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“If we knew what it was we were doing, it would not be called research, would it?”

Dallas Campbell (Science of Stupid)
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Abstract

The Internet of Things (1oT) scenario offers benefits such as reduced analysis costs, improved safety
and will enable the prediction of future trends due to the multitude of wireless sensors acting as an
environmental interface that provides data. Currently, non-rechargeable batteries act as the
predominant energy source for today’s commercial wireless sensors, however their large sizes often
hinders the miniaturisation of 10T sensors, thus reducing the potential application for these sensors.
In addition, the high energy and power demands of the sensors dramatically reduce the lifetime of the
primary batteries, which then requires their frequent replacement. Therefore, the ultimate challenge
facing the mass distribution of wireless sensors is meeting the energy and power requirements to
match the lifetime of the microdevices. Advancements towards energy harvester-powered sensors are
hindered due to their low efficiency and limitations, therefore the need for hybrid systems comprising
a significantly smaller rechargeable energy storage device coupled to energy harvesters are of interest

to enable long life autonomous IoT sensors.

Li-ion rechargeable batteries (LiB) are the battery chemistry of choice and have been demonstrated
with organic and solid-state electrolytes. LiBs provide high energy density (~270 W kg?) in
conventional organic electrolytes with modest cycle life (500 to 1,000) but are limited to low power
densities (<1000 W kg™?) often caused by the presence of inactive binder and conductive additive
materials in the anode and cathode, resulting in hampered device operation particularly during the
energy intensive periods of sensor measurement and wireless communication. In addition, the
utilisation of volatile organic carbonate based electrolytes within the battery raises a safety issue,

therefore limiting their potential applications.
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In order to circumvent this, solid-state Li microbatteries represent an alternative due to their increased
intrinsic safety as no volatile organic components are utilised. In addition, they offer larger potential
energy densities due to the removal of inactive binder and conductive additive materials, and in some
cases utilisation of Li metal as an anode improves the energy density. They offer a significantly better
cycle life when compared to organic electrolyte-based batteries (>5,000 vs. <1,000). However, their
drawbacks have limited their use in commercial systems, for example, the need to maintain thin
electrodes (at the micron level) particularly for the low electronic conductivity oxide cathodes
typically utilised. In addition, sluggish Li* diffusion within the electrolyte and electrodes at room
temperature often results in poor power capabilities and a significant potential drop during high

current operation.

2
Based on the time constant (t) for linear diffusion in a material of dimension L (t = ZL—D), where D is

the diffusion coefficient, it can be estimated that the time taken for Li* to diffuse in typical battery
materials of micron dimension will be two to three orders of magnitude slower with a corresponding
lower power capability than for a nanoscale (<100 nm) material. Therefore, a small form factor
capable of high current operation is critical in the development of the next-generation hybrid systems.
Identification of an appropriate electrolyte which boasts a combination of organic and solid-state
properties such as non-volatility, non-flammability and high ionic conductivity at room temperature
which can exist in both liquid or solid form is desirable. Identification of such an electrolyte in
addition to high power and energy density materials will allow for the realisation of 10T autonomous

Sensors.

An alternative class of electrolytes have been identified and discussed within this thesis: ionic liquids.
They offer the aforementioned favourable properties in addition to large electrochemical windows

which enables the use of various anode and cathode materials. Their non-volatility allows for easy
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integration into devices, and they offer the opportunity to electrodeposit certain electrode materials
such as Ge, which further demonstrates their applicability and suitability as electrolyte materials.
These hybrid properties are showcased during a thorough cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) analysis. The ability
of the ionic liquid to form solid state analogues is demonstrated as a series of polymer gel electrolytes
is synthesised using simple synthesis methods. The solid-state polymer gel electrolytes offer
comparable ionic conductivities to those of conventional electrolytes (1 M LiPFg in 1:1 v/v ethylene
carbonate (EC):diethyl carbonate (DEC)) (1.9 mS cm? vs. 7.9 mS cm™), with their ionic
conductivities being up to 600 times greater than typical solid-state electrolytes such as lithium

phosphorous oxy-nitride (LiPON).

