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Abstract

The current study aimed to fabricate an all solid-state Li-ion battery with a highly efficient
anode and highly conducting solid electrolyte. A high-performance rechargeable Li-ion
battery with human safety and long cycle life is significantly required with the rapid progress
of information devices like as cell phones and portable electronic devices. Li-ion batteries
have been accounted for as the most effective and empirical technology as a power source
for small electronic/hybrid devices due to their high energy density, high rate capability,
flexible design, and long lifespan. The high energy density of a battery essentially depends
on the electronic structure of the negative and positive electrode materials. Furthermore, with
the expeditious improvements of electronics and an increasing tendency of renewable energy;,
improved electrode materials for LIBs are required to fulfill the rising demand for larger
gravimetric / volumetric capacity, higher energy density, and better cycle performance. To
achieve the goals, many efforts have been devoted to the fabrication of several materials for
LIB electrodes. At present, all solid state batteries are evolving rapidly because of the volatile
and flammable nature of liquid electrolytes, which is one of the critical factors resulting in
the safety issues of LIBs. All solid-state battery replace the flammable organic liquid

electrolytes with a suitable solid-state electrolyte and allow safe operation.

To improve the energy density and cyclability of Li-ion battery, commercial bulk as well as
nano Bi and Bi-based material (Bi>X3) were used as anode materials in all-solid-state Li-ion
battery, since they possess high energy density and high Li storage capacity. Although a huge
number of solid-state electrolytes have been explored, LiBH4 has been investigated very
intensively due to its remarkably high Li* conductivity in the order of 10 Scm for its high-

temperature phase around 120°C. The outline of the chapters are as follows:

All the research work has been compiled in 7 chapters. Chapter 1 presents the introduction
of rechargeable batteries/LIBs and their challenges. Based on the challenges, all the
objectives of the thesis were also sketched in chapter 1. Chapter 2 includes the literature
review about the electrodes and electrolytes used in LIBs. All the methods and materials
adopted for the synthesis of Bi>X3 nanostructures (nanoflowers, nanosheets, nanoparticles,
and nanorods), preparation of anode composite material, and fabrication of all solid-state LIB
are covered in chapter 3. Chapter 4 describes the electrochemical performance of Bi as an

anode in all solid-state LIBs, having LiBH4 as a solid electrolyte. As compare to Bi-based



anode material, an improved galvanostatic and volumetric capacity was obtained in case of
bulk Bi2X3, which is explained in chapter 5. A further enhancement in the electrochemical
performance could be achieved by using nanostructured composite anode which is discussed
in chapter 6. At last, the seventh chapter presents the overall conclusion of this work and lists

some new dimensions to think over.
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Chapter One

Introduction

1.1 General Introduction

Energy is an essential component in the daily lives of human society, and it can be used in
altered forms in our regular activities. Energy production, storage, and supply are the essential
features for societal growth; however, the development of cleaner, sustainable sources of
energy is one of the major challenges in the twenty-first century. Nowadays, energy demand
has increased because of the high energy consumption in several fields like transportation,
industry, electricity generation, and household. The present dominating energy generating
sources based on nuclear power plants and fossil fuels (oil, natural gas, and coal) have worked
and fulfilled almost all the human needs for a long era. However, these fossil fuels and nuclear
power sources suffered from several issues such as - the risk of global warming (associated
with sulfur dioxide (SO.), carbon dioxide (COz), and nitrogen oxide (NO2) emission),
overpriced, waste handling, safety issues, etc. Therefore, the research community is paying
attention to develop the alternative energy sources, especially storage of electrical energy
produced from the safer sources and the replacement of the traditional energy sources [1, 2].
Additionally, the cost of these energy sources has been increased in the past few years and
anticipated to be increased even with a faster pace in the coming years [3], [4].

Furthermore, fossil fuel resources are limited in amount, and it is extensively accepted that
most easily extracted assets will be exhausted after a few years [5]. All these problems have
developed major political issues and subjects of international consideration and regulation. In
this direction, several developments have been made in the previous years. For examples,
renewable energy sources, such as wind energy, bioenergy, solar energy, tidal energy,
geothermal energy, and hydropower have been developed and are currently being tried to

replace fossil fuel energy infrastructure [6]. However, the use of almost all renewable energy



assets is hindered by their high cost. As a result, the technology could not be reached to their
extensive use till now.

Furthermore, the use of solar energy, tidal energy, and wind energy is restricted by their
unpredictable nature, as they are not available all the time. These issues have led to increasing
efforts to find suitable alternative energy storage technologies such as fuel cells,
supercapacitors, and batteries [7] (Figure 1.1). In this regard, Li-ion battery (LIB) currently
plays a vital role in
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Figure 1.1: Classification of different types of energy storage technologies.
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producing alternative energy storage devices, due to its inherent outstanding characteristics
such as high energy density, high rate capability, flexible design, and long lifespan. The
advanced technology deals with the most significant development potential for automobile
industries mainly for electric vehicles (EV) and hybrid electric vehicles (HEV), which substitute
electricity for a portion of the petroleum, used to power the vehicles [8], [9]. Moreover, it is
attractive for its perspective to decrease greenhouse gases emission and the dependence on oil [10].
Based on the research analysis, although HEV reduces greenhouse emissions by 32% compared to

conventional gasoline vehicles [11], they still emit global-warming pollutants.



Recently, LIBs have become an essential part of the technology to assist in the development
of portable consumer electronic devices such as laptop, cellular phone, digital camera, video
camera, and personal digital assistant around the world. As for the demand for electric vehicles,
there is a need for the development of LIBs with high-performance characteristics, like high
energy density, high cell voltage, long cycle life, and environmentally friendly. The
electrochemical performance of this type of battery is mainly based on the properties
(physiochemical and the electrochemical) of electrode materials used inside the battery.

1.2 Batteries

Batteries can be defined as devices, which can store energy in the electrochemical form and
contain one or more cells connected in series or parallel or both to attain the desired capacity
and voltage. A battery is one of the energy storage devices that can store chemical energy in
their active materials and convert them into electrical energy through an electrochemical
reaction taking place at the electrodes [12], [13]. Vital parts of a battery are cathode (positive
electrode), the anode (negative electrode), an electrolyte (a medium to connect anode and

cathode). A schematic representation of a battery is shown in Figure 1.2,
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Figure 1.2: Schematic representation of a battery.



The above mentioned electrochemical reaction takes place through the oxidation-reduction
reaction in batteries. During the reaction, one of the electrodes (negative electrode) in a battery
oxidizes by giving up the electron which is used to reduce the other part (positive electrode).
This reaction proceeds spontaneously; once these two electrodes are connected through an
external circuit, the current through the flow of electrons in the external circuit can be used to
power a resistive load. To shuttle ions between the active materials, the electrolyte also
participates in the reaction. Battery technologies play a vital role in our everyday life and
various fields of society, for example, electric vehicle propulsion and stationary energy storage
[14]. Batteries are of two types (1) primary (non-rechargeable) and (2) secondary batteries
(rechargeable) depending on the reversibility of the electrochemical processes [15], [16].

1.2.1 Primary Battery

Primary batteries are those type of cells in which the electrochemical reaction is generally not
reversible, and during discharging, the chemical compounds in these batteries are permanently
changed so these cells can be used only once and then replaced with new ones [17]. In general,
primary batteries have a fixed quantity of energy stored in them during manufacture, and once

that energy has been used up, the batteries are thrown away and replaced.

1.2.2 Secondary Battery

Rechargeable batteries/secondary batteries are those type of cells, in which the electrochemical
reactions are reversible and give the extended life of the batteries. To recharge this kind of
batteries, an external electrical power source is required with a constant voltage higher than
that of the batteries to compensate the self-discharge. Secondary batteries are more
environmentally friendly than primary batteries since they can be discharged and charged
several times before losing their standard performance abilities reducing the amount of battery

waste ending up in landfills.

There are different kinds of commercialized rechargeable batteries, and the most common
rechargeable batteries are Lead-acid batteries, Nickel-cadmium batteries, Nickel-metal-hybrid

batteries, and Lithium-ion batteries.



1.3 Li-ion Battery

Among all of the commercialized rechargeable battery, Li-ion batteries (LIBs) can play a very

significant role because of its unique properties such as zero memory effect (unlike Ni-MH

batteries), low self discharge, ease of maintenance, large specific energy density and high cycle

stability in comparison of these batteries (Figure 1.3). To elucidate the preeminence of LIBs
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Figure 1.3: Comparison of specific as well as volumetric energy densities of different classes of

batteries.

over other class of batteries, a comparative study is given in Table 1.1. The first LIB was

successfully commercialized by Sony in 1991 by adopting carbon as the anode material [18],

[19]. After that, different development activities are being continued on them towards the high

performance of LIB. Based on the research analysis, various industrial revolutions have been

developed in LIBs, which cause their applicability in high potential applications like an electric
vehicle (EV) and hybrid electric vehicle (HEV). To date, for the safe and clean globe, LIB is

the main thrust area, gaining the fanatical focus of the research community by employing

batteries as the driving force for vehicles. Although LIBs lead the market of electrochemical

power sources for portable devices and even deal with the greatest development potential for



electric vehicles and advanced energy storage of clean electricity; this technology suffers from
some challenges. The expanded application areas require LIBs to have the features of high
power density, long cycling life, and low costs [20], [21]. These challenges of battery
technology are directly dependent on the challenges of electrode materials ultimately, and to
date, the electrodes do not fulfill the aim for the wide applicability in transport and other
practical applications. Replacing the conventional electrode materials with alternative anodes
can significantly enhance battery performance. On the other hand, the long-standing challenge
for conventional LIBs has been the safety issues related to the flammable organic liquid
electrolyte, which limits the mass application of conventional LIBs in electric vehicles (EVS)
or other energy storage applications. The ultimate solution to the fire hazard of conventional
LIB lies in the implementation of all-solid-state LIBs, where solid-state electrolyte completely
replaces the flammable liquid electrolyte (as shown in Figure 1.4). In addition to their intrinsic
safety and reliability, all-solid-state LIBs also exhibit higher energy density and higher power
density [22].
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Figure 1.4: Conventional battery vs. all-solid-state battery.
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1.4 Major components of LIBs

The essential component of each electrochemical cell in LIB contains the following parts:

YV V. V VYV V

The negative electrode (Anode)
The positive electrode (Cathode)
Electrolyte

Separator

Current collectors

Among these parts, both the electrodes and electrolyte are the essential performance factor of

the LIB, and these underlying factors are discussed in detail in the next sections.

1.4.1 Anode

The anode is one of the most critical components in LIBs which has been intensively studied

in recent years. An anode must have the following properties for the excellent performance of a

battery:

YV V.V V V V V V VY

>

High structural stability

High specific capacity

High energy densities

Low potential

High cycling efficiency and long cycle life

Highly reversible capacity

High levels of safety

low cost, and compatibility with the counterparts of a battery
Environmental friendly (Non-toxic)

Adequate electronic and ionic conductivity

Some suitable performing anodes, which satisfy the above-mentioned points, are discussed in

the following subsections:



1.4.1.1 Carbon-based anodes

Carbon-based materials such as graphite are presently the dominant anodes in commercial
LIBs, which possess various properties such as excellent cyclic performance with high coulombic
efficiency, high stability towards different properties like thermal, chemical and electrochemical,
etc., easy and inexpensive availability. However, it has several limitations too, e.g. , its low
theoretical gravimetric as well as volumetric capacities of 372 mAhg? and 841 mAhcm=,
respectively and safety issues due to its low reaction potential with Li (0.3 V vs. Li/Li") [27].
Carbon-based material like graphite, being a layered structure, provides an opportunity for
intercalation of Li ions, which stores up to one Li* for every six carbon atoms between its layers
and forms LiCs alloy phase on Li-intercalation.

Although another class of carbon, i.e., graphene (delaminated from the layered graphite),
provides a high theoretical capacity (~500-1100 mAhg™) than graphite [28], its gapless electronic
structure creates a problem for using it into portable electronic devices and electric vehicles.
Similar to graphite, graphene also shows excellent cycling stability but suffers from inadequate

capacities (gravimetric as well as volumetric), which is needed to be high as per the requirements.

1.4.1.2 Silicon-based anodes

After oxygen, silicon (Si) is the most abundant element in the earth’s crust, which has a very high
gravimetric capacity (4200 mAhg?) and volumetric capacity (9786 mAhcm™=). Si makes an alloy
phase (Li22Sis) with Li during its lithiation at 0.2 V. Although Si has excellent electrochemical
properties, it suffers from the significant volume expansion (up to 400%) during
delithiation/lithiation process [29]. This vast volume expansion limits the anode material life and

resulting in capacity fading.

Despite of these, several other anodes are also available such as Germanium (Ge)-based,
Tin (Sn) based and antimony (Sb) based anodes, which displays the high specific capacity (Ge:
1600 mAhg?, Sn: 993 mAhg?, and Sh: 660 mAhg?) as well as volumetric capacity (Ge: 8517
mAhcm3, Sn: 7259 mAhcm, and Sb: 4412 mAhcm™). However, these anode materials also face
a problem of structural instability (~300-400%) during discharging/charging process [30]. The

substantial volume change of these alloy materials during Li-ion insertion/extraction leads to a loss
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of electrical contact and eventually rapid capacity fading upon cycling. To resolve this problem,
constructing nanostructured active materials is a frequently proposed method to release stress
during Li-ion insertion/extraction. As compared to other alloy materials, Bi-based materials are
supposed to act as potential anodes for LIBs because of an element from the same group as Sb and
diagonally related to Sn [31], [32].

1.4.1.3 Bismuth-based anodes

There are two critical features of Bi & Bi-based chalcogenide materials for which they can be
utilized in electrochemical energy storage. One is that Bi-based materials have a unique layered
crystal structure that can provide a larger interlayer spacing for comfortable accommodation of Li-
ions. The other one is a convenience to reduce these to metallic Bi, which further alloys with Li-
ions, originating LisBi [33]. The reversible alloying process of Bi alone with Li-ions provide a
similar gravimetric capacity of 385 mAhg™ to that of conventional carbon anode but gives a very
high volumetric capacity of 3800 mAhcm™ (almost five-fold higher than graphite) due to a large
packing density of 9.78 g/cm?® [34]. As we know, limited space is usually available for the power
systems in compact electronic devices, so high volumetric capacity of Bi-based materials offer a
reliable and multifunctional platform to design energy devices that can meet our growing power

and energy demands in the future [35].

In order to improve the specific capacities further, Bi-X3 (X = S, Se, & Te) compounds have been
deliberated as an anode for the next generation LIBs, which can provide higher gravimetric (~ 400-
650 mAhg?) as well as volumetric (~ 4200-4500 mAhcm™) capacities. Bi.X3 have attracted
attention due to their layered crystal structures and narrow bandgap (formed by a periodic
arrangement of layers. Each layer is formed by five covalently bonded atomic sheets X-Bi-X-Bi-
X, defined as a quintuple layer with a thickness of ~1nm as shown in Figure 1.5. All quintuple

layers are held together by van der Waals interaction.
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Figure 1.5: Crystal structure representation of Bi & BixX3 (X =S, Se, & Te) compounds.

Owing to the layered structure, Bi>Xs compounds may allow easy Li-ion insertion into the van der
Waals gaps and make them potentially applicable in LIBs [36], [37]. Although Bi>X3 compounds
have many advantages, including high capacity, and low cost, their practical application is
hindered by the poor cycling stability due to the significant volumetric expansion [38]. Such a
considerable volume variations upon lithiation and delithiation cause severe particle cracking and
pulverization, which breaks the electrical contacts in the anode, leading to a drastic capacity fading
[39]. Thus, how to improve the cyclability of the Bi»X3 materials remains a crucial challenge to be

addressed.

1.4.2 Cathodes

Common cathode materials are metallic oxides or sulfides containing Li-ions, which undergo
oxidation to higher valences on discharging and reduction on charging. The positive electrode
(cathode) is one of the crucial component, which affects the energy density, cycle life, safety,
voltage, and other basic electrochemical and physicochemical properties in any battery. Few
successfully employed cathodes are compared here based on their electrochemical performances
(as shown in Table 1.2):
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Table 1.2: Comparative study of traditional cathode materials.

Cathode Theoretical | Reversible | Discharge | Energy Charge | References
Capacity Capacity potential density limits
(mAhg™) (mAhg™) | vs. Li/Li* | (Wh/kg)
LiMn204 148 120 3.7-3.8V | 110-120 | 4.20V
LiFePO4 170 165 3.45V 95-140 | 3.60V
LiCoO> 272 148 3.60V 110-190 | 4.20v | [40]-[46]
LiNizsMny3C01302 280 200 3.8V - 4.6V
Li2MSiO4 330 -- 4.0V -- >4.5V
(M-Fe/Mn/Co)

1.4.3 Electrolyte

An electrolyte is a medium to connect the two electrodes, and in order to avoid the electric short-
circuit, electrolyte should be highly ionic conductive but poorly electronic conductive. The main
aim of the electrolyte is to flow Li-ions continuously between the electrodes during delithiation/
lithiation processes. To achieve excellent performance of a battery, a suitable electrolyte should
follow the requirements such as high internal resistance, high ionic conductivity, low melting
point, high boiling point, full potential window, and high chemical stability with proper safety
[47]. Various kind of electrolytes can be used in LIBs like liquid, solid, gel polymer, and ceramic
electrolytes. The mainly used liquid electrolytes are based on Li-salt such as Lithium
hexafluorophosphate (LiPFs), Lithium triflate (LICFsSO3), Lithium perchlorate (LiCIO.), Lithium
imide (Li2NH), Lithium hexafluoroarsenate (LiAsFs), Lithium tetrafluoroborate (LiBF4) and
organic solvents, typically carbonates [48]-[50]. In LIBs, ethylene carbonate (EC), dimethyl
carbonate (DMC) and diethyl carbonate (DEC) is the most used solvents [51].

