL) showed 4 times enhanced current density of ~ 30 mA cm as shown in Fig.11. The

enhanced performance can be explained by the formation of conducting passive layer of MOF

(IL) and MOF (IL) / polythiophene on the surface of pure zinc electrode which prevented the

active Zn metal from direct exposure to the KOH electrolyte and thus minimizing the

spontaneous side reactions that occur in conventional zinc-air batteries like hydrogen evolution.
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Fig. 10 Comparison of polarization curves (V~ I) of pure zinc, MOF-5 (IL) Zn,
and PTh@MOF-5 (IL) Zn in 0.1 M KOH electrolyte.
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Fig. 11 Comparison of current densities of cell fabricated using pure Zn, MOF-5
(IL) Zn and PTh@ MOF-5 (IL) Zn based anodes.
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To examine the practical effect on cell performance, unit cell was fabricated in this work.
PTFE case in rectangular shape (5 cm length and 3.5 cm width) were used to assemble the
components of the zinc-air batteries. The order of the cell components was: pure Zn and Zn
based anodes (2 cm x 2 cm x 0.2 cm), glass microfiber filters soaked in 5M KOH solution,
carbon cloth as porous air cathode (2 cm x 2 cm x 0.1 cm) for the permeation of air, and nickel
mesh (2 cm x 2 cm x 0.1 cm) as a current collector covered with PTFE type case with holes for
the diffusion of air. The top view and components of zinc air battery cell setup is shown in

Fig.12.

PTFE case

Ni mesh
Top view

Carbon Cloth

Nickel mesh

Carhon cloth Glass fibre
separator

Glass fibre

Zinc metal
Zinc anode
PTFE case

Fig. 12 Zinc-air battery cell setup.
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The open circuit voltage (OCV) measurements for fabricated zinc-air batteries were done
before the discharge experiment. Fig. 13 shows the OCV values of different Zn-based anodes
at 1.38 + 0.02 V. In order to study the practical application of surface modified Zn anodes and
effectiveness of MOF and polythiophene coating, discharging studies were done. The cell was
allowed to discharge at constant current of 3 to 7 mA cm™ over the period of time. Fig.14
shows the discharging profile for zinc-air batteries fabricated using pure Zn, MOF-5 (IL) Zn
and PTh@MOF-5 (IL) Zn based anodes. The surface modified Zn anodes with MOF-5 (IL)
and PTh@MOF-5 (IL) showed the longer discharging time than pure zinc even at higher
current density of 7 mA cm. This enhanced performance or longer discharging time seen after
modification of anode can be attributed to the porous passivation layer over zinc electrode
which prevents the zinc surface from oxidation. The zinc anode gets easily consumed when it
comes in contact with highly alkaline solution but after the modification, MOF layer provides
controlled dissolution of highly consumable zinc electrode. Also the effect of polythiophene
coating over MOF decorated zinc electrodes can also be observed from the discharging
characteristics. The electropolymerized thiophene provides high thermal and chemical stability
to the electrode adding to the performance of the battery. It is well explained from the results

that the modified Zn electrodes with MOF can be prospective anodes in Zn-air batteries.
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Fig. 13 OCV values of Zn-air batteries fabricated using pure Zn,
MOF-5 (IL) Zn and PTh@ MOF-5 (IL) Zn as anodes.
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Fig. 14 Discharge curves of the primary Zn-air batteries using pure Zn, MOF-5
(IL) Zn and PTh@ MOF-5 (IL) Zn based anodes at various current densities in
open atmosphere.