The utilisation of direct current (D.C.) magnetron sputtering for the deposition of Ge is described,
whereby uniform nanoscale thin films (~100 nm) are obtained. The compatibility of the Ge thin films
with the ionic liquid electrolyte is demonstrated as typical amorphous CV data is obtained which
correlates with the Ge analysed in organic-based electrolytes. Galvanostatic cycling of the Ge
electrode in the ionic liquid achieved the highest reported Ge electrode capacities achieved in
literature using the pyrrolidinium-based ionic liquid electrolyte. Capacities of ~900 mAh g* are
obtained at 3.5 C (C = C-rate), whereby nanostructured electrodes in literature achieved a maximum
capacity of 600 mAh g™ at 1 C using similar electrolyte materials. The addition of carbonate additives
such as vinylene carbonate (VC) prevented large scale delamination of the electrode material from

the current collector as evidenced by SEM analysis.

The utilisation of electrodeposition to fabricate nanoscale V2Os thin films allows for crystalline or
amorphous to be obtained. Both amorphous and crystalline thin films exhibited compatibility with
the liquid and polymer gel electrolytes, however, the crystalline V20s thin films exhibited higher

power capabilities due to intercalation pseudocapacitance electrochemical kinetics. Long-term
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cycling (~400 cycles) are exhibited with minimal capacity fade (0.4% over 50 cycles at 5 C in the

polymer gel electrolyte PG-60) with lithium metal anodes.

To assess the potential use of 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(CampyrTFSI)-based electrolytes with nanostructured electrodes, CV analysis was carried out with
inverse opal (I0) TiO electrodes. Similar electrochemical performances to conventional organic
electrolyte (1 M LiPFe in 1:1 v/v EC:DEC) were observed. In addition, identical current densities
(organic: -0.04 mA cm2 vs. IL: ~ -0.04 mA cm™ at 0.5 mV s) and peak positions were achieved in
both solutions. Additive analysis was carried out the mitigate electrode swelling observed in additive-
free electrolytes. Finally, polymer gel electrolyte analysis was carried out, whereby high coulombic

efficiencies (>90%) were attained.

Prototype ionic liquid-based full cells consisting of VV20s cathodes and Ge anodes are investigated. A
reduction in the separator thickness results in more stable cycling across the C-rates as minimal
capacity drop is observed in the vinylene carbonate (VC)-containing 260 versus a 900 pum thick
electrolyte cell (~0.3 vs. ~1 mAh g per cycle at 0.5 C, respectively). Up to 700 cycles was achieved
for both VC- and VC-free cells without significant capacity fade or cell failure. These cells are
comparable to typical solid-state microbatteries, as capacities of 5.7 and 3.2 pAh at 0.2 C (cycles 11
to 20) and 1 C (cycles 41 to 50) respectively are demonstrated by the prototype, in addition to an
average discharge capacity of 1.3 pAh at 5 C for cycles 600 to 650 is attained after significant C-rate

analysis (rates from 0.2 C to 10 C utilised).
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General Introduction, Objectives & Overview

General Introduction

The Internet of Things (10T) is a novel paradigm that was first introduced by Kevin Ashton in 1998,
21 and since then it has gained significant attention both in academia and industry. This paradigm was
conceived due to the huge advancements in the fields of electronics, and the deployment of wireless
communication systems, mobile devices and ubiquitous services. In recent years 10T has stepped out
of its infancy and has gained traction towards achieving smart environments such as smart cities. This
progress has been realised due to the integration of several enabling technologies (energy harvesters,
sensors, energy storage) which can create autonomous devices which can then be deployed and

forgotten. This opens the gateway for a multitude of applications as shown in figure 1.

Manufacturing Industry
Automotive Industry
_— Pharmaceutical Industry
ULl Medical and Healthcare
Aerospace and Aviation
2 I‘ Industry Independent Living
Environmental EEE
Monitoring loT Applications _
(External and Internal)
Telecommunication Industry
— Safen" Monitoring _m —_
Smart Mobility m
Smart Building/Home

Figure 1: 1oT application domains.