Currently, solid electrolytes are being focused because of the leakage and instability problems
associated with liquid electrolytes. Due to the flammable nature and safety issues, liquid electrolyte
limits the mass application of conventional LIBs in electric vehicles (EVS) or other energy storage
applications. The problems associated with liquid electrolytes can be tackled with solid-state

electrolyte materials, as solid electrolytes possess several beneficial properties such as high
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stability with high temperatures, easy preparation, easy to alter the shape for making different
battery configurations, excellent mechanical property, and good ionic conductivity. In addition to
their intrinsic safety and reliability, all-solid-state LIBs also exhibit higher energy density and
higher power density [52], [53]. Solid electrolytes allow the movement of ions through the voids
or empty crystallographic positions in their crystal lattice structures. The essential requirements
for solid electrolytes are (1) high ionic conductivity of above 10 Scm* at room temperature, (2)

negligible electronic conductivity, and (3) wide electrochemical stability windows.

Based on the available literature, several theories like Anderson-Stuart model, Counter-ion model,
Lattice gas models, Jump-diffusion model, etc. exist to clarify the charge transfer mechanism in
solid electrolytes. Based on these models, in 1990s ORNL (Oak Ridge National Laboratory)
introduced a new class of solid electrolyte called as LIPON by incorporating nitrogen into LisPOa.
Although this electrolyte possesses an excellent electrical resistivity with a wide range of thermal
and potential stability, it delivers an inferior ionic conductivity (10 Scm™) than liquid electrolytes
[54]. Hence due to the low ionic conductivity, high interfacial impedance, and rate capability, this
material could not be applicable for high-end applications, e.g. , EV and HEV. Furthermore,
polymer electrolytes, sulfur-based, and oxide-based electrolytes have been investigated in details
to achieve the objectives. However, polymer electrolytes are not suitable for high-temperature
operations and suffer from mechanical instability. On the other hand, sulfur-based solid
electrolytes have high ionic conductivity (102 Scm™) at room temperature, but these are not stable
in the ambient atmosphere[55]. The LIBs using inorganic oxides based electrolytes such as
Perovskite-structured LisxLay;3-xTiO3 [56], Garnet-structured LizLasZr,012 (LLZO) [57], [58],
NASICON-structured Lii3Alo3Tio.7 (PO4)s (LATP) are still in the initial phase of research [59].

Although a vast number of solid-state electrolytes have been explored, LiBH4 (lithium
borohydride) has been investigated very intensively due to its remarkably high Li* conductivity in
the order of 10 Scm™ for its high-temperature phase at 115°C [60], [61]. LiBHa is a complex
hydride which has an ionic bonding between [BH4] ~and Li* ions. Its crystal structures at different

temperature are depicted in Figure 1.6. As seen in Figure 1.6 (a & b), LiBH. crystallizes in an
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orthorhombic structure with space group pnma at room temperature/low temperature (LT). At
approximately 390K, its structure transforms to hexagonal with space group p6smc [62].

LT-LiEH, b) HT-LiBH,

a)

Figure 1.6: Crystal structures of the a) LT and b) HT phases of LiBH.a.
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Figure 1.7: Arrhenius plot of the conductivity of LiBH4 at both phases (LT & HT).

As shown by Figure 1.7, the conductivity of LiBHs is in the order of 10® Scm™ - 10° Scm™ for its
LT phase and increased drastically to 10 Scm™ at around 390K. In the HT phase of LiBHa, nearly
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free rotation of the complex anion [BH4] ~ occurs which assists the formation of metastable
interstitial lithium site, leaving a lithium vacancy and enabling the material to act as lithium carrier
[63]. A percolation of lithium sites in its crystal lattice enables the formation of lithium-ion
conduction paths resulting in high lithium ionic conductivity that exceeds 102 Scm* for HT phase.
The high Li-ion conductivity of LiBH4 at high temperature makes it attractive to be used as a solid
electrolyte for LIBs. Despite its high ionic conductivity, LiBH4 has been employed only for
hydride material as a solid-state electrolyte, so far [64], [65] as it was believed that the reaction
kinetics could be enhanced due to H-H exchange between LiBH4 and the hydride materials [66].
In order to extend the use of LiBHa to the other electrode materials and establish it as a universal
solid electrolyte, it is necessary to investigate its compatibility with them.

1.5 The motivation of the research work

Based on the brief introduction and literature survey on batteries and their essential parts, it is clear
that choice of the anode material is the main factor to achieve the target of applying LIBs in high
energy applications, where high specific capacity and high structural stability are the two required
aspects which should be satisfied by adopted anode materials. To balance these two criteria, Bi &
Bi-based materials were chosen in the present study. In order to solve the problem of massive
volume expansion during discharging/charging process, nanostructured anodes were also
synthesized by the hydrothermal method because these anodes can release stress during Li-ion
insertion/extraction. The solid-state electrolyte is also an essential component for the all-solid-state
battery assembly. In this regard, LiBHs was used as an electrolyte to provide better ionic
conductivity and eternal stability to the chemical/thermal environment. It has been observed that
no report has focused on the implementation of Bi-based anodes in all-solid-state LIBs so far. At
the same time, no report focused the generalization of LiBH4 as universal electrolyte beyond its

application with hydride anode materials only.
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1.6 Objectives of the Thesis

To realize the above goals, the proposed objectives of the thesis can be pointed out as follows:

1. Evaluation of the electrochemical performance of Bi & Bi>X3 (X =S, Se, & Te) in all-solid-
state Li-ion battery using LiBH4 as a solid electrolyte and to establish electrochemical
reaction mechanism between Bi, Bi>X3 & Li-ion.

2. To evaluate the cyclic stability of Bi & Bi>X3 in all-solid-state Li-ion battery.

3. Synthesis of the Bi>Xs nanostructures in order to improve the cycle stability. Optimization
of the synthesis parameters (i.e., temperature and time) and methods to control the
morphology of the nanostructures is therefore set to be one of the objectives.

4. To elaborate on the effect of nanostructures on the electrochemical performance of all-

solid-state Li-ion battery.
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Chapter Two

Literature Review

2.1 Introduction

To date, highly safe, environment-friendly, high power and high volumetric energy density, long
life anode materials are the central key for the next-generation Li-ion batteries (LIBs), and it has
become one of the crucial research hotspots for energy scientist society [67]-[69]. For LIBs as
energy storage systems in emerging large-scale applications such as for the electric vehicles and
electric hybrid vehicles, only carbon materials cannot satisfy the future requirements due to their
limited specific and volumetric capacities (gravimetric capacity; 372 mAhg?, and volumetric
capacity; 840 mAhcm) [70]. Furthermore, the considerably low operating voltage poses severe
safety issues and also origins poor rate capability resulting from dendritic lithium and the
formation of thick solid-electrolyte interphase on the surface of carbon anodes. Transition metals,
including their sulfides and oxides, can be used as high capacity anode materials. However, these
suffer from enormous volume expansion, poor conductivity, high operating voltages, and slow
kinetics throughout the conversion and alloying process [71], [72]. Bismuth (Bi) is an exotic
pentavalent metal from V-A group, known as a stable element with the highest atomic mass. From
the last few years, Bi performed as a promising anode material for high energy density Lithium-
ion, Sodium-ion, and Potassium-ion batteries, due to its high volumetric capacity (3765 mAhcm-

%), low ecotoxicity, and nominal operating voltage [31], [73].

Furthermore, Bi-based materials/Bi-chalcogenide compounds Bi>X3 (X = S, Se, Te, & O)
also deserve to be discussed as anode materials for Li-storage, owing to their unique layered crystal
structure that can provide sufficient interlayer spacing to accommodate Li-ions and generate LisBi.
As per the literature review, BizXs reveals the high volumetric capacity (~ 4000 - 6000 mAhcm3)
as well as gravimetric capacity (~ 400 - 700 mAhg™) [74]. The theoretical volumetric capacity of
Bi & Bi>X3 is much higher than other attractive anode materials, including Si (2190 mAh/cm?), Sn

(1991 mAh/cm®) and Sb (1889 mAh/cm®). Moreover, safety is a big issue in existing commercial
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LIBs, which is associated with using highly flammable liquid organic electrolytes [74]. To address
the safety issues, all-solid-state LIBs have been introduced, in which currently used liquid organic
electrolytes were replaced by the non-flammable and highly stable solid electrolytes. In terms of
ionic conductivity, solid electrolytes, e.g. , Oxides [75] and sulfides [76] have conductivity similar
or just slightly less than that of conventional liquid electrolytes. Although oxides and sulfides
based solid electrolytes do not show excellent stability and compatibility as per the demands of
current all-solid-state Li-ion batteries [77]. Nowadays, complex hydrides based solid electrolyte
(LI1BHa) have attracted intense attention for all-solid-state LIBs, which mainly consist of Li* and
(BHa4) ions [78].

The current thesis work deals with the electrochemical performance of Bi & Bi-based anode

and complex hydride, i.e., LiBHa4 as high conducting electrolyte in all-solid-state battery assembly.
2.2 Bi-based anode

Bismuth (as an anode) makes an alloy with lithium to produce LizBi alloy and give a high
volumetric capacity (3800 mAhcm-3), which is 4-5 fold higher than commercial graphite anodes,
and the high volumetric capacity makes it attractive as an anode. The electrochemical performance
of Bi & Bi-based anodes has been extensively investigated by many researchers. Some of the
results are summarized below:

» Zhao et al. investigated the electrochemical performance of bulk Bi-C composites as high
capacity anodes for LIBs with liquid electrolyte [IM LiPFs in ethylene carbonate
(EC)/diethyl carbonate (DEC) (1: 1 v/v)]. Lithiation/delithiation process was evaluated
with an Arbin battery cycler under the galvanostatic condition in the voltage window of
0.05 - 2 V. The Bi-C composite electrode reveals a flat discharge potential plateau at 0.9 V
vs. Li*/Li. The initial galvanostatic discharge-charge measurements indicated that the Bi-C
electrode exhibits a substantial irreversible capacity loss in the first cycle, and the initial
coulombic efficiency (ICE) as low as 58 %. Such a low ICE may result from the electrolyte
decomposition and formation of SEI on the surface of Bi [35]. Moreover, commercially
available bulk Bi-C electrodes showed significant capacity decay from ~ 650 mAhg? to
around 200 mAhg? after 100 cycles. This capacity decay was originated from a low

electronic conductivity and the massive volumetric and structural evolution during the
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charge/discharge process. These issues with Bi seemed to be responsible for the poor cyclic
stability and rate capability of Bi.

It is a well-known fact that the electrode performance of a battery depends upon the
crystallinity, phase purity, grain size, particle size, and particle size distribution of the
electrode materials [79]. The nanostructured active anode materials give the high surface
area and short diffusion path for ionic and electronic transport of Li-ions, which results in
an improved rate (power) capability and cyclic stability of a battery; hence Bi
nanostructured anodes were used from the last decades to resolve the issue of volume
expansion. For example, C. M. Park et al. performed the comparative electrochemical
study on the commercially available bulk Bi, milled Bi, and Bi/C nanocomposites and
observed that the pure Bi electrodes exhibit very poor reversibility. On the other hand, in
the case of milled Bi sample (prepared by high energy ball milling method), enhanced
reversibility was found due to the reduced particle size. However, the capacity fades rapidly
after a few cycles. Furthermore, the Bi/C nanocomposite electrodes manifested an
improved electrochemical charge-discharge behavior than pure Bi & milled Bi electrodes,
with a high volumetric capacity [80].

Dai et al. prepared mesoporous Bi@C nanowires by a controlled pyrolysis technique and
directly used them as an active anode material in LIBs. The obtained specific capacity of
~250 mAh g* at 1 Ag™ proved an enhanced lithium-ion storage performance compared to
that of neat Bi nanowires (~50 mAhg™ at 1 Ag?) [81].

Yang et al. successfully synthesized the sphere-like Bi@C nanocomposites by the aerosol
spray pyrolysis technique. During this process, Bi nanoparticles having a diameter of 10-
20 nm were uniformly distributed in a carbon matrix, and after that, the prepared
nanocomposite was used as an anode for LIB. The Bi@C composite electrode exhibited
excellent cyclic performance, as, after 100 cycles, a reversible capacity was found as high
as 280 mAhg™. Also a remarkable rate performance was obtained at different current
densities (at 0.1 Ag?, 0.2 Ag?, 0.5 Ag?, 1 Ag?, and 2 Ag?, specific capacities were
obtained as 299, 252, 192, 141, and 90 mAhg?, respectively). Hence, it was concluded that
the excellent performance of the Bi@C nanocomposite electrode is related to the Bi

nanosized particles, which gives a shorter ion/electron diffusion way. The carbon matrix
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not only enhances the electrical conductivity of the electrode but also buffers the volume
change during discharge/charge process [31].

» To improve the electrochemical performance of Bi-based anode materials, Zhang et al.
prepared an N-doped graphene/Bi nanocomposites using a two-step method, combining the
gas/liquid interface reaction with the rapid heat-treatment process. As a result, a high
lithium storage capacity (522 mAhg™) was obtained in the initial cycle under 0.01-3.5V.
Furthermore, after 50 cycles, the specific capacity retained was 386 mAhg™. The obtained
excellent electrochemical results of N-doped graphene/Bi nanocomposite anode concluded
that nitrogen-doped graphene provides a high electronic conductivity to the anode
composite material and synergetic effect of Bi nanoparticles also take an essential part in
the improved cyclability [73]. Additionally, some other investigations on Bi-based anode
materials also exist in the available literature, which encourages the idea to develop more

high-performance Bi-based composite electrodes for LIBs [82], [83].

2.3 Bismuth chalcogenides Bi>Xs (X =S, Se, & Te) based anode

In the past years, Julien and coworkers investigated the Li-storage in bismuth chalcogenides using
different electrochemical methods [36]. In terms of the volumetric capacity as well as gravimetric

capacity, Bi»X3 anode materials give higher values than Bi anode.

2.3.1 Bi2S3 based anode

Out of Bi-chalcogenides, Bi>S3 possess the highest capacity, and in addition to LIBs, it has been
widely used in many other fields, such as optics [84], [85], photoelectricity [86], [87],
photocatalysis [88], [89] and biology [90], due to its direct bandgap of 1.3eV. Bi»Ss is proposed
as an ideal host for hydrogen [91], [92] and Li [93], [94] because of its unique lamellar structure.
Layered bismuth sulfide (Bi.Ss) has emerged as a prime Li-storage material due to its high
theoretical gravimetric (625 mAhg? — 2 times of carbon) as well as volumetric capacity (4250
mAhcm® — 5 times of carbon) and intriguing reaction mechanism. Although Bi2Ss has many
advantages, including high capacity, nontoxic nature, and low cost, its practical application is
hindered by the poor cycling stability due to its sizeable volumetric expansion in lithiation process
[95].
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> Bi,Ss nanorods recorded a high discharge capacity of 810 mAhg™ as reported by Zhou et
al. for the first time. However, no information on the charge capacity and cycling stability
was provided [96]. Later the Li-storage capability of dandelion-like Bi>Ss microspheres
was investigated by Zhang et al. and unfortunately, the capacity was decayed very rapidly
and retained the value of only 100 mAhg* after eight cycles [97].

> Similarly, Ma et al. investigated the Li-storage capability of smooth Bi»Sz fabrics, which
showed the initial discharge and charge capacities of 1083 and 652 mAhg™, respectively.
However, the capacity was dropped to 366 mAhg™ after ten cycles [98]. It turns out that
the significant issue with storing Li-ions in BixSs is poor cyclability, which is strongly
associated with their reaction towards lithium.

» Jung et al. have published the reaction mechanism between Bi,>S3 and Li-ion and the results
showed that the conversion step presents a high volumetric expansion (90%) with 74%
volume increment in subsequent alloying contribution. Such a considerable volume
variations upon lithiation and delithiation caused severe particle cracking and
pulverization, which broke the electrical contacts in the anode, leading to a drastic capacity
fading [95].

Thus, how to improve the cyclability of the Bi.S3 materials remains a crucial challenge to be

addressed.

2.3.2 Bi2Ses based anode

Bismuth selenide (Bi2Ses), with a narrow bandgap of 0.3eV, has attracted significant attention due
to its potential applications for thermoelectric generators [99], [100], topological insulators [101],
[102] and in optoelectronic devices [103], etc. Bi>Ses crystallizes in a layered structure formed by
a periodic arrangement of layers, and each layer is formed by five covalently bonded atomic sheets
Se-Bi-Se-Bi-Se, defined as a quintuple layer with a thickness of ~1nm. All quintuple layers are
held by van der Waals interactions, whereas covalent bond forms between atomic sheets. Owing
to its layered structure, Bi>Ses may allow easy Li-ions insertion into its van der Waals gaps and
make it potentially applicable in LIBs [104], [105]. Also, Bi>Ses behaves as a promising host for
Li- storage due to its high electrical conductivity (10.6 Scm™ at 300K) [106]. However, its
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theoretical capacity (491 mAhg™) is slightly lower than Bi,Ss electrode, because of its considerable
higher formula weight. To date, several studies on Bi>Ses — based bulk/micro/nanostructures have
been investigated to serve as Li-storage electrode materials, few of them are discussed herein:

> Bi:Ses sheet-like structures and micro-rods showed a first discharge capacity of 725.6 and
870 mAhg?, respectively, but the capacity was found to be decrease rapidly with cycling
[107], [108]. Also, Xu et al. studied the prepared (self-sacrificial template method) Bi>Ses
micro rods and observed that the initial discharge capacity of 870 mAhg* reached down to
55 mAhg* after 49 cycles. The poor cyclic stability was ascribed to the vast volume
expansion during the discharge/charge process.