Fig. 15 shows the cyclic voltammograms measured in 5.0 M KOH solution. These CVs
showed two oxidation peaks in both pure zinc and MOF-5 (IL) Zn. This indicates that the zinc
was first oxidized to Zn(OH)4*~ and then readily converted to ZnO or Zn(OH) passivation film.
The current density of peak B is higher than B™ which tells that the oxidation is more in case
of pure zinc compared to MOF coated Zn. This can be because of the corrosion resistant layer

of MOF over Zn that makes the oxidation of zinc difficult.
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Fig. 15 Cyclic voltammograms of pure Zn and MOF-5 (IL) Zn in 5.0
M KOH at 50 mV s (W.E- Zn sheet, R.E- Hg/HgO, C.E- Ti).
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3.5 Conclusion

MOF-5 (IL) decorated Zn anodes and MOF-5 (IL) / polythiophene coated Zn anodes were
successfully synthesized by electrochemical method. Modified Zn anodes were characterized
using XRD, FTIR and SEM. Considering corrosion current and corrosion potential, MOF-5
(IL) decorated Zn anodes and MOF-5 (IL) / polythiophene coated Zn anodes showed the most
favorable characteristics to be used in zinc-air batteries. Zn-air battery with pure zinc showed
current density of ~ 7 mA cm. On the contrary, Zn-air batteries with modified Zn anodes
showed 4 times enhanced current density of ~ 30 mA cm?. The MOF-5 (IL) Zn and PTh@
MOF-5 (IL) Zn based anodes showed the longer discharging time than pure zinc even at higher
current density of 7 mA cm=2. It is well explained from the results that the modified Zn

electrodes with MOF and polythiophene can be prospective anodes in Zn-air batteries (Fig. 16).
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Fig. 16 Graphical illustration of corrosion protection of zinc by MOFs
surface coating.
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Chapter 4

ZIF-8/Functionalised Acetylene Black (FAB)
hybrid nanocomposites as efficient non precious
metal catalyst for ORR

Abstract

The ZIF-8/FAB hybrid nanocomposites were successfully synthesized by simple procedure
for oxygen reduction reaction. The synthesized hybrid nanocomposites with varying amount
of FAB were characterized using various techniques and evaluated for their activity towards
ORR. Amount variation of FAB with ZIF-8 allowed tunability in morphology as well as
porosity. Cyclic Voltammograms showed high peak current of ~0.569 mA exhibiting high
catalytic activity of ZIF-8/FAB hybrid composites in reducing oxygen. Futher, these hybrid
nanocomposites show excellent tolerance against methanol crossover and presented long term

stability without significant activity loss.
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4.1 Introduction

Electrocatalytic Oxygen Reduction Reaction (ORR) is the key factor responsible for the
performance of metal-air batteries and fuel cells. But the sluggish kinetics and expensive
catalysts of ORR have restricted the growth of commercialized ORR based devices [1,2]. Since
the evolution of this field started, Pt-based catalysts have been so far the best serving catalysts
for the reduction of oxygen but its high cost and poisoning towards methanol has hindered the
mass production [3-5]. Therefore, widespread research is going on to explore an electrocatalyst
with high catalytic activity, low cost, high durability and low methanol crossover. In this
context, Metal Organic Frameworks (MOFs) have attracted huge attention in the recent past
because of its simple synthetic procedure. The diverse nature of MOFs formed by selecting
suitable metal clusters and functional organic linkers gives range of its applications in the fields
of gas storage [6-8], separation [9-12], catalysis [13—16] and sensors [17-20]. Because of its
organic-inorganic hybrid nature and porosity, it has already gained the interest in the field of
energy storage ranging from batteries, supercapacitors and electrocatalyst. The widespread
researches on MOFs and MOF derived materials by the materials science communities have
already proven it as a promising energy conversion material for the future. In last few years,
there have been so much studies on MOFs as electrocatalysts for ORR in fuel cells and metal
air batteries [21-25]. The carbon materials synthesized using MOF as non-precious metal
catalysts have proven to be a boon for the field of electrocatalyts. These materials show high
catalytic activity, long term stability and resistance towards the methanol poisoning owing to

its unique structural properties.