Wired sensors are among the most reliable systems as they directly link the sensor to the device that
is receiving the input. This means they are the most durable systems which do not need to be replaced

often. However, it should be noted that wired systems require a large amount of space and are much
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more complicated to maintain. In addition, errors on wired channels are often of permanent nature
due to connector or cable failures.®! Wireless sensor nodes (WSN) are becoming more common for
sensor based applications like the 10T. This is due to their low installation costs, and easy maintenance.
Wireless sensor networks allow for a greater level of flexibility as the sensor system can easily be
adopted to suit the application, thus realisation of 10T is dependent on the WSN. The current trends
for interconnected devices show that this realisation is coming to fruition as initial estimates for
interconnected devices were 24 billion devices by 2020.1 However, current trends suggest that actual
figures should surpass this estimation as there were 23.14 billion interconnected devices in 2018.
Further growth is expected worldwide where 30.73 billion devices should be connected by 2020,

and this figure should increase to 75.44 billion by 2025.

One of the main constraints to the deployment of WSNs is the power requirement. A truly
autonomous system must be attained in order to successfully ‘deploy and forget” WSNs. Many
research groups are focusing on energy harvesters and their capabilities in a bid to secure as much
power as possible to power the WSN without the use of rechargeable batteries. Possible options for
energy harvesting technology include:

1. Photovoltaic cells

2. Thermal energy

3. Radio frequency

4. Mechanical - Vibrational
Each operate using different principles and offer varying levels of power and efficiency. In the case
of photovoltaic cells, solar energy is required. In essence one would expect that deployment of solar
powered WSN would occur for outdoor applications in regions where sunlight is present almost year
round. It is an uncontrollable energy harvester as sunlight is unpredictable. If there is a deficient solar

resource the node may harvest insufficient energy which means it will only operate during the day.
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During short winter days the node may fail to operate continuously in daylight as the level of solar
energy drops further.>¢1 Si solar panels offer efficiencies which are within the range of 8-24%.
The efficiency is largely dependent on the material: mono-crystalline 15-24%; polycrystalline 14-
20.4%; amorphous 8-13.2%. These are capable of producing power ranging from pW to MW
depending on its area, for example, a typical value of power density for outdoor use is 15 mW cm’
2 [81 power densities of 30 to 90 W cm have been reported for indoor use, where the light intensity

is 1000 lux.[*!

Thermal energy harvesters operate based on the Seebeck effect,[*°! where thermoelectric transducers
depend on spatial variations in temperatures, while pyroelectric transducers depend on temporal
variations in temperature.’® Thermoelectric generators have low efficiency (5-6%). When placed in
a stable environment, the thermoelectric system will stop generating power when both plates achieve
the same temperature.[***21 A temperature difference existing between two locations will result in a
flow of heat energy from hot to cold in an attempt to develop thermal equilibrium. This heat flow can
be exploited to harness useful energy. The efficiency of the thermal energy harvester is dependent on
the temperature differential across the thermal electric generator (TEG) and the absolute temperature
of the heat sink (cold source). Unless large temperature differentials can be obtained within an
environment, other energy harvester technologies could be better suited, as temperatures 100 °C

above room temperature would only result in 20% efficiency.!

A good alternative for indoor energy harvesting is radio frequency (R.F.) harvesters. They utilise the
transmission of radio waves ranging from 3 kHz to 300 GHz, and their subsequent conversion to
direct current. This can be accomplished using a single-stage or multistage converter, depending on
the requirements of power, voltage, or efficiency. The amount of harvestable power is given by the
source power, antenna gain and by the distance from the R.F. source. The conversion efficiency
ranges from 50-75%. This high efficiency is due in part to the availability of R.F. sources indoors.[*!
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One limitation is the reliance of the signal strength to the distance from the power source which can
result in low power levels available for harvesting.*? In addition, R.F. transmission needs to be

directional, or else a large fraction of the transmitted R.F. power is wasted.