» The In-doped Bi>Sesz and Bi>Ses-S hierarchical nanostructures showed better cycling
performance, with a discharge capacity of 163 mAhg™ after 50 cycles and 109 mAhg
after 100 cycles, respectively [37]. Similarly, S-doped Bi>Sez microspheres were
synthesized in the presence of BiCls, Se powder, and thioglycol. The prepared
microspheres were directly used as a negative electrode in LIB. The specific capacity of S-
doped Bi.Ss microsphere electrode was found to be 109.4 mAhg™ after 100" cycle.

> Inaddition, Yang et al. reported that Bi.Ses nanosheets with a thickness of ~20 nm exhibit
better cycling performance, with a discharge capacity of 123 mAhg?. However,
hierarchical nanosheets of Bi>SesxSx, synthesized by the solvothermal route in a mixed
solvent of ethylene glycol (EG) and Diethylenetriamine (DETA) showed even higher Li-
ion storage performance than other available reports with a discharge capacity of 235
mAhg™ after 30 cycles [109].

The significant volume expansion during delithiation/lithiation process causes the poor cyclic
stability of Bi.Sez based anode materials. For practical applications, large specific capacity and
cyclic durability of a LIB are crucial factors. Recently, few attempts have been made to

achieve these goals; but further improvements are urgently required [110].
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2.3.3 Bi2Tes based anode

In last few years, the Bi-chalcogenide anode materials have been intensively deliberated
for the next-generation LIBs. As mentioned above, bismuth selenide (Bi>Ses), and bismuth sulfide
(Bi2S3) have been studied as anode materials with liquid electrolytes. Similar to the mechanism in
the materials mentioned above, bismuth telluride (Bi-Tes) can also electrochemically reversibly
store Li-ions by forming the LisBi and Li.Te compositions. Although Bi-based systems have a
higher energy density, they suffer from poor cycling performance. The capacity fading occurs due
to the large volume change during charging-discharging and resulting in the loss of the physical
contact between the active particles and the current collector during cycling [111]. To address the
high volume expansion and contraction problem during cycling, nano-sized materials were used
as anode due to their unique properties, such as high surface area, short Li* ion diffusion path
length, and high electron transportation rate. [28], [112]

> First-time Fangfang Tu et al. used the bare Bi>Tes nanoplates (prepared by solvothermal
method) as anode material with liquid electrolyte LiPFs in ethylene carbonate

(EC)/dimethyl carbonate (DMC) (volume ratio 1:1). The electrochemical measurements

were performed with a half coin cell which was assembled in an Ar-filled glove box using

Li-foil as a cathode, Bi>Tez nanoplates as an active material and Celgard 2300 membrane

as a separator. The galvanostatic charge/discharge measurements exhibited that the specific

capacity of the cell dropes to <100 mAhg™ after ten cycles [39]. In this report, Bi,Tes based
anode suffered from low cyclability and low reversibility.
» To improve the cycling stability and reversibility of bare Bi>Tes, Tu et al. also prepared

Bi>Tes nanoplate/Graphene nanosheet (Bi>Tes/G) nanohybrid with a sandwich structure.

The Bi,Tes/G nanohybrid showed the capacity of 200 mAg™ and demonstrated as slower

capacity decay compared to bare Bi,Tes. A specific capacity after the 50" cycle was found

as high as 158 mAhg™ in case of Bi,Tes/G, whereas in case of bare Bi,Tes it was decayed
rapidly to 33 mAhg. This improved cyclic stability is attributed to the buffering effect of
graphene and also the electrode kinetics enhanced by the graphene, which shows the

relatively high reversibility of the negative electrode.
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Based on the literature survey, it is apparent that no report focused on the implementation of Bi &
Bi>X3 based anodes in all-solid-state Li-ion batteries so far. In this research work, these anode
materials were introduced in the all-solid-state battery with LiBHa as solid electrolyte.

2.4 LiBH4 as a solid electrolyte in all-solid-state LIBs

The rechargeable LIBs with high energy and power densities are deliberated as one of the essential
key factors to the extensive application of clean and renewable energy sources, e.g. , EV and smart
grid [54, 55]. To develop advanced electrolytes with high ionic conductivity, excellent electrode
compatibility, and wide electrochemical stability, widespread efforts have been devoted by the
researchers [114]. Most of the research focuses on the liquid organic electrolytes, which show high
Li-ion conductivity but suffer from some serious issues, e.g. , low stability and poor compatibility
with electrodes [57, 58]. These drawbacks of the liquid electrolytes cause the reversible capacity
decay and severe safety issues, which can be resolved through the implementation of solid
electrolytes for LIBs. Solid electrolytes assist the assembly of all-solid-state LIBs with superior
thermal and mechanical stability, and can significantly boost battery safety as well as performance
[117]. Although several studies were conducted to find a suitable solid electrolyte over the past
few decades, a solid electrolyte with high chemical and electrochemical stability remains a
challenge. Nowadays, complex hydrides, which predominantly consist Li* and (BH.)", (NH2),
(B12H12)27, and (AlHe)3™ have drawn intense interest as solid electrolytes for all-solid-state LIBs
[14, 60-63]. Among them, LiBH4 reveals a probability under an electrochemical stable potential
window of 0-5V vs. Li/Li*. It shows a very high conductivity in the order of 102 Scm™ at 120 °C
due to its highly conductive P6smc phase (discussed in detail in chapter 1). Reports related to

LiBH4 as a solid electrolyte in LIBs are summarized below:

» Takahashi and co-workers investigated the applicability of LiBH4 as a solid-state
electrolyte in rechargeable LIB for the first time. LiCoO; was used as a cathode and Li as
a anode for the cell assembly, and the battery performance was evaluated at 393 K [78].
Although LiBH4 revealed excellent compatibility with Li-electrodes, a reaction between
LiCoOz and LiBH4 occurred due to their direct contact and resulted in a high interfacial
resistance that exceeded the value of 8000 Q cm? [122]. This issue was solved by using a

25 nm thin interlayer of amorphous LisPO4 between LiCoO> and LiBH4 which reduced the
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interfacial resistance to approximately 16 Q cm?. Furthermore, after particular
modifications, the discharge/charge measurements were performed, and the initial
discharge capacity was found to be 89 mAhg?, which decayed by only 3% after the 30
cycles. This shows that LiBH4 based complex hydride electrolytes may work well with the
high voltage oxide-based electrodes by some surface modifications.

Zeng et al. assembled a coin cell, in which they used MgH2-LiBH4 composite material
(prepared by high energy ball milling) as negative electrode and LiBH4 as a solid
electrolyte and Li-foil as a cathode [66]. The first discharge/charge profile showed a high
reversible capacity of 1650 mAhg™ with a very low polarization of 0.05V with an excellent
cyclability and rate capability. Additionally, thermogravimetric measurements (TG-DTA)
were performed to investigate the thermal stability of the MgH.—LiBH4 composite, which
indicated a weight loss of less than 1 wt% at room temperature to 275°C.

Dao and co-workers investigated the electrochemical properties of MgH2-TiH>
nanocomposites as an active material with different molar ratios and LiBH4 as a solid
electrolyte in LIB [123]. In this study, a coin cell was assembled by using lithium as a
negative electrode, LiBH4 as a solid electrolyte and MgH.-TiH2> nanocomposite as a
positive electrode. The galvanostatic discharge/charge measurements were performed at
120°C under 0.05-1V at a rate of C/50. This study was based on the nanocomposites as a
function of molar ratio. Hence the initial reversible capacity was found to be more than
1700 mAhg™ from Mg-rich nanocomposites (e.g. , 0.7 MgH2+0.3 TiH.), whereas TiHz rich
composites (0.2 MgH»+0.8TiH) revealed better cycling stability. Overall an excellent
electrochemical performance of MgH.-TiH2 was obtained by the use of solid electrolyte
LiBH4 and high operating temperature.

Huen et al. investigated the electrochemical performance of Mgz2FeHs in solid-state Li-ion
batteries using LiBH4 as a solid electrolyte and compared it with the standard liquid
electrolyte [124]. Mg2FeHs was prepared by ball milling method in the presence of Mg and
Fe in a 2:1 molar ratio. The cyclic measurements were performed under 0.3-1.0V at C/50
rate for solid-state LIB, while the conventional battery was tested between 0.2-1.0V.
Although initial discharge profile exhibited an excellent specific capacity as 1100 mAhg™
in conventional LIB, it decayed rapidly to 90 mAhg™ after ten repeated cycles with a low

coulombic efficiency of ~ 27% only. Interestingly, the coulombic efficiency was increased
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to 67% in solid-state LIB as compared with the previous reports [125], [126] and after 10"
cycles, the capacity was more than three times higher than conventional liquid electrolyte
based battery.

As per the reports mentioned above, LiBH4 works as an excellent solid electrolyte due to its high
conductivity in its high-temperature phase (>120°C). Further improvement in the room
temperature (RT) conductivity of LiBH4-based materials is still highly desired for their practical
applications [127], [128]. Modifying LiBH4 is one essential strategy to increase the Li-ion
conductivity at RT.
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Chapter Three
Materials and Methods

3.1 Introduction

This chapter describes the procedure adopted for the preparation and characterization of anode
composite materials using bulk and/or nano Bi & Bi>X3 (X =S, Se, & Te), Lithium borohydride
(LiBH4), and conductive carbon (Acetylene Black AB) for Li-ion battery application. The
procedure for assembling the coin cell using solid-state electrolyte LiBHs is also described step by
step. Also, the details of used materials, equipment, and approved protocols for the synthesis of
Bi>X3based nanostructured anodes are also presented herein. Since characterization techniques are
an essential part of the research work to understand the properties of the materials and their
applications, so all the characterization tools employed for analyzing the various properties of the

anode materials in this work are discussed in terms of their principle and the necessary details.

3.2 Materials

All the raw materials/chemicals, used for the synthesis of the nanostructured anode material, for

the preparation of anode composite materials are listed herein in Table 3.1:

Table 3.1: List of chemicals used in this thesis work

S. Raw Materials Chemical Formula Brand Purity
No. (%)

1 Bismuth Bi Alfa Aesar 99.999%
2 Lithium borohydride LiBH4 Sigma Aldrich | 95%

3 Bismuth Telluride Bi.Tes Alfa Aesar 99.98%
4 Bismuth Selenide BizSes Alfa Aesar 99.995%
5 Bismuth Sulfide Bi.S3 Alfa Aesar 99.9%

6 Bismuth Chloride BiCls Aldrich 98%
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S. Raw Materials Chemical Formula Brand Purity
No. (%)
7 Tellurium Powder Te Aldrich 99%
8 Sodium Na-EDTA Scientific 98%
Ethylenediaminetetraacet | (Ci10H14N2Na20g.2H20)
ate
9 Sodium Hydroxide NaOH Fisher Scientific | 97%
10 | Sodium Borohydride NaBH4 Loba Chemie 97%
11 | Hydrazine hydrate N2H4 Fisher Scientific | 99%
12 | N,N-Dimethylformamide | DMF Emplura 99%
13 | Selenium dioxide Se02 Sigma Aldrich | 99.8%
14 | Polyvinyl pyrrolidone PVP Loba chemie 95%
15 | Sodium Tellurite Na20sTe Alfa Aesar 99.5%
16 | Thiourea CH4N2S CDH 97%
17 | Triethanolamine (HOCH2CH2)3N Emplura 99%
18 | Bismuth Nitrate | Bi(N03)3.5H20 Loba Chemie 99.99%
Pentahydrate
19 | Ethylene Glycol C2Hs02 Emplura 99%
20 | Ethanol C2HsOH Analytical 99.9%
21 | Selenium powder Se (pellets < 5mm) Aldrich > 99.99%
22 | Ammonium Cloride NH4CI Fisher Scientific | 99%
23 | Sodium o - dodecyl SDBS Loba Chemie 98%

benzenesulfonate;
Dodecyl benzene sulfonic

acid

3.3 Methods to synthesized the nanostructured materials

In present work, the hydrothermal and solvothermal methods were used to prepare different

morphologies of Bi>Xs. The present section describes the details of these methods.
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3.3.1 Hydrothermal method

The hydrothermal synthesis method is a well-known process for the nanomaterial formation, which
is based on solution reaction. In this method, the morphology of nanomaterials can be controlled
by altering the synthesis conditions such as room temperature to high temperature, low pressure to
high-pressure conditions, depending upon the vapor pressure of the main composition in the
reaction. A schematic of sample synthesis is shown in Figure 3.1. There are various significant
advantages of the hydrothermal synthesis method over others, such as:
(1) The compositions of the nanomaterials can be well controlled during hydrothermal
synthesis along with liquid phase or multiphase chemical reactions.
(2) The morphology of the nanomaterials can be easily controlled by variation of parameters
like temperature and pressure.
(3) The loss of materials during synthesis is minimum in this method as compared to others.
(4) The hydrothermal method can also synthesize those nanomaterials, which are not stable at

elevated temperatures.

Oven

Figure 3.1: Schematic of sample synthesis by hydrothermal method.
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3.3.2 Solvothermal method

Similar to the hydrothermal method, the solvothermal method is defined as a process of performing
chemical reactions in the solvent contained in a sealed vessel. The only difference between the
hydrothermal method and solvothermal method is based on the solvent used in the process. The
use of water as solvent termed the method as a hydrothermal method, whereas the use of organic

liquids as a solvent makes it a solvothermal method.

3.4 Synthesis of Bi2X3 (X =S, Se, & Te) nanostructures

3.4.1 Bi>S3 nanoflowers
The hydrothermal method was used to synthesize the Bi>Sz nanoflowers [129]. Bismuth nitrate

pentahydrate (0.61g) and thiourea (0.25 g) were first dissolved into 60 ml deionized (DI) water.
To form a homogeneous solution, the obtained solution was stirred at 250 rpm for 1hr. After
stirring, the solution was transferred into a Teflon lined stainless steel autoclave with a capacity of

0.61 gm
Bi(NO,);.5H,0

Y |:> 60 ml Transferred to
DI water S.S. autoclave

0.25 gm
CH,4N,S

le pajeaH
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5
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=
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¥

Final
product

Centrifuged
&
washed

Dry at room
temperature

Figure 3.2: Schematic for the synthesis of Bi»S3 nanoflowers.
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100 ml. The autoclave was then sealed and heated at 140°C for two hours. After the chemical
reaction, the autoclave was cooled down to room temperature. Finally, the black color precipitate
was collected by filtration and washed with deionized water and ethanol several times, then dried
at room temperature before characterizations. A schematic of the sample preparation is shown in
Figure 3.2.

3.4.2 Bi»Ses mixed morphology (nanoparticles & nanosheets)

Bi>Sez nanostructures were prepared by the solvothermal method[130]. To prepare the
Bi>Sez nanostructures, Bi(NO3)3.5H20 (2.6 mmol) was triturated in triethanolamine (complexing
agent) and was stirred for 15 min continuously. Then 15 mmol of NaOH was dissolved in DMF,
and 7.4 mmol of Se powder was added to it under the constant stirring condition for 1.5 hr,
followed by the addition of hydrazine hydrate (reducing agent). The resultant solution was
transferred into a Teflon-lined autoclave of 100 ml capacity filled with 80 ml DMF. After that, the

2.6 mmol
Bi(NO3);.5H,0

Transferred to

+ S.S. autoclave
Triethanol
amine

Yz 10§ J00ST
Je pajea

Final product

Centrifuged
&

washed

Figure 3.3: Schematic for the synthesis of Bi>Ses hanostructures.
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autoclave was sealed and kept at 150°C for 2h, followed by cooling to room temperature (Figure
3.3). The black precipitate was carefully collected after filtration, then washed with deionized
water and ethanol several times, and finally dried at room temperature before characterizations.

3.4.3 Bi2Tesz nanorods

The Bi>Tes nanorods were synthesized by the hydrothermal method [131]. The complete process
of the nanostructure synthesis is shown in Figure 3.4. High purity (99.99%) bismuth chloride
(BICl3) (75.67 mg), tellurium (Te) powder (45.93 mg) and 1g sodium ethylenediaminetetraacetate
(Na>-EDTA) were dissolved in 60 ml deionized (DI) water. The resulting mixture was stirred at
250 rpm for 10 min. Meanwhile, 0.8 g sodium hydroxide (NaOH) was dissolved in 0.8 g sodium
borohydride (NaBHs.) in another 100 ml beaker and put on stirring for 30 min. To achieve the final
precursor, both the solutions were quickly mixed and transferred to the Teflon lined autoclave.
The autoclave was then sealed and heated at 180°C for 27 hrs. The autoclave was cooled down to
room temperature (naturally) after the chemical reaction. The obtained black color precipitate was
collected by filtration and washed with deionized water and ethanol several times, then dried at

room temperature before characterizations.

Bicl; (0.15 gm) + Te Diluted by DI water NaOH (1.6 gm)+NaBH, Diluted by DI water
powder (0.25 gm) + |:> (40 ml) (1.6 gm) 20ml
EDTA (1.7 gm) - o

Black color solution Mixed both the

. Autoclave heated at solutions and
filtered by 0.2 um X
. . 180°C for 27 hr. transferred into a SS
syringe filter

autoclave

Figure 3.4: Schematic for the synthesis of Bi>Tes nanorods.
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3.5 Characterization techniques

3.5.1 Scanning Electron Microscopy (SEM)

SEM is an electron microscope launched in 1938 by Von Ardenne, and some additional features
of scanning were added in 1965. Electron microscopy is relevant and promising microscopy
technique over other light microscopes due to its high magnification and resolving power. For
procuring the morphological information of the required sample, highly energetic electron beams
interact with the sample surface. A focused beam of electrons is expended for producing signals
on the sample surface. During the electron-sample interaction, some specific signals are obtained
to provide information about the morphology, topology, chemical composition, etc. of the material.
To avoid the scattering of the electrons during the experiment, the arrangement of the scanning
system is kept vacuum isolated. The schematic diagram of the SEM is shown in Figure 3.5.