Recently, many studies conducted on the use of MOFs or MOF derived materials show
the decoration of MOFs nanoparticles over different carbon support. In this context, Bing Ni

et al. reported the use of ZIF-67 to modify the commercial carbon Vulcan XC-72 [26]. The
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study showed improved ORR activity and durability compared with the commercial carbon.
Another report by Jing Wei et al. showed the synthesis of ZIF nanocrystals over graphene oxide
to prepare N-doped nanoporous carbon nano sandwiches after calcination [27]. Furthermore
the synthesized material was evaluated for the electrochemical behaviour and showed high
durability and methanol tolerance compared to the existing commercial electrocatalyst.
However, most of the reports show the catalytic activity of the MOF derived materials after

calcination once the structure is lost.
ZIFs as active precursor for N-doped carbon electrocatalysts

In recent past it has been discovered that the heteroatom doping in the carbon matrix enhances
the ORR performance to great extent. In particular the N-doping is recognized more viable
option because it enhances the electronic properties of the carbon matrix because of its
comparable size to that of the carbon. Also its high electronegativity creates more positive
charge density in the matrix which induces large number of active sites for the oxygen
reduction [28]. Therefore, in the search of various precursors for doping nitrogen in the carbon
matrix one of the most widely explored MOFs is Zeolitic Imidazolate Frameworks (ZIFs).
These ZIFs apart from having high surface area and porosity also possess relatively high
chemical and thermal stability compared to other MOFs. Also the organic ligand used for the
synthesis of ZIFs i.e. imidazole based ligands contain high nitrogen content that makes ZIFs
attractive materials for the preparation of electrocatalysts for fuel cells and metal-air batteries
[27]. The electrocatalysts prepared from the decoration of ZIFs nanocrystals on wide varieties
of carbon substrate like CNT, graphene, etc. have been evaluated for ORR performances

widely by the electrochemical community.
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In recent past our group Matsumi et al. showed novel single step functionalization and
exfoliation of acetylene black (AB) to prepare functionalized acetylene black (FAB) which
showed high performance with Pt nanoparticles for ORR [29]. Deriving inspiration from such
literatures, novel hybrid nano composites of ZIF-8 and FAB were synthesized which
introduces the unique properties of MOF in the efficient carbon materials to integrate its
activity as an electrocatalyst. To achieve this, ZIF-8 was chosen because of its already proven

ORR efficiency in the past and functionalised acetylene black as carbon material.
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4.2 Experimental

The functionalization and exfoliation of acetylene black were done by already reported
single pot method by Matsumi et al. AB was treated with HoSO4: HNOs3 (3:1) mixture followed
by ultrasonication for 3h. Sulfuric acid and Nitric acid were purchased form WAKO Co. Ltd.
and used as received. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray
spectroscopy (EDS) mapping analysis was done on a Hitachi S-4500 (Hitachi Ltd., Chiyoda-
ku, Japan). Transmission Electron Microscopy (TEM) analysis was done on a Hitachi 7100
(Hitachi Ltd., Chiyoda-ku, Japan). A Perkin Elmer 100 FT-IR spectrometer was used to record
IR spectra. X-ray diffraction data was collected using Rigaku SmartLab (Rigaku, Japan)

1

operating at 40 kV, 30 mA at a rate of 1° min™', using Cu Ko radiation. Cyclic voltammetry

measurements were carried out on Biologic VSP s/n 1190.

4.2.1 Synthesis of ZIF-8 particles:

ZIF-8 nanocrystals were prepared using typical synthetic method reported in the literature
[30]. Zn(NOs3).-6H.0 and 2-methylimidazole were dissolved in 25 mL of methanol separately
and mixed slowly under vigorous stirring. The stirring continued till the resultant solution
turned milky in colour and the product was further collected by centrifugation. The resultant

solid was washed with methanol solution and dried under vacuum for 4 hours at 80 °C.

4.2.2 Synthesis of ZIF-8@FAB hybrid nanocomposite:

In a typical synthesis, 183 mg of Zinc nitrate hexahydrate (0.615mmol) was dissolved in
25 mL methanol and 405.5 mg of 2-methyl imidazole (4.94mmol) was also dissolved in 25 mL

methanol. For the synthesis of ZIF-8/FAB composites with different wt% of FAB, desired
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amount of FAB was dissolved in 25 mL methanol and sonicated for 1 hour. The hybrid
nanocomposites were synthesized by simultaneous addition of methanolic Zinc nitrate
hexahydrate solution and FAB solution to the 2-methyl imidazole solution with vigorous stiring.
The resulting mixture was stirred for 2 hours at room temperature (Fig. 1). Then the mixture
was recollected by centrifugation (4000 rpm, 10 min) and washed repeatedly 3 times with
water-methanol mixture. The obtained solid was then dried under vacuum at 80 °C. The
samples with different amount of FAB (X= 2, 5, 10 wt%) were named as ZIF-8@FAB-2, ZIF-

8@FAB-5 and ZIF-8@FAB-10, respectively.