A further energy harvester source relies on converting ambient movement or Kinetic energy of a
device environment into electric energy. This form of mechanical energy harvesting has garnered
much attention for use in WSN as it has the ability to function indoors, and there is an abundance of
vibrations in most environments. Vibrational harvesting involves the conversion of kinetic energy
inherent in mechanical vibrations into electricity. This can be achieved via three pathways:
electromagnetic, electrostatic and piezoelectric conversion. The piezoelectric energy harvesters can
exploit vibrations from 50 Hz to 50 kHz, induce oscillations between 0.5 pum to over 1 mm, and

produce powers that range from tens of pW to over a mW per cm?3.124-25]

It is clearly evident that despite best efforts to solely power WSN using energy harvesters it will be
difficult to achieve without the use of an energy storage system. Coupling of energy harvesters and
energy storage technologies enables truly autonomous systems, providing continuous energy. The
use of energy storage compensates for the disadvantages associated with energy harvesters. Energy
storage describes technology which converts energy from a form that is difficult to store (e.g.
electrical energy) to a storable form (e.g. electrochemical). The stored energy can then be converted
back into a directly usable form. There are various types of energy storage with different properties
such as capacity, power, and charge/discharge rates. In general, energy storage in sensor nodes can
be classified into various technologies:i*> 161 (1) supercapacitors, (2) rechargeable batteries and (3)
hybrid capacitors which encompass both battery and capacitor properties. Supercapacitors would be
best suited for high powered but low energy applications, while batteries tend to suit long lasting and
task intensive applications. The energy storage technology can affect the size, cost and lifetime of the
node. In order for batteries to be implemented in WSNSs, they should fulfil certain requirements:*”]
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1. High energy density (to allow for miniaturisation)
2. High current charging/discharging
3. Long cycle life
4. Low impedance if high peak currents required
5. Safe

6. Mechanically and electronically robust

Compared to other battery chemistries, lithium (Li) chemistry provides much higher power and
energy densities in both gravimetric (3861 mAh g[8 and volumetric (2062 mAh cm3)12% terms, 2%
which are the most important parameters for applications in portable electronics such as smart phones,
digital cameras and laptops. In addition, many L.i batteries have lower self-discharge rates and hence
longer shelf lives. The most common commercial lithium-ion batteries (LiBs) used in the WSN
applications are cylindrical, pouch or coin cells. These batteries are generally bulky and large, for
instance, the 18650 cylindrical cell is 65.2 mm long and 18.6 mm in diameter.?* The smallest coin
cell (ML421) is about 5 mm in diameter. The rapid development of electronic and information
technology towards the directions of multi-functionality, high integration and high power drives the
electronic devices towards miniaturization.?? Li microbatteries are commonly utilised energy storage
devices for biological/medical devices,?®! and self-powered microelectronics (miniature transmitters,
sensors, actuators, etc.).?* These devices are sometimes on the millimetre scale or less. In order to
achieve miniaturised sensors, there is a need to obtain miniaturised energy storage solutions to replace

the generic commercial coin cells still routinely used.

In order to address this, micro-sized Li primary batteries,!?>! which address some but not all issues
pertaining to the 1oT have been developed. As shown in table 1, batteries which are small in size can
be obtained with high specific capacity, however, with the advent of the IoT, there is a demand for
higher power and energy on a smaller scale.[?®!
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Max. Specific
Volume
Company Model no. dimension  capacity =~ Chemistry
(mm®)
(mm) (Wh L?)
Panasonic CR2032 Button 1000 20 675 Li/MnO>
Panasonic ML421 Button 38 4.8 95 Li/MnO.
Panasonic CG320 Pin-type 192 20 203 -
PNNL MB306 Pin-type 42 6 528 Li/CFx
Panasonic NCR18650 Cylindrical 16700 65 577 Li—cobalt
Li/
Thinergy MEC201 Thin-film 110 25.4 36
LiCoO,
Li/
Cymbet CBCO005-BDC | Thin-film 0.75 2.25 27
LiCoO,
LiFePO4/
Sun et al. Microbattery 3D 0.23 1 1260
LisTisO12
Monolithic
Li/
Lai et al. Microbattery porous 6 3 400
LiCoO2
electrode
MnO,/
Pikul etal. | Microbattery 3D 0.03 — 150
NiSn