Electron Beam

BT\

L] L

WL,/

il E -

«— Magnetic Lens

Scanning Coils

<« Backscattered Electron
Detector

/ \
Secondary Electron

Detector Specimen

Stage SN

Figure 3.5: Schematic diagram of SEM.
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The wavelength of the electron beam can be regulated easily with operating voltage. Operating
voltage precedes to accelerate the electrons in the direction of the sample. In this instrument, a
source of monochromatic electron beam known as electron gun is placed at the top. The electron
beam is passed through a vertical path and focused on the material surface using electromagnetic
field generated through two condenser lenses. The first condenser lens is used to control the
electron beam and exclude the high-angle electrons from the electron beam while the second lens
is used to form very reedy, tight, and coherent beam [132]. Mainly, there are two types of mode

deliberated for scanning the image, i.e., secondary electron mode and backscattered electron mode.

Figure 3.6: Digital images of the SEM instrument (a) NOVA NANO SEM 450 (b) JEOL JSM
6380 (c) SEM holder with a covered sample by polyimide sheet.

The secondary electron mode is one of the most common modes for imaging in high
resolution with a full description of the surface morphology of the sample. On the other hand,
backscattered electron images are used to a quick assessment of phases in multiphase samples. A
detector that produces the final image accumulates secondary and backscattered electrons. There

are some limitations of SEM, e.g. , the particular dimension of the sample; sample must be solid,
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an electrically conductive coating is necessary for the insulating samples, operated only in a
vacuum.

In this thesis work, Bi>X3 (X = Te, Se, & S) nanostructures, i.e., nanoparticles, nanorods,
nanosheets, and nanoflowers were characterized by SEM (Nova Nano FE-SEM 450 FEI) with an
accelerating voltage of 15 kV. In addition to it, another instrument JEOL JSM 6380 was used to
observe the surface morphology of anode material before and after the electrochemical cycling

(used instrument images are shown in Figure 3.6).

3.5.2 Transmission Electron Microscopy (TEM)

TEM is another esteemed technique to investigate the crystallinity and intermolecular
arrangements of the sample. To perform TEM measurements, the sample needs to be very thin,
less than 100 nm; so that, electrons can easily pass through the samples. TEM systems have three
essential parts: (1) an electron gun, which provides electron beam along with condenser lens
system, which centers the beam onto the sample (2) the image processing system, including the
objective lens, movable specimen stage, and standard and projector lenses. Projector lenses focus
the electron beam passing through the specimen to form a real and highly magnified image, and
(3) image recording system, converts the electron image into some form perceptible to the human
eye. Figure 3.7 exhibits the schematic diagram of TEM. The sharp electron beam is accelerated
by a high potential anode with the potential ~ 100-400 kV, generated by an electron gun, which
consists a filament, primary circuit, and extraction anode. LaBs and tungsten filaments are
typically used due to their low work function and high melting point.

In principle, when a collimated (by the different magnetic lenses) beam incident on the sample,
then these electrons are either scattered or transmitted through the sample. After transmission,
these electrons fall on the CCD sensor which response to form a very high-resolution image of the
sample. Excellent control of the electron beam is managed by the different condenser/objective
lens assembly, and a magnificent electron beam is obtained which can travel through the specimen
and collect the information about the sample [132]. Generally, the TEM system is working on two
imaging mode: (a) Bright-field image mode, (b) Darkfield image mode. Most commonly bright-
field image mode is used for the microstructural analysis, while the dark field image is used when

the direct beam is blocked by the aperture and pass one or more diffracted beam. Interplanner
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spacing and the lattice planes can be easily identified by selected area diffraction pattern (SAED)
mode [133]. The wavelength of the incident electron beam can be easily controlled by the
accelerating voltage as

A=h/p=1225x 1004V (1)
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Figure 3.7: Schematic diagram of the TEM instrument.
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Herein, Technai T20 FEI system which operates at 200 kV, equivalent to 2.51 pm wavelength was
used for TEM experiments to analyze the nanostructure morphology, size, and distribution with
crystallinity (as shown in Figure 3.8).

Figure 3.8: Digital image of TECHNAI T20 FEI TEM instrument.

3.5.3 X-ray Diffraction Spectroscopy (XRD)

X-ray diffraction is a fundamental technique which is used for the study of crystal structures and
atomic spacing. In 1912, Max von Laue discovered that crystalline material act as three-
dimensional diffraction gratings for X-ray wavelengths which are of the same order of the spacing
of planes in a crystal lattice. XRD is based on the constructive interference of the monochromatic

X-rays diffracted through a crystalline sample. These X-rays are produced by a cathode ray tube,
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filtered and collimated to focus and directed to the sample. According to the Bragg’s law, a
monochromatic X-ray beam incident on the specimen at an angle 6 and diffracted with 20 angle
(as shown in Figure 3.9). The path difference between the incident beam and the diffracted beam
gives information about the occurrence of constructive interfere or destructive interfere [134].
Constructive interference occurs when the interaction between the incident X-rays and the sample
satisfies the conditions of Bragg’s Law
nd = 2d sinf (2)

Where, n = order of reflection, A = wavelength of incident X-rays, d = interatomic spacing between

lattice plane and 6 = diffraction angle.

Bragg’s law establishes a relation between the wavelength of electromagnetic radiation to the
diffraction angle and the lattice spacing in a crystalline sample. The diffracted beam is collected

by the detector and gives the crystallographic knowledge about the lattice structure.

The average crystallite size of the nanostructures can be calculated by the following equation

known as Debye-Scherrer’s formula [135]:

092
- B cosB (3)

Where, A =wavelength of X-rays, = full width at half maxima of a diffracted peak, 6 = diffraction

angle.
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Figure 3.9: Schematic representation of the Bragg’s equation.
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Figure 3.10: Digital image of Rigaku-RINT 2500 XRD system.

In this thesis, all the sample handling was done in high purity Ar-filled glove box. All the
materials used in this work are characterized for their structure by X-ray diffraction (XRD) using
a Rigaku-RINT 2500 diffractometer equipped with CuKa radiation (as shown in Figure 3.10).
The samples were covered by a polyimide sheet (Dupont-Toray Co. Ltd., Kapton) to protect them

from atmospheric exposure.

3.6 All solid state Li-ion Battery fabrication

3.6.1 Preparation of Negative Electrode (Anode)

To investigate the electrochemical properties of the Bi-based anode material with a solid
electrolyte, firstly, anode composite materials were prepared by high energy ball milling method.
A hardened stainless steel milling pot was used with 10 SS balls of 7 mm diameter for the
preparation of 200 mg sample. The milling was performed at 370 rpm using Fritsch P7 milling

machine ( as shown in Figure 3.11) for a total of 2 hours milling with a 1hour work and 30 min
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rest pattern. In this process, active material Bi & Bi>X3, AB, and LiBH4 (Sigma Aldrich, 95%)
were used in the weight ratio of 40:30:30. Before preparation of anode composite material, LiBH4
and AB were dried under vacuum at 200°C & 300°C respectively to avoid all the moisture content.
All the handling of materials during preparation was done in Ar-filled glove box with oxygen and
moisture content less than 1 ppm.

Figure 3.11: A hardened stainless steel milling pot with 10 SS balls (a) and Fritsch P7 milling
machine (b).

3.6.2 Fabrication of half coin cell

A coin cell was assembled in an argon-filled glove box with oxygen and moisture level
less than 1 ppm. A coin cell consists of several parts, as shown in Figure 3.12 (a). Apart from the
assembling parts, the working electrode-electrolyte assembly was fabricated by using a three-layer
pellet. This three-layered pellet was prepared in a Die of diameter 15 mm, and a plunger is used to
press the sample. First, Li-foil with a thickness of 0.1 mm on SS plate (diameter 15.5 mm and
thickness 0.52 mm) was used as the first layer, which works as a cathode. The second layer was
prepared by spreading the solid electrolyte LiBH4 (around 80 mg) on Li-foil and applying a

uniform pressure of 10 MPa for 5 min. At last, the prepared anode composite powder (around 10
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mg) was spread on the two-layered pellet and pressed under 40 MPa pressure for 5 min. A uniform
pellet of diameter 15 mm was obtained, which was placed and sealed in a coin cell using
Perfluoroalkoxy (PFA) gasket by a crimping machine. The assembled coin cells are taken out for
charge/discharge measurements. An overall assembly of various parts of the coin cell and the
digital image of the used glove box are shown in Figure 3.12.
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Figure 3.12: (a) Schematic diagram of various parts for the coin cell assembly and (b) digital
photograph of the glove box.

3.7 Electrochemical Characterizations

3.7.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is an electrochemical method to study the electrode processes and measure
the current versus voltage, which develops in an electrochemical cell under the conditions
predicted by the Nernst equation [136]:

E=E°—InQ RT
‘nF
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Where E = Cell potential under given conditions
E° = Standard cell potential
R = Universal gas constant (8.314 J/mol-K)
T = Temperature in kelvin
n = Number of electrons transferred in the half cell reaction
F = Faraday’s constant (95,484.56 C/mol)
Qc = Reaction quotient of the cell reaction
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Figure 3.13: Schematic representation of Cyclic Voltammetry.

Cyclic voltammetry is generally employed as the primary technique to characterize the new
system. This method is widely used for observing the electrode processes, such as the
determination of the kinetics and thermodynamics of the electron transfer at the electrode-
electrolyte interface. To observe the electrochemical cycling performance of the cell, an optimized
potential window is required, in which the cell is to be cycled. The optimized potential is applied
to the working electrode and continuously changed at a constant rate known as the scan rate. The
potential sweep can be described by its initial, switching, and final potentials as well as the scan
rate. To avoid the electrolyte decomposition, the choice of this potential window should be decided
based on the stability range of the chosen electrolyte [137]. In CV plot, the current flow versus

the potential is measured, which gives the information about an increment in the current response
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at the potential where an electrochemical reaction takes place. A schematic representative of CV
is shown in Figure 3.13. As per the graph (Figure 3.13), the obtained curves under and above the
zero line is for the discharging (or cathodic) and charging (or anodic), respectively, of the anode
material. The total amount of charge flow is proportional to the surface under the curve. Oxidation
and reduction of the working electrode are originated due to a positive and negative sweep rate,
respectively.

Figure 3.14: Digital image of Bio-Logic SAS (SP-150) system for CV measurements.

In this study, the cyclic voltammetry was performed on the assembled coin cell using a
Biologic SAS (SP-150) system (as shown in Figure 3.14). All the CV measurements were done

at 120 °C by using a silicon oil bath as a heating source.

3.7.2 Galvanostatic discharge - charge experiments

Galvanostatic discharge-charge testing is used to investigate the battery capacity, cyclic

performance, and the rate capability of the electrode material under a constant current density. This
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characterization tool gives a plot between the specific capacity and voltage, which gives
information about the suitable operational condition and the performance. In addition, the specific
capacity can also be plotted as a function of cycle number, indicating the cycle life of the anode

material. The charge-discharge capacities can be obtained by this formula:

Q=1xt (1)

Where, Q = capacity, | = current density, and t = charge-discharge time

A cut-off potential should be pre-determined to discharge the cell with a constant current, and the
voltage response exhibits the changes in the electrode processes observing at its interface. A
constant current applied to the electrode causes the oxidation or reduction at a constant rate. The
potential shifts towards the characteristic value of the Ox/Red couple, which differ with time by
varying the ratio between the concentrations of the oxidized and reduced species at the electrode
surface[138].

Herein, the galvanostatic discharge-charge testing voltage window was used as 0.2 V — 2.5 V for
anode materials. The C-rate was optimized by performing discharging charging curves at different
discharge/charge current densities. In this work, all the electrochemical measurements were done
by a charge-discharge analyzer ((HJ1001SD8, Hokuto Denko Co.). To obtain the fast Li*
conduction from LiBHg, the discharge/charge measurements were done at 120°C; thus a silicon oil

bath has been used as a heating source, and the required setup is shown in Figure 3.15.

Figure 3.15: Digital image of charge-discharge setup.
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3.8 Summary
This chapter summarizes the information about the preparation of anode composite

materials with bulk and nanostructured based active materials followed by the assembly of half
coin cell. The adopted methods and the used techniques for the analysis of the prepared anode
composite material and fabricated all-solid-state Li-ion battery have also been discussed here.
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Chapter Four

Bismuth as a Promising Anode for Li-ion Batteries

4.1 Introduction

At present, rechargeable LIBs are fascinating power sources for mobile devices. Although its
market has also expended to large scale applications like energy storage systems for grid support
and electric vehicles, the safety issues due to the use of organic liquid electrolyte, still need to be
solved. All-solid-state LIBs are evolving rapidly due to their advantages over conventional liquid
electrolyte based LIBs in terms of safety, stability, and energy density [60], [139], [140]. However,
all-solid-state battery suffers from the most significant challenges, i.e., their low current drains/low
power density, which originates from the low ionic conductivity of the solid electrolytes.
Considerable research has focused on identifying those solid electrolytes which have high ionic
conductivity. However, none of them led to the high performance of solid-state LIBs. Recently,
LiBH4 has attracted much more attention as a solid electrolyte due to its high ionic conductivity,
which was observed in the order of 10° Scm™ at its high temperature (HT) phase at 390K [61],
[139]. LiBH4 has been successfully employed as an electrolyte for hydride based anode materials
so far [64], [65]. It was believed that the reaction kinetics is improved because of H-H exchange
between LiBH, and the hydride materials [141]. Besides of hydride, other electrode materials need
to be explored with LiBHs, in order to extend its use as a universal solid electrolyte. To date,
carbon-based material has been widely accepted as commercial anode material although, it has
several limitations, e.g. , its low specific capacity, safety issues, and limited cycle life [142]. In
order to replace the graphite, several alternative anode materials such as Si, Ge, Sn, P, metal oxides,
etc. have attracted more attention due to the formation of the alloy in a much higher mole ratio at
safer potentials and these anodes can deliver much higher capacities i.e. 2-10 times more than that
of commercially adopted graphite [143]. As compared to the other group elements, bismuth (Bi)
has been considered as a favorable anode material for LIBs since it is diagonally related to Sn and
reveals relatively more stability in the moisture/air atmosphere at room temperature than other

alloying materials. Bi has a comparable gravimetric capacity of about 386 mAhg™ to that of the
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commercially available carbon anode (372 mAhg™) [32]; whereas, it has a benefit of substantially
high volumetric capacity (3765 mAhcm3), which is 4 fold higher than the carbon (840.72 mAhcm
%). It is important to note that the volumetric capacity is equally important as the gravimetric
capacity for various practical stationary as well as portable applications of battery systems like

electronic mobile devices and electronic vehicles etc.

The above key points make it a promising anode material for LIBs, and several studies have
been carried out to improve its properties as a negative electrode. Although Bi has been studied
with different liquid electrolytes so far, it is not employed in all-solid-state batteries yet to the best
of our knowledge. In the present chapter, we have investigated the first ever electrochemical
performance of all-solid-state Li-ion battery using Bi as anode and LiBH4 as a solid electrolyte
[144].

4.2 Cyclic voltammetry

Cyclic voltammetry is a potentiodynamic electrochemical measurement technique, which is used
to investigate the electrochemical behavior of an electrode within a certain potential range. CV
measurements are used to study the mass and electron transport properties of the materials. Any
system which exhibits rapid oxidation/reduction reaction with electrode material is termed as a
reversible electrochemical couple. Electrochemical properties of the Bi-based anode composite
material have been tested through Cyclic Voltammetry (CV) analysis. Figure 4.1 shows the CV
scan profile of the Bi/LiBH4/AB composite electrode at 0.1 mVs? between 0.2V to 1.5V (Li*/Li)
potential window, which was decided according to the theoretical potential for the lithiation of Bi
[34], [35]. The open-circuit voltage (OCV) of the cell was observed as 1.27 V. Initially, during the
discharging/lithiation scan of Bi/LiBH4/AB composite electrode, two cathodic/reduction peaks
were observed at 0.79V and 0.72V, which are expected to be the alloying reaction of Bi to LiBi
and finally to LisBi phases, respectively as per the theoretical voltage values. A broad peak with a
very small current variation was also observed in between 0.6 — 0.2V, which corresponded to the
lithiation of carbon, presented in the composite material. In reverse scan/during the charging
process, no broad peak was observed unlike to the discharge reaction. The anodic/oxidation peaks
at 0.85V and 0.88V correspond to the delithiation reactions of LisBi returning to metallic Bi-phase

through the formation of LiBi phase as an intermediate state. Herein, the CV scan profile exhibited
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all the oxidation and reduction peaks in between 0.2V — 1.5V potential window, which was used

as an evidence to perform all the electrochemical measurements under this potential window [144].
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Figure 4.1: Cyclic Voltammogram of Bi composite electrode scanned at 0.1mVs™.