ZIE-8@FAB

2-methyl
imidazole

Fig. 1 Schematic illustration of ZIF-8/FAB nanocomposite preparation at room
temperature.
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4.3 Characterization

The synthesized hybrid nanocomposites were characterized by XRD, FTIR, TEM and
SEM- EDS, Raman, XPS and BET measurements. The XRD pattern shown in Fig. 2 showed
complete resemblance with the pristine ZIF-8 pattern indicating the successful formation of
crystalline hybrids. The presence of peaks corresponding to ZIF-8 and FAB in the XRD
diffractograms of nanocomposites were found out to be in good agreement with the pure

samples.

ZIF-8@FAB-10wt%

ZIF-8@FAB-5wt%

=
c
g
£
ZIF-8@FAB-2wt%
R= w ) O N N N
A a A A Al ~ N ~ ZIF-8
FAB
1 1 1 1 1
5 10 15 20 25 30 35

2 theta (degrees)

Fig. 2 Comparison of XRD patterns of FAB, ZIF-8, ZIF-8@FAB-2wt%, ZIF-
8@FAB-5wt% and ZIF-8@FAB-10wt% materials.

Fig. 3 shows the FTIR spectra of ZIF-8 and ZIF-8@FAB composite materials were
almost identical proving the presence of similar functional groups on the surface. The peak at

1582 cm ! indicates the C =N stretching vibration. The peak at 750 cm™* corresponds to the
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double bonds vibration of imidazole ring and the stretching of Zn-N was at 420 cm™*. And the

peak at 1147 cm™* corresponds to the C-N stretching.
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Wavenumber (cm™)

Fig: 3 IR spectra of ZIF-8, ZIF-8@FAB-2wt%, ZIF-8@FAB-5wt% and
ZIF-8@FAB-10wt% materials.

The Raman spectra in Fig. 4 shows the D and G bands corresponding to the FAB. The
bands for ZIF-8 cannot be seen in the spectra because of the wide D and G band intensities. As
the concentration of FAB is increased from 2 wt% to 10 wt%, the intensities of D and G bands
tends to increase. Increase in the Ip/lg value from FAB to ZIF-8@FAB nanocomposites

confirms the successful incorporation of ZIF-8 nanoparticles in the carbon matrix of FAB.

Elemental surveys by X-ray photoelectron spectroscopy (XPS) in Fig. 5, showed the
presence of the ZIF-8 framework elements (Zn, C, N) and O in ZIF-8@FAB samples and
clearly confirmed the presence of ZIF-8 particles in the Functionalized Acetylene Black (FAB)

matrix.
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Fig: 4 Raman spectra of FAB, ZIF-8@FAB-2wt%, ZIF-8@FAB-5wt%,
ZIF-8@FAB-10wt% materials showing D-band and G-band of different
intensities depending on FAB concentration.
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Fig: 5 XPS survey spectra of ZIF-8@FAB-2wt%, ZIF-8@FAB-5wt% and ZIF-