Table 1: Comparison of size and energy density of various lithium-ion batteries. Reprinted with

permission from Wang et al.[?%]

A crucial hurdle towards the development of feasible microbatteries is that the charge capacity of the

battery will usually decrease with decreasing battery size. The decrease in energy originates from the
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fact that the capacity of a battery scales linearly with the volume of the electrodes. Therefore the

volumetric capacity of the electrode material is more important than the gravimetric capacity.?"2°]

Current investigations into all-solid-state microbatteries are primarily focused on microbatteries
containing LiCoO2 (LCO) cathodes in their uncoated state or coated with materials such as
LiNbO3,2-391 Al,03,1%% or Li4Alo4Ti1e(PO4)s (LATP).HH However, cobalt (Co) is not an abundant
material and is only mined in a small number of global locations where the largest share (~50%) is
found in the Democratic Republic of Congo.[*?l This has led to price instability and a dramatic
increase from ~$21,000 per metric tonne in January of 2016 to $95,307 in March of 2018, and
$34,500 in February 2020.14%1 Therefore researchers are developing cathode materials that either have
reduced Co content or are entirely Co-free. Some research groups have investigated hybrid LCO
cathode materials which comprise both LCO and LiMn,O4 (LMO),[* while other groups have
focused their microbattery research on doped LCO films such as Li(NiosC002Mng2)Oz,54l
Li(Nio3C00.3Mno.3)O2,[*52 and Li(NiosC00.15Al0.05)02,1341 where the Co content is lower than for
LCO electrodes. Efforts towards Co-free all-solid-state batteries have focused on the utilisation of
lithium iron phosphate (LiFePO4),55%81 LizV2(PO4)3,5% and nickel-sulphide carbon nanotubes (NiS-
CNT) cathode materials.[®! Further work is being carried out by various research groupst®-®l and
companies!®! to further advance the understanding and performance of all-solid-state battery
materials, however, high operational temperatures are required for most of the microbatteries without
LCO cathodes due to the low ionic conductivity of the compatible electrolyte material, which causes
sluggish Li* diffusion. Therefore, in order to fully utilise microbatteries without LCO based cathodes,

alternative electrolyte materials must be investigated.
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Objectives

This work is supported by CONNECT, Science Foundation Ireland’s Research Centre for Future
Networks and Communications. The goal is to enable increased lifetime and functionality of portable
systems with specific Li-ion batteries power capabilities and capacities adapted to the specific
applications by varying the electrode and electrolyte materials. Fabrication methods such as
electrodeposition and magnetron sputtering allow for fabrication of electrode and electrolyte

materials which are compatible with direct Si integration.

In this study, we report on the use of the pyrrolidinium based ionic liquid (IL) 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylysulfonyl)imide as an electrolyte for LiBs as an alternative
electrolyte material to conventional solid-state and organic electrolytes. A solid-state polymer gel
electrolyte containing the IL is developed. The electrochemical properties of both the liquid and
polymer gel forms are discussed with various anode and cathode materials. Direct current (D.C.)
sputter deposition was utilised to deposit thin-films of Ge, which when utilised with the IL electrolyte
demonstrated improved capacity and cycle life compared to literature studies using similar electrolyte
materials. The electrodeposition of nanoscale V.Os thin-film electrodes is also reported. The
crystalline and amorphous states are analysed with the IL electrolyte demonstrating that crystalline
materials are compatible for use in the IL. The results reported are the first of their kind for this
particular electrode/electrolyte combination. Finally, full cells are constructed and analysed to
determine their viability as LiBs.

The objectives of this work are listed below:

e Assess and compare the electrochemical properties of ionic liquids to conventional organic
electrolytes (ionic conductivity and Li-ion mobility) and demonstrate their suitability as

alternatives to conventional solid-state electrolytes.
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e Fabricate polymer gel electrolytes from the ionic liquid and determine their electrochemical
properties.
e Determine the electrochemical performance and properties of D.C. magnetron sputtered
nanoscale anode materials.
e Investigate a low-cost plating technique to fabricate nanoscale cathode material for use with
IL based electrolytes.
e Construct a preliminary full cell based on the anode, cathode and electrolyte analysis, and

assess its capabilities.