4.3 Galvanostatic discharge/charge

An assembled coin cell has a specific open-circuit voltage, but in battery operation, it reveals
different cell voltages under the discharging and charging processes. A cell exhibits a lower cell
voltage in a discharging process, due to the internal impedance which derives from the polarization
at the electrodes and the ohmic resistance in the current collectors, electrolyte and active materials.
The polarization losses occur at each electrode, while the ohmic resistance exists in the circuit of
batteries. Figure 4.2 exhibits the typical galvanostatic discharge—charge profile of Bi-LiBHs-AB
composite electrode in the first cycle between the potential window 0.2 - 1.5 V vs. Li*/Li at 0.1C
rate. The initial discharge and charge capacity of the Bi-LiBHs-AB composite was observed as
4681.7 mAhcm? (478.7 mAhg™) and 4510.5 mAhcm™ (461.2 mAhg?) respectively, with a
coulombic efficiency of 96.3%. The obtained capacity for Bi-LiBH4-AB composite was slightly
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higher than the theoretical value, which could be attributed to the side reaction / the contribution
from carbon lithiation. The polarization between Li-insertion and extraction was <0.1V, which was
much smaller than that of the Bi-electrodes with an organic liquid-based electrolyte. Such a low
polarization could be achieved by the fast diffusion of species and the high working temperature
of 120°C, which brings better kinetic properties to the Bi alloying reaction. Two voltage plateaus
at 0.82V and 0.78V were obtained during discharge scan. Similarly, during charging, both the
plateaus occurred exactly in the opposite direction. The electrochemical reaction mechanism
behind these obtained plateaus was investigated through the ex-situ XRD measurements at
different potentials / capacities.
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Figure 4.2: The initial galvanostatic discharge-charge profile for Bi-LiBH4-AB composite

negative electrode.

4.4 Mechanism of lithiation/delithiation of Bi-anode in all-solid-state

Li-ion battery

Ex-situ XRD measurements were performed at the specified potentials, as shown by numbers 1,

2, 3, 4, and 5 in the galvanostatic discharging/charging profile (Figure 4.2) to understand the
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mechanism behind the obtained plateaus. In addition to the other phases at different points, the
XRD pattern exhibited the peaks corresponding to LiBH4 for all the points, which was due to the
presence of LiBH4 in anode composite material with a sufficient amount (30%) as well as an

electrolyte. In the XRD pattern of prepared anode composite material corresponding to point 1, all

*Bi ULiBi VLiBi eLiBH

Intensity (a.u.)

20 (Degree)

Figure 4.3: Ex-situ XRD patterns of Bi-LiBHs-AB composite electrodes at different stages

(indicated in Figure 2) of the first electrochemical discharge — charge process.

the high-intensity peaks could be indexed to Bi, suggesting no reaction between the components

of anode composite material. Initial discharge profile showed that on the discharge curve (Li

incorporation into Bi), the potential gradually dropped to around 0.82 V showing a long flat plateau
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until point 2, where the Li-ion moved from the positive electrode (cathode) to negative electrode
(anode) and reacted with Bi and made LiBi phase (Figure 4.3, Point 2). The next discharge plateau
was observed at 0.78V, immediately after the 1% plateau and very close to it. This plateau ended
with a capacity of 400 mAhg?, after which the voltage gradually reduced to 0.2V at point 3,
corresponding to the LiBi — LisBi reaction as according to XRD profile (Figure 4.3, point 3).
The opposite reaction occurred precisely in the opposite direction during charging, as observed
from the presence of two plateaus during the charging process (Li* extraction) and XRD profiles
at point 4 & 5 of charging curve, which suggested high reversibility of the reaction Li <« LisBi.
The above results indicated that the existence of LiBH4 significantly promotes the Bi alloying
reaction, as shown in equation (1), resulting in a low polarization and a high coulombic efficiency.

Bi + Li & LiBi + 2Li © Li3Bi (1)

4.5 Cyclic stability measurements

Cyclic stability of Bi-LiBHs-AB composite electrode was investigated for 100 cycles under the
potential window 0.2V-1.5V at a 0.1C rate, to further explore the capability of the prepared
composite electrodes in practical applications. Figure 4.4 (a) shows the cyclic galvanostatic
discharge-charge profiles of Bi-LiBH4-AB composite electrode up to 100 cycles. The capacity was
found to decrease down to 3853.3 mAhcm™ (394 mAhg?) after 100 cycles from 4681.7 mAhcm™
(478.7 mAhg?) in the first cycle, which is only 18%. Figure 4.4 (b) represents the stable
coulombic efficiency with unchanged plateau potential over several cycles suggesting the superior
performance of Bi anode in the all-solid-state battery. The capacity became almost stable after 70
cycles. On comparing these results with the available reports, it can clearly be seen that Bi-LiBHa-
AB composite electrode has shown a drastic improvement in the cyclic stability with very high
capacity in comparison to the bare Bi nanoparticles with liquid electrolyte [LiPFs in ethyl methyl
carbonate (EMC)/ ethylene carbonate (EC)/ diethyl carbonate (DEC)] where it exhibits poor cyclic
stability and retains only 60 mAhg™ after 100 cycles [34]. Also, the commercially available bulk
Bi-C electrode shows a large capacity decay from~ 650 mAhg™ to around 200 mAhg™ after 100
cycles [35].
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Figure 4.4: (a) The Cyclic galvanostatic discharge-charge profiles for Bi-LiBH4-AB composite
electrodes in the voltage range of 0.2-15V at 0.1C. Only selected cycles
(1,5,10,20,30,40,50,60,70,80,90,100) are shown for clear visibility. (b) Cyclic stability of Bi-
LiBH4-AB composite electrodes as shown by Discharge/Charge capacity and the coulombic

efficiency vs. cycle number.
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4.6 Morphological investigations of Bi-anode

The biggest problem with these anode materials is the large volume expansion and contraction
associated with Bi < LisBi transformation during the electrochemical cycling. This volume
change generates several cracks in the electrode and causes the loss of physical connectivity
between electrodes and electrolytes [39], [81]. To observe the actual condition of the negative
electrode, SEM studies were performed on the coin cell before and after cycling. Figure 4.5 shows
the SEM micrographs and elemental mapping of the Bi-LiBHs-AB composite electrode before
cycling. No cracks were observed before cycling, and the elemental mapping suggested that Bi

was present homogeneously throughout the electrode.

Figure 4.5: SEM images and corresponding elemental mapping of Bi in the composite electrode

surface before cycling.

A smooth crack free surface could be observed even after cycling (Figure 4.6). The elemental
mapping suggested homogeneous distribution of Bi throughout the electrode surface even after
cycling. It might be due to the presence of LiBHa in the electrode which along with carbon (AB)
works as a binder and provides a cushioning effect. It consequently helps to accommodate the

volume change comfortably, which drastically improves the cyclic stability.
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Figure 4.6: SEM images and corresponding elemental mapping of Bi in the composite electrode
surface after cycling.

4.7 Summary

In this chapter electrochemical reaction mechanism between Li-ion & Bi-based anode for all-solid-
state Li-ion battery was established successfully. The cyclic stability performance of Bi-based
anode with LiBH4 as a solid electrolyte has also been investigated. In summary, it could be
concluded that this anode material exhibits outstanding volumetric capacity and superior stability.
LiBH4 and AB, contained in the composite electrode material, provides the high stability to this
system due to the cushioning effect apart from the enhancement in the ionic & electrical
conductivity of the anode material. It is worth to mention here that a hydride-based (LiBH.)
electrolyte with the Bi-based anode materials was investigated for the first time. This opens up a
path to utilize it to other high capacity anode materials and can be helpful for the development of

rechargeable LIBs with high-safety.
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Chapter Five

Investigation of Bulk Bi;X; (X =S, Se, & Te) as Highly Durable
Anode Materials

5.1 Introduction

The growth of portable electronic devices and hybrid electric vehicles (HEVS) has generated an
increased demand for batteries with a large gravimetric as well as volumetric capacity. In this
regard, rechargeable lithium-ion batteries (LIBs) have been widely studied because of their high
energy density, high rate capability, and environmentally friendly nature [12]. The high energy
efficiency of LIBs may also allow their use in various electric grid applications, including the
improvement of energy quality harvested from wind, solar, geothermal and other renewable
sources, thus contributing to their more widespread use and building an energy-sustainable
economy. Therefore LIBs are having intense interest from both industry and government funding

agencies, and research in this field has abounded in recent years [46].

Although LIBs have the highest energy density, they typically suffer from low power by
reversible coulombic reactions occurring at both electrodes, involving charge transfer and ion
diffusion in bulk electrode materials [145]. Hence LIBs which can be used in hybrid electric
vehicles and pure electric vehicles, require two to five times the higher energy density than the
present LIBs. The increased energy density can be achieved by either using high voltage cathode
active materials as electrodes or by developing new high capacity anode materials. The negative
electrode is an inherent component in batteries to enhance their energy and power density [146]
However, due to lack of electronically superior conductivity and high electrochemical stability,
most of the materials are unsuitable as an electrode in LIBs [28]. In particular, a carbon-based
material, i.e., graphite is the most commonly used anode in commercial LIBs. However, it has
various limitations such as its low gravimetric and volumetric capacities (372 mAhg* & 840.72
mAhcm™ respectively), and safety issues because of its low reaction potential with Li for LIBs.
Therefore, it is essential to introduce other suitable anode materials to deliver the high energy

density, high specific capacity, and higher potential to react with Li. Recently, several metals,
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including Si, Sn, Sh, Ge, Al, and Bi, have been attracting much more attention as an anode material
because of their high theoretical capacities compared to graphite. The elements Si, Sn, Sb, Al, and
Ge have very high theoretical gravimetric capacity than the commercially available graphite
through the formation of SiLis4 (4200 mAhg™?), SnLis4 (993 mAhg™), ShLi; (660 mAhg?), LiAl
(994 mAhg™) and Li22Ges (1600 mAhg?) as well as high volumetric capacities as 2190 mAhcm
38,1991 mAhcm™3, 1889 mAhcm3, 1383 mAhecm, and 2180 mAhcm™ respectively as compared
to graphite (756 mAhcm™) [147], [148] which is also necessary parameter for the electric vehicles.
Besides these metals, Bi delivers a high volumetric capacity of 3765 mAhcm (far higher than
other metal anodes and four-fold higher than graphite), due to its unique layered crystal structure
that can provide a sufficient interlayer spacing to accommodate Li-ions and to generate LizBi [81],
[149], [150]. The high volumetric capacity of Bi makes it attractive for the applications of portable
electronics, mobile electric and electric/hybrid devices, etc. or where high volumetric energy
densities are required [80], [151], [152]. However, as observed in the previous chapter, its specific
capacity (385 mAhg™) is not so high, thus to fix this issue, Bi-based materials as Bi»Xs (X = O,
Se, & S) have been intensively studied as a negative electrode with liquid electrolytes in the last
few years. According to the available reports, Bi2X3 compounds exhibit high volumetric (~ 4000
— 6000 mAhcm®) as well as gravimetric capacities (~ 400 — 700 mAhg™) [110], [153], [154].
Similar to the mechanism in the materials mentioned above, bismuth telluride (Bi-Tes) can also
electrochemically store Li reversibly by forming the LizBi and Li>Te composition [39]. Although
there are several studies on the electrochemical performance of these materials, these are limited

to the use of liquid electrolyte only.

Herein, the bulk Bi>X3 (X =S, Se, & Te) has been investigated as an active anode material
in combination with solid electrolyte (LiBH4) in order to enhance the specific capacity as well as
volumetric capacity. In this chapter, electrochemical performance of all-solid-state LIB having
Bi>X3 as anode and LiBH4 as a solid electrolyte have been discussed [155]-[157]. A complete
electrochemical reaction mechanism was also established in between Bi>X3 and Li-ions. All the
electrochemical measurements in this work were performed at 125°C to obtain the fast Li*
conduction through LiBH4[62].
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5.2 Structural investigations of as prepared Bi>X3 anode composites

Figure 5.1(a) shows the XRD pattern of as purchased bulk Bi.S3 (Sigma Aldrich with 99% purity),
in which all the obtained diffraction peaks can be well indexed to the trigonal Bi.Ss (JCPDS: 01-
089-8963) with R-3m (166) symmetry [155]. The XRD analysis revealed the lattice parameters as
a=b=4.143A, c = 28.636A. The obtained sharp peaks designated the good crystallinity of the
sample without the presence of any impurity phases. Figure 5.1(b) shows the XRD pattern of
prepared composite anode material with as-received bulk Bi>Ss, heat-treated acetylene black (AB)
and heat-treated LiBHa. It was observed that a mechanochemical reaction took place during the
milling as evident from the presence of Bi and Li>S peaks in addition to the starting material, i.e.,
Bi;Sz & LiBHa.
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Figure 5.1: XRD patterns of (a) bulk Bi>Sz and (b) Bi»Ss-LiBHs-AB composite electrode.

The XRD pattern of as purchased bulk Bi>Ses (Alfa Aesar with a purity of 99.995%) is shown in

Figure 5.2 (a). All the obtained diffraction peaks were corresponding to the trigonal Bi>Ses

59



(JCPDS card no. 01-089-2008) with (R3m) symmetry with the lattice parameters a = b = 4.143 A,
¢ = 28.636 A [156]. The observed sharp peaks depicted that the sample has good crystallinity.
Figure 5.2 (b) shows the XRD pattern of prepared composite anode material by using purchased
bulk Bi,Ses, heat-treated AB, and heat-treated LiBH4. The individual peaks of both Bi>Ses and
LiBH4 components confirmed no chemical reaction had taken place at the time of milling.
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Figure 5.2: XRD patterns of (a) bulk Bi>Ses and (b) Bi>Ses-LiBH4-AB composite electrode.

The XRD pattern as shown in Figure 5.3 (a) could be indexed to the Bi,Tez phase (JCPDS no. 01-
082-0358) with trigonal (R3m) symmetry and the noticeable sharp peaks indicated that the sample
has good crystallinity [157]. As shown in Figure 5.3 (b), the presence of individual peaks
corresponding to trigonal Bi;Tes (JCPDS no. 01-082-0358) and LiBH4 (JCPDS no. 01-070-9017)
confirmed that no reaction occurred between them during milling. The peak intensity
corresponding to the LiBH4 phase was relatively low in comparison to the peaks of BixXs in all

these patterns, which must be due to the low scattering factor of LiBHa.
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Figure 5.3: XRD patterns of (a) bulk Bi>Tez and (b) Bi>Tes-LiBH4-AB composite electrode.

5.3 Cyclic voltammetry

Figure 5.4 shows the CV scan profile for the bulk Bi>Xs, which is obtained in between 0.2 — 2.5
V (Li*/Li) potential window at a scan rate of 0.1 mVs™. The open-circuit voltages (OCV) of the
cells containing bulk Bi2Ss, Bi.Ses and Bi.Tes composite electrode material were 1.56 V, 1.76V,
and 1.56V, respectively. Figure 5.4 (a) depicts the cyclic voltammogram of bulk Bi,Ss3-based
composite electrode sample. In the first cathodic scan of the bulk sample, a slightly weak peak at
1.42V could be ascribed to the Li.S formation, while the peaks at 0.79 V and 0.72 V were due to
the formation of LiBi followed by LisBi phase. On the other hand, the reverse anodic scan process
showed two peaks around 0.85 V and 0.88 V corresponding to the delithiation of LizBi to LiBi and
Bi respectively. Further delithiation gave rise to a broad peak with much noise between 1.86 —2.01
V corresponding to the transformation of Li>S to S. However, the noise in this reason suggested
the possibility of additional side reactions to the electrochemical reaction. CV profile of bulk

Bi>Sez sample is presented in Figure 5.4 (b).
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Figure 5.4: Cyclic Voltammograms of bulk (a) Bi.Ss-LiBHs-AB (b) Bi2Ses-LiBHs-AB (c)
Bi>Tes-LiBH4-AB composite anode material scanned at 0.1 mVs™,

The open-circuit voltage (OCV) of the cell, containing the bulk Bi.Ses composite anode was
observed to be 1.76 V. It showed the first discharging peak at 1.71 V correspondings to Li.Se
formation followed by two peaks around 0.78 V and 0.72V corresponding to the lithiation of Bi to
form LiBi and LisBi successively. During the reverse scan, i.e., charging process, two peaks appear
at 0.84 V and 0.87 V corresponding to delithiation of LisBiand LiBi. A broad peak, which possibly

corresponding to the transformation of Li>Se to Se, appeared in the voltage range of 1.7 — 2.2 V.
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Similar to Bi»Sz and Bi>Ses, CV measurements were also performed on Bi>Tes electrodes to
optimize a suitable potential window for all electrochemical studies. Figure 5.4 (c) shows the CV
scan profile of the Bi,Tes electrodes. At first, during the lithiation (Discharging) scan of
BixTes/LiBH4/AB electrode, the first cathodic peak, located at 1.5 V could be ascribed to the Li-Te
formation, while the others peaks at 0.8 V and 0.74 V were expected due to the alloying reaction
of Bi to LiBi and LisBi phases, respectively as per the theoretical voltage values. During the
charging process, anodic peaks at 0.83V and 0.86V exhibited the delithiation reactions of LizBi
returning to metallic Bi through LiBi as an intermediate state. Further delithiation gave rise to a
broad peak with some noise between 1.73 — 2.01 V, which should correspond to the transformation
of LiTe to Te. Herein, the CV scan profile exhibit all the oxidation and reduction peaks in between
0.2V — 2.5V potential window, which could, therefore, be used to perform all the electrochemical

measurements under this potential window.

5.4 C-rate optimization for Bi2Xs3 anodes

In order to optimize the C-rate for all Bi»X3 anode, the discharge/charge measurements were
performed at 1, 0.5, 0.2 and 0.1 C, and the first discharging/charging profiles for Bi»Sz composite
anodes are shown in Figure 5.5 (a-d). It was observed that there is much noise during the
discharging and charging process for the C-rates of 1, 0.5, and 0.2 C, which does not seem right
for the cell operation. Moreover, the cell got opened during the measurements (as shown in the
inset of Figure 5.5 a) for all the above rates due to unknown reason. The discharging/charging
curve at 0.1 C rate was observed quite smooth without opening of the cell. This behavior was
obtained for all Bi2Xs anodes, although only Bi.Ss discharge-charge curves at different C-rate are
shown here. Thus, 0.1 C rate was adopted for all the further experiments of electrochemical

discharging/charging cycles.
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Figure 5.5: First electrochemical galvanostatic charging-discharging profile for bulk Bi,Ss-
LiBH4-AB composite electrode at several current rate (a) 1C, (b) 0.5C, (c) 0.2C, & (d) 0.1C.