8@FAB-10wt% nanocomposites.
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N2 adsorption and desorption measurements were done to see the surface area and pore
size of the hybrid nanocomposites. The BET surface areas of AB, FAB, ZIF-8@FAB-2wt%,
ZIF-8@FAB-5wt%, ZIF-8@FAB-10wt% were 60.0, 66.5, 1020, 912, 645 m?g™?, respectively.
The BET surface area of the composites decreases with increasing FAB content. The
continuous decrease in surface area of nanocomposites with increasing percentage of FAB can

be attributed to its nonporous nature (Fig. 6).
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Fig: 6 N2 adsorption-desorption isotherms of AB, FAB, ZIF-8@FAB-2wt%,
ZIF-8@FAB-5wt%, ZIF-8@FAB-10wt% materials.
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Fig. 7 shows the TEM images of AB, FAB and ZIF-8@FAB hybrid nanocomposites to
observe the morphology of each. The multi-layered AB can be seen in the image Fig. 7a. After
the functionalization and exfoliation of AB to synthesize FAB, the image Fig. 7b exhibits
graphene like transparent features. The ZIF-8@FAB hybrid nanocomposites showed
hexagonal particles (similar to pristine ZIF-8 particles) with FAB layer on it (Fig. 7c-e). The
hexagonal morphology of ZIF-8 particles remains unaffected on increasing the percentage of
FAB in the composites. But the size of the particles varied slightly on increasing the proportion
of FAB in the hybrid nanocomposites. The size of ZIF-8 hexagonal particles remained almost
same (60-70 nm) in ZIF-8@FAB-2wt% and ZIF-8@FAB-5wt% composition. On increasing
the FAB concentration further the size reduced slightly to 40-50 nm for the ZIF-8@FAB-
10wt%. The size of the hexagonal ZIF-8 nanoparticles seems to be modulated by the functional
groups on FAB surface. The TEM results showing decreased size for ZIF-8@FAB-10wt% are
also in accordance with the BET results, where it was observed that the pore size became less

on increasing the FAB concentration.
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Fig. 7 showing the TEM micrographs of (a) Acetylene Black (AB), (b)
Functionalized Acetylene Black (FAB), (¢) ZIF-8@FAB-2wt%, (d) ZIF-
8@FAB-5wt%, (e) ZIF-8@FAB-10wt% materials.
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The presence of ZIF-8 nanoparticles in the carbon matrix of FAB was further confirmed

by Energy dispersive spectroscopy (EDS) and elemental mapping as shown in Fig. 8.
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Fig: 8 (a) SEM image of ZIF-8@FAB-10wt%, (b) EDS of ZIF-8@FAB-
10wt%, (c-f) the corresponding C-,N-,0- and Zn elemental mappings,
respectively.

(f)

Major research thesis



CHAPTER 4 MAJOR RESEARCH THESIS

4.4 Results and Discussion

To evaluate the electrocatalyst activity, first the electrocatalyst was dispersed in a mixture
of isopropyl alcohol and Nafion. The catalyst (1.3 mg) was first mixed with isopropyl alcohol
(100 pL) and then Nafion (15 pL) was added to the mixture. The resulting mixture was
sonicated to get thick uniform catalyst ink. This ink was then drop casted on the glassy carbon
(GC) electrode to conduct electrochemical measurements. The preparation of the GC electrode

from catalyst is shown in Fig. 9.

0.8

Fig: 9 Illustration of glassy carbon electrode preparation.

To evaluate the electrocatalytic performance of the synthesized hybrid nanocomposites,
cyclic voltammograms (CVs) were performed. In CV, the potential of working electrode is
ramped linearly versus time. Once the votammogram reaches the desired potential, the
potential of working electrode is ramped in reverse direction. This reverse ramping or cycling
can take place multiple times during an experiment. Basically, this technique is employed to
see at what potential the reaction is under equilibrium. The cyclic voltammetry measurements
were done in Nz and O saturated 0.1 M KOH using mercury/ mercury oxide (Hg/HgO) as

reference electrode, platinum wire as the counter electrode, and the glassy carbon electrode
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loaded with electrocatalyst as the working electrode. The alkaline electrolyte (0.1 M KOH) was
completely saturated by bubbling O> at room temperature at least 20 min prior to the
measurement. A continuous flow of oxygen was maintained during the cyclic voltammetry

measurements.