5.5 Galvanostatic discharge/charge

To observe the electrochemical performance of above anode composite materials, galvanostatic

discharge and charge characterizations were performed on the assembled coin cell at 125°C within

the potential window 0.2-2.5V with the rate of 0.1C. Figure 5.6 (a) exhibits the first galvanostatic

discharge-charge profile of bulk Bi.Ss-LiBHs-AB composite anode material, and the obtained
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discharge capacity of the prepared anode recorded as 617 mAhg? (volumetric capacity: 4183
mAhcm2), which is very close to the theoretical capacity (625 mAhg™)[155].
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Figure 5.6: The initial galvanostatic discharge-charge profile for (a) Bi.Ss-LiBH4-AB (b)
Bi>Ses-LiBH4-AB (c) Bi>Tes-LiBHs-AB composite negative electrode in the voltage range of 0.2-
2.5V at 0.1C current rate, where (1), (2), (3), (4), (5), (6) & (7) represents the different potential

points during discharge-charge measurement.
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However, the first charge capacity is found to be 1145 mAhg?, which is much larger than the
discharge capacity. Figure 5.6 (b) shows the first discharge-charge profile of Bi.Ses-LiBHs-AB
composite electrode at optimized C-rate and potential window [156]. The prepared anode showed
a discharge capacity of about 621 mAhg™ whereas the first charge capacity was 1346 mAhg™. The
obtained discharge capacity was slightly higher than the theoretical capacity (491 mAhg?) of
Bi>Ses, which must be due to the carbon contribution / some other side reaction. On the other hand,
the charge capacity was found to be much higher than the discharge capacity. Figure 5.6 (c) shows
the first discharge—charge profile for the cell containing the bulk Bi>Tes—LiBHs—AB composite as
negative electrode between the potential window 0.2 - 2.5 V vs. Li* /Li 0.1C. The first discharge
capacity was observed as 515 mAhg?, which is again higher than the theoretical capacity of 401
mAhg? The slightly higher capacity can be originated from the side reaction / the contribution
from carbon lithiation. The first charging capacity was found more substantial than the discharging
capacity, i.e., 1349 mAhg™ similar to the other two anode composite materials [157].

As per the findings, the obtained charge capacity was very high than the theoretical values
and discharge capacities for all the anode materials. The higher charging capacity can be attributed
to some unknown/thermochemical reaction, which is occurred simultaneously with the

electrochemical reaction.

5.6 Mechanism of lithiation/delithiation of Bi>X3 anode in all-solid-
state Li-ion battery

To understand the mechanism behind the obtained high charge capacity and plateaus, the ex-situ
XRD was performed at the selected potentials as indicated by numbers in Figure 5.6. The XRD
pattern of the prepared composite anode material with as purchased bulk Bi.Ss, AB, and LiBH4
are shown in Figure 5.7. As shown in Figure 5.1 (b), the spectra for as milled composite could be
indexed by Bi and Li.S phases in addition to the starting material, i.e., Bi»Sz & LiBHa4, which must
be due to a mechanochemical reaction during the milling. Since a mechanochemical reaction
between Bi>Sz and LiBHs was observed during the milling, the XRD experiment was also
performed after 1 hr heating (time for which the cell was kept before all the experiments in order
to stabilize the temperature) at 125°C in oil bath before starting the discharging process, which is

indicated by point 1 at 1.56V in Figure 5.7 (a). The obtained XRD pattern (point 1) gives the
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information about the reduction reaction of Bi>Sz to Bi and Li>S (Figure 5.7 a) ultimately. Thus
the starting material Bi,Ss was transformed entirely to Bi and Li.S via mechanochemical and
thermochemical reaction during the milling and 1hr heating process respectively. This was in line
with the non-existence of expected 1% discharge plateau at around 1.6V, as shown in Figure 5.6
(a). The second plateau has appeared at 0.79V which corresponded to the alloying reaction of Bi
with Li to form LiBi as suggested by XRD profile at point 2. Further discharge down to 0.2V (point
3) proceed through further lithiation of Bi and LiBi to form LizBi (plateau at 0.75V), which was
confirmed from the XRD pattern of the discharging point 3. In the reverse scan, i.e., during
charging, these two plateaus are observed again, which correspond to lithium extraction from LizBi
to form LiBi and then to form Bi at 0.82V, which was evident from XRD at point 4 and point 5
respectively. Although the significant phases at point 5 are Bi and Li>S, some peaks corresponding
to LiBi are also visible, which probably due to the unreacted remaining part. The XRD experiment
at point 6 was performed after charging the coin cell up to 2.5V, which also showed the existence
of Bi and Li>S rather than the starting material, i.e. Bi»Sz. This finding strengthens our above
speculation of thermochemical reaction between LiBH4 and freshly produced sulfur from LiS.
Besides, the peaks corresponding to LiBH4 were also visible in all the patterns as it was presented

as a solid electrolyte in addition to anode composite material.

In case of Bi.Ses electrode, the first plateau was observed at 1.75V that corresponded to
the reduction reaction of Bi.Sez to Bi and Li>Se, as confirmed from the XRD pattern at point 2
(Figure 5.7 b). However, the plateau width was smaller than the calculated lithiation of Se to form
Li>Se; thus XRD experiment was performed immediately before starting the discharging process,
i.e., after placing the coin cell in an oil bath at 125°C for 1 hr, which is indicated by point 1 in
Figure 5.7 (b). The XRD profile suggested the existence of Li.Se and Bi in addition to unreacted
Bi>Ses, which suggested a thermochemical reaction between Bi,Ses and LiBHsa, thus transforming
BixSes to Li>Se and Bi partially. The next two plateaus were observed very close to each other,
i.e., at 0.82V and 0.77V corresponding to the alloying reaction of Bi with Li to form LiBi and
finally LisBi phases respectively as confirmed from the XRD pattern at point 3 and 4 of discharging
profile. These three plateaus were also observed in the reverse scan or at the time of charging, and

the reverse pattern of the formation of the compounds through delithiation was found to occur.
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Figure 5.6.
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The XRD pattern at point 5, i.e., after first charging plateau at 0.80V suggested the formation of
LiBi in addition to Li-Se and LisBi phases, although the peaks corresponding to LisBi was reduced
in comparison to point 4, which suggested the delithiation of LisBi. The next plateau appeared
immediately after and very close to the first plateau, i.e., at 0.85V suggesting the delithiation of
LiBi to form Bi as confirmed from the XRD pattern at point 6. On further charging to 2.5V a long
plateau (similar to Bi.Ss) is appeared in between 1.7 — 2.0 V and the XRD experiment at point 7
suggested the existence of Bi and Li>Se phases. The existence of Li>Se even after charging up to
2.5 V indicated a possibility of thermochemical reaction between the LiBH4 and freshly formed
Se as a result of delithiation during the charging process. The freshly generated Se reacted with
LiBH4 and formed Li>Se followed by delithiation of Li.Se again. This process continued until the
full consumption of LiBHa. It caused a large capacity than the theoretical capacity during the
charging process. Similar to Bi.Ss, the peaks corresponding to LiBH4 were also visible in all the
XRD patterns.

Similar to Bi>Sz and Bi.Ses, the ex-situ XRD measurements (Figure 5.7 c) of the prepared
bulk Bi,Tes-LiBHs-AB composite anode material were performed at selected potentials, as
indicated in the galvanostatic discharging/charging profile (Figure 5.7 c). It is noteworthy here
that no thermochemical reaction was observed between LiBH4 and BizTes, unlike the case for BizSs
and Bi2Ses, which suggest less reactivity of Bi>Tes with LiBH4 in comparison to the other two
materials. The XRD profile (Figure 5.7 c) at point 2 suggested the existence of two phases from
the active material, i.e., Bi and Li>Te in addition to LiBHa. It also suggested the first reaction to
take place corresponding to the first plateau at 1.54 V, where the Li-ion moves from the positive
electrode (cathode) to negative electrode (anode) and react with Te first to form Li.Te, while Bi
was unreacted with Li-ions at this potential. Since LiBH4 was used as an electrolyte as well as in
anode composite material with a sufficient amount (30%), so the peaks corresponding to the LiBH4
phase were present at all stages. The next plateaus were observed at 0.82 — 0.75 V, thus the XRD
was performed after discharging the cell up to 0.8V (point 3) and 0.2V (point 4) in which Li-ions
reacted with Bi atoms also and formed LiBi followed by LizBi. During the charging of the cell, the
LisBi phase disappeared first, and the LiBi phase started to reappear in the XRD pattern (point 5).
Further charging up to 1.5 V extracts Li more and the XRD profile at point 6 showed the existence
of Bi and Li-Te phases. At the fully charged state (point 7, 2.5V), the peaks corresponding to

Bi>Tes phase were observed with the traces of BisTes & Li-Te.
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Based on the above ex-situ XRD results, the reaction involved in the first discharge and
charge verified the excellent reversibility of the alloying reaction between Bi>X3 and Li-ion. The

established electrochemical reversible reaction may be shown as equation (1):
Bi, X3 + 6Li & 3Li,X + 2Bi+ Li < 3Li,X + Bi + LiBi+ 5Li < 3Li,X + 2Li3Bi

(D)

On the other hand, the charging of the coin cell up to 2.5V showed a 2-3 fold high capacity than
the theoretical value. Notably, the second plateau at ~ 1.7-1.8 V was quite long in comparison to
the theoretical value of Li>X « X reaction (as shown in Figure 5.6). It can be proposed based on
the simultaneous thermochemical reaction between LiBH4 (in composite anode material) and X
(X =S, Se, & Te) (generated electrochemically during the de-lithiation process). This
thermochemical reaction generates Li>X followed by electrochemical Li2X < X conversion until
the full consumption of LiBHa in the composite. The capacity is well matched with the amount of

LiBHa in the composite as per the following reactions:

X + 2LiBH, & Li,X + 2B + 4H, ..(2)
Li,X & 2Li+X ..(3)
The presence of this thermochemical reaction was also confirmed by the thermogravimetric

analysis and reported elsewhere [158], [159].

5.7 Cyclic stability measurements under 0.2-2.5V

After successfully establishing the reversible electrochemical reaction, the cyclability of the
prepared composite anode materials was investigated under 0.2-2.5V at 0.1C-rate. The cyclic
discharge-charge profiles are shown in Figure 5.8. Whereas the initial discharge-charge profile
depicted the excellent electrochemical performance of the electrode (Figure 5.6), the cyclability
for all the composite anodes was found very poor. All the cells stopped working after 8-13 cycles,
which must be due to the above mentioned thermochemical reaction and the consumption of
LiBHg4, thus affecting the Li-ion mobility through the anode material in successive cycles, which

was visible during the discharging charging cycling (Figure 5.8). The thermochemical reaction
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caused the electrolyte decomposition, which developed the cracks on the surface of anode material

and thus lost the connectivity after around 10 cycles; consequently, the cell stopped working.
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Figure 5.8: Cyclic performance of the bulk (a) Bi>S3-LiBHs-AB (b) Bi2Ses-LiBHs-AB (c) Bi2Tes-
LiBH4-AB composite electrode in the voltage range of 0.2-2.5V at temperature 125°C with 0.1C
rate.

5.8 Morphological investigations of Bi2Xsz anode

In order to confirm the side reaction/mechanism mentioned above, morphological observation of

the anode surface before and after cycling was done by SEM studies. The SEM images and
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elemental mapping confirmed the above proposed thermochemical reaction and exhibited clear
evidence of the cracks and crumbling on the electrode surface after cycling (Figure 5.9, Figure
5.10 & Figure 5.11). The elemental mapping suggested that Bi, X, Li, and B were present

homogeneously throughout the electrode before cycling.
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Figure 5.9: (a-e) SEM images and corresponding elemental mapping of Bi»S3 in the composite

electrode surface before cycling, and (f) after 13 cycles in the voltage range 0.2-2.5V.
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Figure 5.10: (a-e) SEM images and corresponding elemental mapping of BizSes; in the
composite electrode surface before cycling, and (f) after 9 cycles in the voltage range 0.2-2.5V.
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Figure 5.11: (a-€) SEM images and corresponding elemental mapping of Bi,Tes in the
composite electrode surface before cycling, and (f) after 9 cycles in the voltage range 0.2-2.5V.
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5.9 Cyclic stability measurements under 0.2-1.5V

To avoid the side reaction mentioned above (occurred in between 1.7-2V) and crack formation on
the electrode surface, the galvanostatic discharge/charge cycling test up to 50 cycles for BixXs
electrodes were performed in 0.2 to 1.5 V range at 0.1C, and the profile is shown in Figure 5.12.
From Figure 5.12 (a) it could be observed that the first discharge and charge capacity was found
to be 662 mAhg™ and 524 mAhg?, respectively. The initial capacity dropped to 586 mAhg™ and
485 mAhg™ in the subsequent second cycle, which further reduced down to 311 mAhg™ and 225
mAhg? respectively with the 47% capacity decay of bulk Bi>Ss-LiBH4s-AB composite electrode
in comparison to the first cycle. This limited potential window eliminated the formation of the
cracks on the electrode surface (as confirmed by Figure 5.13); however, it limited the total
achievable capacity as well.

In the case of Bi»Ses-LiBHs-AB to avoid the thermochemical reaction, the galvanostatic
discharge/charge cycling was performed between 0.2V — 1.5V at 0.1C, and the results are
illustrated in Figure 5.12 (b). It was observed that the electrode delivered a high discharge capacity
of about 621 mAhg™ in the first cycle, which was faded down to 397 mAhg? in the second cycle
due to the limited potential window and did not allow the Se < Li>Se conversion. The capacity
finally reached 306 mAhg* after 50 cycles, which suggested only 23% capacity decay in 50 cycles.
It was evidenced that the electrode material performed well between 0.2V — 1.5V without any side
reactions and showed a highly stable Li storage capacity than the other reports (already discussed
in chapter 2) even though the Se « Li>Se conversion reaction was not allowed to proceed. The
limited potential window also suppressed the formation of the crack on the surface of anode
material during discharging/charging cycles (Figure 5.14) in contrast to what we observed in the
case of 0.2-2.5V potential window.

Figure 5.12 (c) clearly shows that the bulk Bi>Tes-LiBH4-AB composite electrode delivered a high
discharge capacity of 533 mAhg™ in the first cycle, which was faded down to 257 mAhg™ in the
second cycle due to the limited potential window and then showed a quite stable
discharging/charging capacity with cycling and reached to a capacity of 219 mAhg™ in 50" cycle,
which suggested only 15% capacity decay in 50 cycles. It was also observed that the plateau
voltage for discharge and charge processes remained nearly the same during cycling, indicating

that the composite electrode material worked well between 0.2 and 1.5 V without any side
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reactions. Although the capacity was faded down to a lower value in the 2" cycle due to a limited
potential window, however, it was much better than the previous report (as discussed in detail in
Chapter 2). This stability was also confirmed from the micrographs (Figure 5.15) of the
composite electrode pellet after 50 cycles of discharging / charging, where no cracks were
observed in contrast to the previous cell as described above.

16 50 cycle 1 CYCIeCharge (a) ‘ soth Cycle 15t Cycle (b)
= 3 : g3 —0—1St cycle ~ 1.6 Charge
| A 2 A R t
+_ 1.2 g ——2"eycle +<I . ! *1:dcwe
—! ) g cycle a 1 24 +2th Ryes
4 —o—qoth r ——5" cycle
> a=10" cycle 4 3 ., th |
< 0.8 —o—20"cycle| > 6 . .wth p—
© —o—30thcycle % 087 i i
"E —o—40thcycle ‘E +30th yeie
'9 0.4 th (2] —.)—40th cycle
° —a— 50" cycle "6' th
o s ! o —o=50"" cycle
Discharge Discharge
0.0+ v T v T v T v 0 v 7 v 7 v T v
0 200 400 600 800 0 200 400 600 800
Capacity (mAh g™) Capacity (mAh g1
2.0
50th Cycle < 18t Cycle (c)
r-\;J\ 16 harge—0—1St cycle
T ' —2"d
| cycle
") 1.2 1 —)—sth cycle
> «] ___ .th
Z —a==10"cycle
= 0.84F 50thcycle
=
2
0 0.44
o
Discharge
0

0 100 200 300 400 500550
Capacity (mAh g'1)

Figure 5.12: Cyclic discharging/charging profile of the bulk (a) Bi»Sz-LiBH4-AB (b) Bi»Ses-
LiBH4-AB and (c) Bi>Tes-LiBH4-AB composite electrode in the voltage range of 0.2-1.5V at
125°C with 0.1C rate.
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Figure 5.13: FE-SEM images of bulk Bi»S:-LiBHs-AB composite anode after galvanostatic
discharging-charging in the voltage range of 0.2-1.5V (a) 0 cycles and (b) 50 cycles.

Figure 5.14: FE-SEM images of bulk Bi>Ses-LiBHs-AB composite anode after galvanostatic
discharging-charging in the voltage range of 0.2-1.5V (a) 0 cycles and (b) 50 cycles.
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Figure 5.15: FE-SEM images of bulk Bi>Te:-LiBH4-AB composite anode after galvanostatic
discharging-charging in the voltage range of 0.2-1.5V (a) 0 cycles and (b) 50 cycles.