The cyclic voltammetry measurements were conducted in both N2 and O saturated 0.1
M KOH at a scan rate of 50 mV s in the potential range -1.5 to 0 V as shown in Fig. 10.
Clearly, all the hybrid nanocomposites showed obvious peaks in O, saturated 0.1 M KOH
including FAB. There was no noticeable change in the current when the measurement was done
in oxygen free electrolyte (N2 saturated 0.1 M KOH). The cyclic voltammogram for FAB
showed large over potential when tested for electrocatalytic activity owing to its poor
conductivity. But the syntheisized hybrid nanocomposites of ZIF-8@FAB showed high
cathodic current density compared to pristine FAB. The highest peak current was obtained for
ZIF-8@FAB-2 wt% i.e. 0.569 mA compared to higher concentration FAB composites (Table
1). The results are in good agreement with Raman and BET results showing higher degree of
disorderness and high BET surface area for ZIF-8@FAB-2 wt%. Hence, these results
demonstrate the excellent electrocatalytic activity of ZIF-8@FAB hybrid composites as non-

precious metal catalyst.

ZIF-8 is widely explored in the field of ORR by many researchers because it possess high
nitrogen content present in the imidazole-based ligands. Therefore it is considered as one of
the most effective precursor for the synthesis of nitrogen doped carbon materials. The high
ORR activity can be because of the fact that FAB itself is an ORR active material and after the
loading of ZIF-8 nanocrystals on the FAB the surface area increases significantly which in
turns improves the activity. And therefore we can say that the defects of FAB and positively

charged carbon adjacent to nitrogen has been considered to be active.
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Fig: 10 CVs of FAB, ZIF-8@FAB-2wt%, ZIF-8@FAB-5wt% and ZIF-
8@FAB-10wt% nanocomposites in Nz-or O2 saturated 0.1M KOH solution

Table 1: Peak current (mA) values from cyclic voltammograms for different

nanocomposites.

Samples Peak current
ZIF-8@FAB-2wt% 0.569 mA
ZIF-8@FAB-5wt% 0.478 mA
ZIF-8@FAB-10wt% 0.346 mA
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To better understand the ORR with the ZIF-8@FAB hybrid composites as electrocatlyst,
linear sweep voltammograms were carried out on a rotating disk electrode (RDE) in the
potential range -0.8 V to 0 V at a scan rate of 50 mV s™*. The experiment was performed at

different rotation speeds from 100 rpm to 4000 rpm in O saturated 0.1 M KOH solution.

To examine the ORR performance, the Koutecky-Levich (K-L) plots were plotted to
calculate the number of electrons. The inverse of current is plotted versus inverse of electrode
rotation at different rotation speed at different potential. The intercept on Y-axis and slope
were used to determine the number of electron transfer and the kinetic current density,

respectively.

The equation (1) shown below was used to calculate the number of electron transfer:

B=0.6 nFv2CoD022® .............. (1)

Where ‘B’ is Levich slope, ‘n’ is the number of transferred electrons for ORR, ‘F’ is the
Faraday constant (96485 C mol™), ‘v’ is the kinetic viscosity, ‘Co’ is the concentration of
oxygen in 0.1 M KOH (1.2 X 10 mol L), and ‘Do’ is the diffusion coefficient of O, in 0.1

M KOH (1.9 X 10 cm s) [1,2].

The current density enhanced with increase in the rotation speed in RDE from 100 rpm to
4000 rpm indicating the diffusion limited process. The higher kinetic current density in case of
ZIF-8@FAB-2 wt% implied that the surface area and concentration of FAB were crucial
factors for the ORR activity in the synthesized hybrid composites. The Koutecky-Levich (K-
L) plots in the range of -0.6 V to -1 V showed good linear trend, indicating the first order
kinetics occurring in the oxygen reduction (Fig. 11). The electron transfer during ORR ‘n’ was
calculated from Koutecky-Levich (K-L) plots using equation (1). The n values for ZIF-