77



5.10 Summary

In summary, the present chapter clarified the reversible electrochemical mechanism
between Bi,X3 and Li-ion. An extremely small polarization is particularly remarkable to make
these materials as a promising candidate for the negative electrode in all-solid-state LIBs. These
anode materials exhibited outstanding volumetric capacity and gravimetric capacity. Although the
performance of these anode materials was very high with solid electrolyte LiBHa, it reacted with
Bi>X3 during the second step of charging (~1.7 V- 2V) which resulted in the loss of physical
contact between active material and electrolyte; thus capacity gradually dropped. All the cyclic
measurements up to 50 cycles were performed in between 0.2-1.5V to avoid this side reaction, and
excellent stability with high capacity was obtained. However, it reduced the overall achievable
capacity. It would be interesting to explore these anode materials as the nanostructured electrodes;
as it might enhance the cyclic stability with high coulombic efficiency. Also, these anode materials
can be used with other solid electrolytes, e.g. , Li2S-P2Ss in order to allow the cycling for the full
range, i.e., 0.2 — 2.5V.
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Chapter Six
Nanostructured Bi>X; Anode with Highly Stable

Electrochemical Performance

6.1 Introduction

The research community is currently appealing in generous efforts to attain effective energy
storage strategies which are the keys for the use of alternative energy and thus for the replacement
of fossil fuels and traditional energy storage [28]. In this concern, rechargeable LIBs play a vital
role due to their gravimetric and volumetric energy density, low self-discharge property, high
power density, and long cycle life [160], [161]. Moreover, LIBs have been proven to be the most
effective energy storage strategy for a wide range of portable devices such as laptops, cellular
phones, and digital electronics [23], [114], [162]. On the other hand, the employment of LIBs in
electric vehicles requires 2-5 times more energy density than the present LIBs. Anode materials
play an essential role, which can provide high reversible capacity, good ionic and electrical
conductivity, high rate of lithium diffusion into active material, low cost along with good cycling
life and free from safety concerns. Currently, graphite is the most commonly used anode material
due to its excellent features, like good cycle life, low cost, and low working potential vs. lithium.
However, it faces a low reversible capacity of 372 mAhg™ due to the allowance of one Li-ion with
six carbon atoms, with a resulting stoichiometry of LiCes [163], [164]. Also, the diffusion rate of Li
into carbon materials is between 102 and 10° cm?s?, resulting in batteries with low power density.
Hence there is a need to replace graphite anode to the materials with higher capacity, high power
density, and energy.

In particular, alloying type anode materials with a larger capacity than that of the
commercial graphite anode have been investigated actively as possible alternative anode materials
[165]-[167]. Belonging to this family, bismuth (Bi) has attracted considerable attention as an
anode material with 386 mAhg™ gravimetric capacity, which is comparable to the graphite anode

(372 mAhg™) and also has the sizeable volumetric capacity as 3800 mAhcm?. Its 4-fold high
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volumetric capacity than carbon makes it exciting material since the volumetric capacity is as
important as the gravimetric capacity for the practical applications which need less space but large
capacities. In order to further enhance the specific and volumetric capacity, Bi-based materials
such as BioX3 (X =S, Se, O, & Te) have been explored, as the element X also can alloy with Li
[39], [168], [169]. As per the reversible electrochemical reaction, it is quite clear now that Bi>X3
at first transforms to Li>X through the reaction

Bi,Xs + 6Li < 3Li,X + 2Bi (1)
followed by the alloying process
Bi+ 3Li < 2Li;Bi (2)

Both the alloying reactions contribute to a substantial volumetric augment, which causes particle
pulverization and cracks, resulting in a continuous inventible capacity decay. Thus, improvement
of cyclability of the chalcogenide materials remains a crucial challenge to be addressed for the
optimization of their Li-storage performance. In this sense, promising results and a bright
perception is accessible by nanostructured electrodes. The expected advantages of using
nanotechnology in LIBs serves a high surface to volume ratio, therefore the growth of the existence
of active sites for Li-storage. Moreover, the high surface area would provide a high contact area
with the electrolyte, hence leading to high Li-ion flux across the electrolyte/electrode interface,
resulting in a considerable increment of the specific capacity. Nanostructured anodes also improve
the Li-diffusion due to the reduction of its path length, therefore provide batteries with enhanced

power capability.

In this chapter, hydrothermally synthesized Bi»Xs nanostructures were used as anode
material in all-solid-state LIBs. A comparative electrochemical study between the commercial
bulk Bi2Xs and Bi2Xs nanostructures was examined [155]-[157]. The improvement in the

cyclability of all-solid-state LIBs using nanostructured Bi>Xs is also discussed herein.

6.2 Morphological studies of the prepared Bi2Xs nhanostructures

It is commonly hypothesized that the electrochemical performance of a nanostructured electrode

depends on their shape, size, and morphology [170], thus it is essential to assess the morphology
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of the prepared sample which was done here using FESEM and TEM measurements and the
images are illustrated in Figure 6.1, Figure 6.2, & Figure 6.3. FESEM and TEM of the prepared
Bi>S3 samples are illustrated in Figure 6.1. The FESEM image (Figure 6.1 a) depicted the flower-
like morphology and exhibited that each shoot in this pattern was formed along with a well-
arranged assembly of many nanorods [155]. The nanorods have a variation in the diameter and
length in the range of 10 — 150 nm and 150 — 400 nm respectively. All the prepared samples were
further characterized by TEM, as shown in Figure 6.1 (b). The TEM images of the prepared
nanostructures confirmed the above FESEM observations and designated that the flower-like
morphology was successfully obtained. Figure 6.1 (c) depicts the HRTEM observations of the
prepared nanostructure, in which the lattice fringes show interplanar spacing of 0.37 nm, allocated
to the (101) plane of Bi»S3. SAED pattern of nanoflowers indicated the polycrystalline nature, as
shown in Figure 6.1 (d).

Figure 6.1: (a & b) FE-SEM & TEM images of Bi.S3; nanoflowers (¢ & d) HRTEM & SAED

images of nanoflowers.
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The SEM and TEM experiments were performed on the prepared Bi>Ses samples, and the obtained
morphological information about the product is illustrated in Figure 6.2. The low magnification
SEM images [Figure 6.2(a) & (b)] illustrated that the prepared sample had mixed morphology of
nanoparticles and nanosheets [156]. The particle size was calculated to be in the range of 20 nm-
150 nm, whereas the thickness of the nanosheets was found to be in the range of 5— 30 nm. Figure
6.2 (c) shows the TEM image of mixed nanosheets and nanoparticles while Figure 6.2 (d) exhibits
HRTEM image of the prepared product which suggested the interplanar spacing of 0.378 nm,
assigned to the (101) plane of Bi>Ses. SAED pattern of a single nanosheet indicated the single
crystalline nature [Figure 6.2 (e)], whereas, the SAED pattern of nanoparticle showed

polycrystalline nature.
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Figure 6.2: (a) & (b) FE-SEM images of as prepared Bi>Ses nanostructures; (c-f) TEM,
HRTEM & SAED pattern of nanostructures.

SEM and TEM experiments were performed to evaluate the morphology of the prepared Bi,Tes

product. TEM and SEM images of Bi>Tesz nanorods are depicted in Figure 6.3. The SEM image is
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shown in Figure 6.3 a & b revealed that Bi>Tesz nanorods were successfully synthesized via a
hydrothermal process, forming a wide-open structure[157]. TEM observations further investigated
more detailed information on their microstructures. TEM experiments revealed the variation in
length and diameter of nanorods in the range of 50-400 nm and 20-70 nm, respectively. Figure
6.3 (d) presents the high-resolution TEM image of the nanorods with clear lattice fringes,
demonstrating its high crystalline nature. The fringe spacing was calculated to be 0.34 nm, which
matched well with the d-spacing of the (104) plane of rhombohedral Bi>Tes.

20 nm

Figure 6.3: (a & b) FE-SEM images of Bi>Tes; nanorods and (¢ & d) TEM, HRTEM images of

nanorods.
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6.3 Structural investigation of the prepared Bi>X3 nanostructures

Figure 6.4 (a) presents the XRD patterns of the synthesized nanostructured Bi.Ss samples. All the
diffraction peaks could be indexed to an orthorhombic Bi.Ssz phase (JCPDS card no. 00-006-0333)
with Pbnm space group along with some Bi.Os traces. The structural analysis of the obtained Bi»Ss
pattern designated the lattice parameters a = 11.15A, b = 11.30 A and ¢ = 3.9810 A agreeing well
with the literature values. The XRD pattern of the prepared composite anode material with as
prepared Bi,Ss nanoflowers, heat-treated AB, and heat-treated LiBH4 is shown in Figure 6.4 (b).
It was observed that a partial mechanochemical reaction took place during the milling as evident

from the presence of Bi and Li>S peaks in addition to the starting material, i.e., Bi.Ss & LiBHa.

BiyS3 NF+LiBH4+AB

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
20 (Degree)

Figure 6.4: XRD pattern of (a) as-prepared Bi>Ss nanoflowers and (b) Bi2Sz nanoflowers-LiBH4

-AB composite electrode.

The XRD pattern of as-prepared Bi>Ses nanostructures is shown in Figure 6.5 (a). All the
obtained peaks could be indexed to a trigonal Bi.Sez (JCPDS card no. 00-033-0214) with R-3m
space group as well as trigonal BizSes (JCPDS card no. 00-029-0245) phases in addition to some
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trace of Bi.Oz and unreacted Se. The lattice parameters a, b, & ¢ for Bi>Ses phase were calculated
as 4.14 A, 4.14 A, and 28.63 A, respectively. The lattice parameters for trigonal BisSes were
obtained as, a = b = 4.23 A and ¢ = 40.40 A. The XRD pattern of Bi,Ses-LiBH4-AB composite
electrode material (Figure 6.5 b) confirmed the existence of individual main phases of Bi.Sejs,
BisSes, and LiBHa.

* Bi,Se,  Bi,Se, o Bi,0, + LiBH,V Se

Intensity(a.u.)

20 30 40 50 60
20 (Degree)

Figure 6.5: XRD pattern of (a) as prepared Bi>Ses nanostructures (b) Bi.Ses nanostructures-

LiBH4-AB composite electrode.

The crystallographic structure of the synthesized Bi>Tes nanorods was characterized by XRD. As
shown in Figure 6.6 (a), the broad peaks of the prepared sample indicated the nanocrystalline
nature of the materials and due to the quantum confinement effect. The observed planes correspond
to the BixTes polycrystals (JCPDS: 00-015-0863) with rhombohedral (R3m) symmetry, and the
average crystallite size was calculated to be 16 nm using Debye Scherrer formula. Unit cell refined
values of nanorods, a, b and ¢ are found to be 4.38 A, 4.38 A, and 30.48 A, respectively [171]. The
existence of LiBH4 and Bi.Tes peaks in the XRD profile (Figure 6.6 b) of composite material
(Bi>Tes/LiBH4/AB) confirmed that no chemical reaction was occurred in between the components

during milling.

85



Bi,Te3 nanorods + LiBH4 + AB
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Figure 6.6: XRD pattern of (a) as-prepared Bi>Tes nanorods and (b) Bi2Tes nanorods-LiBH;-

AB composite electrode.

6.4 Cyclic voltammetry

Figure 6.7 shows the CV curves for the Bi>X3 nanostructures in between 0.2 — 2.5 V at a scan rate
of 0.1 mVs™. Figure 6.7 (a) exhibits the CV scan profile of Bi»Ss nanoflowers. The open-circuit
voltage (OCV) of the cell was 1.55 V. In the first cathodic scan of the bulk sample, a weak peak
at 1.45V could be ascribed to the Li>S formation through the reaction of Li ions with the unreacted
remaining Bi>S3, while the peaks at 0.79 V and 0.72 V was due to the formation of LiBi followed
by LisBi phase. On the other hand, the reverse anodic scan process showed two peaks at 0.85 V
and 0.88 V corresponding to the delithiation of LisBi to LiBi and Bi respectively. Further
delithiation gave rise to a broad peak in between 1.86 — 2.01 V, which corresponded to the
transformation of Li>S to S. The broad nature of the peak gave rise the possibility of simultaneous
additional reaction along with the electrochemical reaction. The first cathodic peak at 1.45 V is
weaker than the bulk sample (Chapter 5, Figure 5.4), which was quite apparent due to the

kinetically fast thermochemical reaction between LiBH4 and nano Bi»Ss, thus converting most of
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the nano Bi>S3 to Li.S during the heating process before the electrochemical discharging/charging.
The other peaks were found quite similar to that of bulk Bi»Ss (as discussed in Chapter 5).
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Figure 6.7: Cyclic Voltammograms of (a) Bi»Ss nanoflowers-LiBH4-AB composite electrode (b)
Bi>Ses nanostructures-LiBH4-AB composite electrode (c) BiTes nanorods-LiBH4-AB
composite electrode scanned at 0.1mVs™.

Figure 6.7 (b) represents the CV profile of Bi.Sez nanostructures. The initial OCV for nano BiSes

was observed as 1.71 V after heating the coin cell at 125°C for 3 hours, and no peak corresponding
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to Li>Se formation was observed. This suggested the complete conversion of Se to Li»Se as a result
of a thermochemical reaction between Bi,Ses and LiBH4 during the heating. The other two peaks
corresponding to Bi — LiBi and LisBi conversion were visible at the same position as for bulk
Bi>Sez composite anode (two peaks at 0.79 and 0.72V corresponding to the lithiation of Bi to form
LiBi and LizBi successively). During the reverse scan, i.e., charging process, two peaks appeared
in the voltage range of 0.84 - 0.86 V corresponding to delithiation of LisBi and LiBi. Significant
noise was observed in the broad peak at 1.7-2.0 V, which must be due to the simultaneous

electrochemical and thermochemical reaction, as discussed in chapter 5.

Figure 6.7 (c) depicts the CV scan profile of Bi,Tes nanorods to optimize a suitable potential
window for all electrochemical studies. The OCV voltage for Bi>Tes nanorods was observed as
1.55V. At first, during the lithiation (Discharging) scan of Bi>Tes/LiBH4/AB electrode, the first
cathodic peak located at 1.5 V could be ascribed to the Li>Te formation, while the other two peaks
corresponding to LiBi and LizBi were located at the same position as for the bulk Bi>Tes. Also,
during the reverse scan, the same pattern has been followed by nanostructures as that by bulk

sample (as explained in Chapter 5).

6.5 Cyclic stability measurements under 0.2-2.5V

The first galvanostatic discharge-charge curve of the nano Bi>S3-LiBH4 composite anode material
is illustrated in Figure 6.8 a, which was performed at 125°C temperature with the 0.1C rate. The
prepared nanostructures recorded the first discharge and charge capacities as 685 mAhg™
(corresponding volumetric capacity: 4644 mAhcm3) and 1330 mAhg* respectively, in the voltage
window of 0.2-2.5V. The obtained first lithiation capacity was slightly higher than the theoretical
capacity (625 mAhg™) of Bi,Ss; it could be associated with the contribution of the carbon (AB),
which was contained in the anode composite material in sufficient amount (30 wt %). On the other
hand, the first charge capacity was found much higher than the discharge capacity, approximately
2-fold higher than the discharge capacity. This is quite similar to the bulk Bi,Ss anode, which
indicated the existence of simultaneous thermochemical and electrochemical reactions during the
delithiation process. The delithiation process at around 1.7V transformed Li.S to S. However; this

freshly generated sulfur might thermochemically be reacted with LiBHs (a component of anode
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composite material), thus again formed LiS. This thermochemically generated Li>S again took
part in the electrochemical reaction and released Li-ion. This cyclic process continued until the full
consumption of LiBHa4. The calculated value of charge capacity (according to the actual amount
of LiBH4 and Bi»Sz in anode composite) as per above speculation agreed well with the obtained
capacity during de-lithiation. The consumption of LiBH4 due to this thermochemical reaction
should affect the Li-ion mobility through the anode material in successive cycles, which was
visible during the discharging charging cycling (Figure 6.8 a). The capacity was drastically
reduced to around 200 mAhg* within 12 cycles, and finally, the cell stopped working in the 13"
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Figure 6.8: Cyclic performance of the nano (a) Bi2Ss-LiBH4-AB (b) Bi>Ses-LiBH4-AB (c)
Bi>Tes-LiBHs-AB composite electrode in the voltage range of 0.2-2.5V at temperature 125°C
with 0.1C rate.
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cycle. The above mechanism was also supported by the morphological observation of the anode
surface after the cycles, where the cracks and crumbling are observed (Figure 6.9). These cracks
also confirmed the above-proposed side reaction/thermochemical reaction.
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Figure 6.9: SEM images of nano Bi.S:-LiBH4 composite anode after galvanostatic

electrochemical discharging- charging in the voltage range of 0.2-2.5V (a) 0 cycles and (b) 13
cycles.

The electrochemical discharging/charging profile of nano-BiSez composite electrodes
(Figure 6.8 b) was found to be quite similar to that for the bulk-Bi.Ses composite electrode.
However, the first small plateau at around 1.75V completely disappeared, which must be due to
the complete conversion of Bi»Ss to Li.Se and Bi due to the thermochemical reaction as described
in chapter 5. Similar to the bulk Bi,Sesz composite electrode, the nano-Bi,Ses electrode showed a
similar cyclic behavior when performed in the potential window of 0.2-2.5V and cell was broken

after 11 cycles due to the formation of cracks (Figure 6.10) caused by the side reaction.
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Figure 6.10: FE-SEM images of nano Bi.Ses—LiBH4 composite anode (a) before and (b) after
10 cycles of galvanostatic electrochemical discharging-charging in the voltage range of 0.2-
2.5V.

The cyclic behavior of Bi>Tez nanorods was also found quite similar to Bi.Ss and Bi>Ses
nanostructures. After the 11" number of cycle, the cell was broken, and the capacity faded dawn
rapidly (Figure 6.8 ¢). The crack formation on the electrode surface was also visible here (Figure
6.11).

| 20KV & X500 5 S0pm

3 | by

Figure 6.11: FE-SEM images of nano Bi,Tes-LiBHs composite anode after galvanostatic
electrochemical discharging- charging in the voltage range of 0.2-2.5V (a) 0 cycles and (b) 10

cycles.
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6.6 Cyclic stability measurements under 0.2-1.5V

Based on the galvanostatic discharge-charge and FESEM measurements on the prepared coin cell
(by using bulk Bi2X3z as well as Bi2X3 nanostructures), it was clear that a thermochemical reaction
occurred in between Bi>Xz and LiBHs at around 1.7V-2V. Therefore to avoid this
side/thermochemical reaction, the galvanostatic discharge/charge cycling test was performed on
nano Bi>Ss-LiBH4-AB composite electrode in a limited potential window 0.2-1.5V at 125°C
temperature with a 0.1C rate as illustrated in Figure 6.12. The nano Bi.Ss—LiBH4-AB composite
electrode material delivered the initial discharge and charge capacities of 685 mAhg™ and 494
mAhg™, respectively, with 95.8% coulombic efficiency. The discharge and charge capacities
dropped to 532 mAhg™ and 502 mAhg* in the second cycle and then reached to 375 mAhg™ (ca.
2543 mAhcm ) and 352 mAhg in the 50" cycle. The obtained capacities were considerably better
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Figure 6.12: Cyclic performance of the (a) nano Bi»Ss-LiBHs-AB composite anode material, (b)

Cyclic stability (Capacity vs. no. of the cycle) of commercial bulk Bi;S; and Bi;Sz nanoflowers.

or comparable to a variety of other Bi>Sz nanostructures [98], [172]. After the cycling test of
composite electrode material, the SEM was also performed to observe the surface condition of the
negative electrode. No cracks or crumbling on the surface of anode material were observed even
after 50 cycles (Figure 6.13) in contrast to the case of cycling between 0.2 — 2.5V where cracks

appeared only after 13 cycles. Even though the thermochemical reaction restricted ourselves to
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perform the delithiation/lithiation cycles in a limited potential window of 0.2-1.5V, the prepared
nano Bi»Ss-LiBH4-AB composite negative electrode showed the excellent cyclic stability over 50
cycles with no electrode damage.

In order to compare the cyclic performance of nanostructured anode to the bulk anode, a curve
between the capacities vs. cycle number is plotted and is shown in Figure 6.12 (b). It is evident
that the initial capacity of the bulk sample was slightly higher than the nanocomposite anode
material. However, the cyclic stability of the nano Bi>Ss—LiBH4-AB composite anode material was
found much better than bulk Bi>Sz—LiBH4-AB composite electrode. The nano Bi,Ss—LiBHs-AB
composite anode material showed only 29.5% capacity decay from the first capacity, which is
much lower than 47% capacity decay of bulk Bi>S3-LiBH4 composite electrode. The possible
reasons for the better stability of nanoflowers might include high surface area and excellent charge

transfer kinetics of the nanostructures due to the shorter diffusion path.
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Figure 6.13: FE-SEM images of nano Bi.Ss—LiBH4 composite anode after galvanostatic
electrochemical discharging-charging in the voltage range of 0.2-1.5V (a) 0 cycles and (b) 50

cycles.

For the Bi.Sez nanostructures-LiBH4s-AB composite electrode material, the cyclic
performance was also evaluated in the potential window of 0.2 — 1.5V at 0.1C (as shown in Figure
6.14 (a), which eliminated the crack formation (Figure 6.15). As shown in Figure 6.14 a, the first
discharge and charge capacity was found to be 594 mAhg? (with obtained volumetric capacity
4071 mAhcm ) and 468 mAhg™? respectively, which was faded down to 403 mAhg? and 384
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mAhg? in the second cycle due to the limited potential window. The discharge and charge capacity
after 50 cycles were found to be 343 mAhg™ and 340 mAhg™ respectively. It was evident that the
electrode material performed well between 0.2V — 1.5V without any side reactions and showed a

highly stable Li storage capacity, even though the Se < Li>Se conversion reaction was not allowed

to proceed.
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Figure 6.14: Cyclic discharging/charging profile of the (a) Bi.Ses nanostructures-LiBH4-AB
composite electrode (b) Cyclic stability (Capacity vs. no. of the cycle) of bulk Bi.Ses and nano
Bi,Ses.

The initial capacity of these nanostructures was less than the commercial bulk sample, which must
be due to the complete conversion of nano-Bi.Ses to Li>Se and Bi in comparison to the partial
conversion of bulk-Bi>Ses to Li>Se and Bi as a result of thermochemical electrolyte decomposition.
However, the cyclic stability of nano-Bi.Sez composite electrode was found much better than bulk
Bi>Ses composite electrode with better cyclic stability (Figure 6.14) due to the high surface area
of the electrode and excellent charge transfer kinetics due to their shorter diffusion path. The nano-
Bi>Ses composite showed only 15% capacity decay from the initial capacity with ~ 99% coulombic
efficiency in potential window 0.2-1.5 V, which is much lower than the 23% capacity decay for
the bulk-Bi>Ses composite electrode. Also, the capacity was found to be increased after 15 cycles
and then gradually decreased again. The reason for this unusual behavior is not known completely,

but it might be due to some side reaction, which contributed to the overall capacity or may be due

94



to the anode activation behavior because here anode material has mixed morphology in the form
of nanoparticles and nanosheets.
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Figure 6.15: FE-SEM images of nano Bi.Ses-LiBH4-AB composite anode (a) before and (b)
after 50 cycles of galvanostatic electrochemical discharging-charging in the voltage range of
0.2-1.5V.

Figure 6.16 (a) shows the discharge/charge curves of the Bi>Tez nanorods-LiBHa electrode at 0.1C
for 50 cycles and the potential window was kept limited to 0.2-1.5V. The first discharge capacity
for the nano-Bi;Tes composite electrode was found to be 489 mAhg?, which was faded down to
283 mAhg™ in the second cycle due to the limited potential window. The discharge & charge
capacities in 50" cycles were found to be 235 mAhg™ & 233 mAhg™ respectively. Thus the nano-
Bi>Tes composite electrode material works well between 0.2 and 1.5 V with a high coulombic
efficiency of >95% without any side reactions, which was also confirmed by FE-SEM images as
shown in Figure 6.17.

On comparing the performance of nanostructured composite with bulk composite electrode,
capacity in the 50" cycle was found slightly higher in case of nano than that for bulk Bi,Tes
composite electrode (Discharge: 219 mAhg? & Charge: 218 mAhg™), which suggested the
improved cyclic stability of nano-Bi.Tes composite electrode in comparison to bulk Bi;Tes
(Figure 6.16 b).

95



2.0

th st . 600 4235
50" Cycle < 17 Cycle (a)| w (b) '
= 3850 ' £
= Charge < o
+:' ; 88 9 Y E 500 . g
o ¢ 38  ——cycle2 | > —o—Bi,Te (Bulk) 3300 £
o i3 —e—cycle 5 'g —a—BiyTes (Nanorods) 2
2 —o—cycle10| 2 4004 °
§ ——cycle50| § 2750 2
8 (3} o
t = 9
) ® 300 12200 =
° E £
e 3 3
Dischar 5 1650 2
0 +—r— S —— .g © 200 r , . ' }1500 =

0 100 200 300 400 500 0 10 20 30 40 50
Capacity (mAh g ) Cycle No.

Figure 6.16: (a) Cyclic performance of the Bi>Tez nanorods-LiBHs-AB composite electrode (b)
(c) Cyclic stability of bulk Bi>Tes (blue curve) and nano Bi>Tes (red curve).

Figure 6.17: FE-SEM images of nano Bi.Tes-LiBH4-AB composite anode (a) before and (b)
after 50 cycles of galvanostatic electrochemical discharging-charging in the voltage range of
0.2-1.5V.
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6.7 Summary

In summary, the present work clarified that the hydrothermally synthesized Bi>X3 nanostructures
had shown excellent and stable electrochemical performance in all-solid-state Li-ion battery. The
nanostructured anode has relatively low discharge capacity in the initial cycles compared with
commercial bulk Bi>Xs anode but showed better cyclic stability over 50 cycles. The values are
much higher than the previous reports also (as discussed in Chapter 2). An unusual
thermochemical reaction between Bi»X3 and LiBH4 was observed for nanostructured anode also
similar to that of the bulk electrode during the charging process, which limited the potential
window between 0.2 — 1.5 V. Despite this limited potential window, nanostructured electrode
attained higher stability and capacity of all-solid-state LIB. The exciting cyclic performance with
high capacity, demonstrate the potential of Bi»Xs to be used as novel electrode material for Li-ion

batteries and LiBH4 as a solid electrolyte.
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Chapter Seven

Conclusions and Future Scope of Work

7.1 Conclusions

The present thesis focused on establishing the reversible electrochemical mechanism and
implementing Bi>X3 anode materials in all-solid-state Li-ion batteries. An extremely small
polarization and outstanding volumetric and gravimetric capacity of Bi makes it a promising
candidate for the negative electrode in all-solid-state LIBs. In order to enhance the capacity
further, Bi-based chalcogenides were also successfully employed as anode material. The
following conclusions are made based on studies carried out:

» Bi was used as active material in the composite anode having heat-treated LiBH4 and
AB in 40:30:30 weight ratio. The electrochemical performance of the composite
electrode was investigated by cyclic voltammetry and galvanostatic discharge-charge
measurements at 120°C. The first galvanostatic discharge—charge curves for the Bi-
LiBH4-AB composite electrode between the optimized potential window 0.2 - 1.5 V
vs. Li*/Li at the 0.1C rate exhibited the initial discharge and charge capacity as 4681.7
mAhcm® (478.7 mAhg?) and 4510.5 mAhcm® (461.2 mAhg?), with an initial
coulombic efficiency of 96.3%.

» The ex-situ XRD measurements were performed at selected potentials (as obtained by
plateau potential through discharging/charging profile) to understand the mechanism
behind the obtained plateaus, and based on the XRD results an entirely reversible

reaction was obtained between Bi and Li-ions, as shown in equation 1:

Bi + Li © LiBi + 2Li © Li3Bi (1)

» The cyclic stability of Bi-LiBHs-AB composite anode has also been investigated under

0.2-1.5V for selected no. of cycles up to 100 cycles. The capacity is found to be
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decreased down to 3853.3 mAhcm™ (394 mAhg™?) after 100 cycles, which suggest an
82% capacity retention. The stable coulombic efficiency with unchanged plateau
potential over no. of cycles also suggest the excellent performance of the coin cell.
Bi-based anode materials exhibit outstanding volumetric capacity and superior
stability. The high stability of this system can be attributed to the cushioning effect of
LiBH4 and carbon presented in the composite, which is a feature in addition to their
ionic & electrical conductivity, respectively.

In order to enhance the specific capacity as well as the volumetric capacity of Bi-based
anode, commercial bulk Bi2Xs (X = S, Se, & Te) have been investigated as active
material in the anode. All the electrochemical characterizations on Bi>X3 electrodes
were performed at 0.1C under 0.2-2.5V potential window. Similar to Bi-based anode,
an electrochemical reaction was established between Bi>Xs and Li-ion, and based on
the ex-situ XRD results, the reaction involved in the first charge and discharge verified
the excellent reversibility of the alloying reaction. The established electrochemical

reversible reaction is shown in equation 2:

Bi,Xs + 6Li © 3Li,X 4+ 2Bi+ Li & 3Li,X + Bi + LiBi + 5Li © 3Li,X +
2Li;Bi (2)

The initial charge capacity of Bi>Xs [Bi.Ss (discharge: 617 mAhg™, charge: 1145
mAhg?), Bi,Ses (discharge: 621 mAhg?, charge: 1346 mAhg?), and Bi,Tes
(discharge: 515 mAhg™, charge: 1349 mAhg?)] was very high as compared to the
discharge capacity as well as theoretical capacity, which indicated the occurrence of
some side reaction during the charging of coin cell.

These anode materials exhibit outstanding initial volumetric and gravimetric capacity.
The performance of these anode materials is very high with solid electrolyte LiBHa.
However, it reacts with Bi>Xs thermochemically during the second step of charging
(~1.7 V- 2V), which causes the formation of the cracks on the electrode surface. These
cracks result in the loss of physical contact between active material and electrolyte,

and thus capacity gradually drops over several numbers of cycles.
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» To avoid this thermochemical reaction and to improve the cyclic stability of bulk Bi>X3
based composite electrode, the potential window of electrochemical cycling was kept
limited to 0.2 — 1.5 V. From cyclic measurements of bulk Bi>X3-LiBH4-AB composite
anode, it can be clearly observed that the limited potential window gives better stability
as compared to previously used potential window as 0.2-2.5V. For Bi>Sz-LiBHs-AB,
first discharge and charge capacity were found as 662 mAhg? and 524 mAhg?,
respectively. The initial capacity reduced down to 311 mAhg? and 225 mAhg*
respectively, with the 47% capacity decay from the first capacity. In case of Bi.Ses-
LiBHs-AB composite anode material depicted a high discharge capacity about 621
mAhg™? in the first cycle, which is faded down to 397 mAhg™ in the second cycle due
to the limited potential window and does not allow the Se < Li>Se conversion. The
capacity finally reached 306 mAhg™ after 50 cycles, which suggest only 23% capacity
decay in 50 cycles. Similarly, the bulk Bi.Tes-LiBH4-AB composite electrode delivers
a high discharge capacity of 533 mAhg™ in the first cycle, which was faded down to a
quite stable discharging/charging capacity with 219 mAhg™? in 50" cycle, which
suggest only 15% capacity decay in 50 cycles. It is evident that the electrode materials
perform well between 0.2V — 1.5V without any side reactions and shows a highly
stable Li storage capacity than the other available reports.

» The limited potential window also suppresses the formation of the crack on the surface
of anode material during discharging/charging cycles in contrast to what was observed
in the case of 0.2-2.5V potential window.

> In order to further enhance the stability, Bi»X3 nanostructures (Bi.Ss nanoflowers,
Bi>Ses mixed morphology as nanoparticles & nanosheets, and Bi>Tes nanorods) were
synthesized by hydrothermal/solvothermal method.

» The FESEM and TEM image of as-prepared Bi.Ss sample depicted the flower-like
pattern and also exhibited that each shoot in this pattern was formed along with a well-
arranged assembly between many nanorods. The nanorods have a variation in the
diameter as 10 — 150 nm with the length in the range of 150 — 400 nm.

» The SEM and TEM experiments were performed on the prepared Bi>Ses sample, and
the obtained morphological information about the product described that the prepared

sample had mixed morphology of nanoparticles and nanosheets. The particle size is
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7.2

calculated in the range of 20 nm-150 nm, whereas the thickness of the nanosheets was
found in the range of 5 — 30 nm.

» Morphological investigation of prepared Bi>Tes product revealed the successful
synthesis of nanorods, which had the variation in length and diameter in a range of 50-
400 nm and 20-70 nm, respectively.

» Nanostructured BixXs electrode exhibits outstanding volumetric capacity ( Bi.S:3—
4488 mAhcm®, BiSes — 4071 mAhecm®, & Bi;Tes — 4104 mAhem™®), gravimetric
capacity (Bi.S3 — 662 mAhg?, Bi;Ses — 594 mAhg™ & Bi;Tes —533 mAhg? with
superior stability.

» A comparable cyclic study between the bulk electrode and nanostructured electrode
was also investigated, and the present work clarified that the hydrothermally
synthesized Bi»X3 nanostructures had shown excellent and stable electrochemical
performance in all-solid-state LIBs. The nanostructured anode has relatively low
discharge capacity in the initial cycles compared with commercial bulk Bi>X3 anode
but shows the better cyclic stability over 50 cycles.

> Despite this limited potential window, Bi>X3 nanostructured electrode attained higher
stability and capacity of all-solid-state LIB. The exciting cyclic performance with high
capacity, demonstrate the potential of Bi2X3 to be used as novel electrode material for

Li-ion batteries and LiBHj4 as a solid electrolyte.

Future Scope of Work

Based on the findings in the present thesis, the future scope of the work can be proposed

as follows:

» Although the performance of these anode materials is very high with solid electrolyte
LiBHg4, it reacts with Bi>X3 during the second step of charging, thus limit the cyclic
test between 0.2 — 1.5 V, hence reduce the available capacity. It would be interesting

to explore these anode materials with other solid electrolytes, e.g. , Li>S-P2Ss, in order
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to allow the cycling for the full range, i.e., 0.2 — 2.5V. It may enhance the deliverable
capacity as well as the cyclic stability to a much higher value.

Since LiBH4 has low ionic conductivity at room temperature and can provide high
conductivity with a high-temperature phase, it would be interesting to stabilize its
high-temperature phase at relatively mild temperatures. It will allow using these
systems at near ambient temperature. It would also solve the problem associated with
the thermochemical reaction as Bi>Xs react with LiBH4 thermochemically only at high
temperature.

Herein, Bi.Tes, Bi>Ses, & BiSz were used as an anode material; there is a possibility
to use their intermixture as a negative electrode to improve their electrochemical
performance.

Fabrication of half coin cell by Bi-based anode material approach has been discussed
here. So, the same method can be applied for the other chalcogenides, e.g. , Sb based
materials can provide much higher capacity.

Finally, the optimized system can be employed to Na-ion batteries.
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