8@FAB-2wt%, ZIF-8@FAB-5wt%, ZIF-8@FAB-10wt% hybrid composites are 4.01 to 4.03
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over the potential range -0.6 V to -1 V, indicating the 4e" transfer type reaction mechanism
pathway for all the samples. These results clearly reveal that incorporation of nitrogen atoms
(in ZIF-8) into the carbon matrix (FAB) can significantly enhance the surface polarity,

conductivity and electron donor tendency of the porous materials leading to enhanced ORR

activity.
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Fig: 11 (a) RDE curves for ZIF-8@FAB-10wt% at 30 °C in oxygen saturated 0.1 M KOH
aq. at scan rate of 20 mV/s at different rotation speeds (100, 800, 1600, 2400, 3200, 4000
rpm) and (b) respective Koutecky-Levich plots at -0.6 and -1.0 V.
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To employ any electrocatalyst in practical application it is important to know its stability
towards methanol. To evaluate the performance of synthesized electrocatalyst regarding
resistance and durability towards methanol, cyclic voltammetry experiments were carried out.
CVs were recorded in oxygen saturated 0.1 M KOH solution with and without methanol (1.0
M) (Fig. 12). The voltammograms showed no significant changes on addition of methanol in
the electrolyte solution. The peak current density remained almost same at scan rate of 50 mV

s, This indicates the excellent ability of the electrocatalyst for avoiding methanol crossover.
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Fig: 12 CVs of ZIF-8@FAB-2wt% in O2 saturated 0.1M KOH solution and

upon addition of 1.0 M methanol at 50 mV s (W.E- GC, R.E- Hg/HgO, C.E-
Pt wire).
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4.5 Conclusion

In summary, we have synthesized novel hybrid ZIF-8@FAB nanocomposites by simple
procedure. The unique properties of two interesting materials helped in designing an efficient
non precious metal catalyst for ORR. The growth of ZIF-8 nanoparticles on FAB surface
was initiated by the linkage of Zn to the functional groups of FAB. XRD, IR, XPS, Raman,
BET, EDS and TEM were employed to characterize the material successfully. The ORR
performance of the hybrid nano composite was evaluated using cyclic voltammetry and RDE.
Cyclic Voltammetry curves revealed clear oxygen reduction peak for the synthesized ZIF-
8/FAB nanocomposites in O, saturated 0.1 M KOH solution comparing with that in N>
saturated solution, implying an oxygen reduction activity. ZIF-8@FAB-2wt% showed a better
electrocatalytic activity because of high surface area, pore size and degree of disorderness
(In/Ig). The reduction of oxygen by synthesized catalysts was 4 electron transfer type
predominantly in all the samples. The easy preparation and cheap raw products provide

promising future of this electrocatalyst in future applications.
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5.1 General Conclusions

Development in renewable energy and electrified transportation will render
electrochemical energy storage high importance in the future than it has ever been in the
past. Both primary and secondary batteries are gathering momentum. Both primary batteries
such as metal air batteries and secondary batteries such as Lithium-ion batteries are widely
accepted as the next generation power source in portable electrical and electronic products.
Considering the vitality of these energy devices, the present research will be addressing various
hurdles in each of this technologies and a possible solution to overcome these problems by the

utilization of Metal Organic Frameworks (MOFs).

In Chapter 1, the introduction of Metal Organic Frameworks (MOFs) and its synthetic
procedures are discussed in detail. With a brief introduction about working principle of Li-on
battery, its major components including cathode, anode and electrolyte have been discussed.
Some of the important literatures which proves the use of MOF as safer electrolytes in Li-ion
batteries were also reported. The chapter also focuses on, introduction about zinc-air batteries
with problems and challenges in the development of battery technology. And how MOFs can
be successful in overcoming those challenges is provided in brief. Finally in the later half, the
Oxygen Reduction Reaction (ORR) is focused upon and evolution of ORR catalysts have been
discussed thoroughly. The detailed description of active research in the field of electrocatalysts
ranging from Pt-based, metal free to non-preious metal catalysts has also been included in this

chapter.

In Chapter 2, the research is directed towards improving safety and performance standards for

lithium-ion batteries. In this context, modified MOF was synthesized by electrochemical
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method in an ionic liquid system using two electrode system. Further, doping of lithium
bis(triflouromethylsulfonyl) imide (LiTFSI) in MOF (IL) was done before evaluating its
performance in Li-ion batteries. Samples with amount variation of MOF (IL) were prepared in
ionic liquid and electrochemical behaviour was analysed. The synthesized gel electrolyte
system showed high ionic conductivity in order of 102-102 Scm™ at 51°C and exceptionally
low activation energy of ion transport ever reported. The possible reasons for such enhanced
performance is explained in detail in this chapter. Also high reversible capacity of over 3000

mAh g was observed in coin anodic half-cell (Fig. 1).

[ion batteries

Fig. 1 Graphical illustration showing high electrochemical aspects of synthesized gel
electrolyte.
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Chapter 3 includes the surface modification of zinc metal used as anode in high performance
zinc-air batteries. To carry out this work we got inspiration while we were working on
electrochemical synthesis of MOF in ionic liquid medium (Chapter 2). During the
electrochemical synthesis of MOF using zinc plate as working electrode, we observed the
growth of MOF initiating on the surface of zinc and this led us to the objective of chapter 3. In
this chapter, growth of MOF-5 (IL) on zinc surface using electrochemical method for corrosion
protection is described in detail. Also to provide the stability to the MOF layer over zinc surface,
electropolymerization of thiophene was done and modified zinc anodes were evaluated for
battery performance. The zinc air battery with pure zinc as anode showed current density of ~
7 mA cm. On the contrary, zinc air batteries with zinc anodes decorated with MOF-5 (IL)
showed 4 times enhanced current density of ~ 27-30 mA cm? (Fig. 2). These
MOF/Polythiophene modified zinc anodes showed suppression in hydrogen evolution and

enhanced discharging performance was also observed.

ol MOF-5 (BMIMCI) b1y o 1o
(BMImCI)

25p
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Zn anodes

Fig. 2 Comparison of current densities of cells fabricated using
pure Zn and modified Zn anodes.

Metal-air batteries like zinc-air batteries and Li-air batteries requires electrocatalyst for the
reduction of oxygen. And while working on surface treatment of zinc anodes for zinc air

batteries, we thought of synthesizing MOF-based electrocatalyst for high performance metal-
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air batteries. Therefore, Chapter 4 deals with the synthesis of ZIF-8/FAB based non-precious
metal catalyst for ORR. In the recent past, it was observed that non-precious metal catalysts
based on transition metal and nitrogen doped carbon materials are potential candidate to replace
high cost Pt-based catalysts. MOFs’ entire framework which is built by weak co-operative
forces or coordination bond are highly interesting materials for ORR because of high surface
area and tunable pore size. Therefore in this work ZIF-8 nanocrystals were dispersed on
functionalized acetylene black and its utilization for oxygen reduction reaction was evaluated
using techniques like CV and RDE. The materials showed high activity towards ORR and

excellent methanol tolerance in alkaline solution (Fig.3).

T
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A
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Fig. 3 Graphical illustration showing high ORR activity of ZIF-8/FAB hybrid composites.
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5.2 Possible future of research

The results shown in the thesis opens up wide range of possibilities for future application of
MOFs. Apart from the results reported in this work, there is still a room for improvement and

extension. Some of the possible future research interests can be as follows:

1. The growth of MOF by electrochemical method in ionic liquid leads to the formation
of new MOFs as observed in chapter 2. Therefore, optimization of electrochemical
parameters can led to the generation of MOFs with different structure from same
precursors.

2. Further, dimensionally and morphologically controlled MOFs can be carefully used in
forming stable SEI at carbon electrodes for Li-ion batteries.

3. The electrochemical modification of metal surface shown in chapter 3 can open up the
possibility of protecting various metal surfaces through MOFs. The in-situ formation
of MOFs on metal surface during charge discharge can also improve the performance
of energy storage devices.

4. Generation of ORR electrocatalyst without high temperature pyrolysis can be of great
importance. As the pyrolysis spoils the synthetic control, which is one of the fascinating
property of MOFs and thereby restricts the scope for future improvement in the
electrocatalytic activity.

5. Formation of MOFs nanocrystals on various highly conducting carbon materials can be

interesting approach to substitute the high cost platinum based catalysts.
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