Overview

The first chapter discusses a literature review of ionic liquids, particularly those which are applicable
to Li-ion battery technology. In the review, pyrrolidinium-based ionic liquids are separated into their
respective cations. Both liquid and polymer gel forms of the ionic liquids are discussed. Chapter 2
discusses the fundamental principles of the electrochemical and characterisation techniques used in

this study.

In chapter 3, an ionic liquid alternative to conventional solid state and organic electrolytes, which
demonstrates favourable electrochemical properties is thoroughly investigated. In addition, a
simplified synthesis of the ionic liquid based polymer gels is outlined which can be performed outside
of a glovebox at moderate temperatures (50 °C), with no vacuum or external heating required during
the drying process, and no further treatment (e.g. soaking in electrolyte, or UV irradiation) once dry.
This is contrasted to most methods in the literature which rely on high temperatures during

synthesis,'®”l or drying of the polymer gels under vacuum or at high temperatures.[%-7l
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Chapter 4 discusses the investigation of a high capacity anode, Ge, and its compatibility with the 1L
electrolyte with and without organic additives vinylene carbonate (VC) and fluoroethylene carbonate
(FEC). SEM images before and after cyclic voltammetry (CV) and galvanostatic cycling demonstrate
the effect that additives can have to protect the integrity of the electrode material. Similarly, the
polymer gel electrolyte synthesised in chapter 3 was used to investigate the compatibility of ionic

liquid based polymer gel electrolytes with Ge.

Chapter 5 describes the use of V205 as an electrode in ionic liquid electrolytes. The effect of the V205
electrode crystallinity on its electrochemical performance in the IL based electrolytes is discussed, in
addition to the effect that thickness can have on the electrode kinetics during CV analysis. Long-term
cycling (up to 400 cycles) is demonstrated at various C-rates with minimal capacity fade and

coulombic efficiencies >99%.

Chapter 6 discusses the performance of the ionic liquid in its liquid and polymer gel form with a
nanostructured inverse opal (10) TiO2 anodes. The compatibility of the 10 TiO, anodes is investigated
where the compatibility of the IL is demonstrated, however, the need for further optimisation is

required.

Chapter 7 results in a culmination of the previous experimental chapters as a preliminary full cell is
constructed utilising the Ge anode, V.Os cathode and IL electrolyte in both its liquid and polymer gel
forms. The preliminary steps towards optimisation are outlined with the cells exhibiting an
electrochemical performance capable of being competitive with commercial microbatteries provided

further optimisation take place.

Lastly, chapter 8 draws conclusion from the conducted work, summarises the achievements and

presents an outlook for future work, followed by the appendices.
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The Internet of Things concept requires autonomous wireless sensors to be deployed and ideally
forgotten to realise applications such as smart buildings, smart grid and independent living, among
others. Through the use of energy harvesters coupled with energy storage systems, these autonomous
sensors can be realised. Current microbattery technology utilises an all-solid-state format due to its
intrinsic safety when compared to Li-ion batteries containing volatile organic solvents. The utilisation
of solid-state electrolytes results in low ionic conductivity electrolytes, which can result in sluggish
Li* diffusion.’# Therefore in order to improve the electrochemical performance of Li-based
microbatteries, alternative electrolyte materials must be determined. One such alternative is ionic
liquids (ILs), which are salts in a liquid state at temperatures below 100 °C.B! They have garnered
interest as alternative electrolytes to both organic and solid-state because of their tuneable properties,
which results from the cation and anion combination. The cations are typically organic, while the

anions can be inorganic or organic.®

ILs offer high ionic conductivities with the addition of Li salts such as LiTFSI, for example 1-butyl-
1-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide achieves ~3 mS cm?® at room
temperature.[] ILs are often viscous fluids, and a straight channel for diffusion is not provided, as it
is complicated by the ever-changing pathways of diffusion caused by the ion pairings.[*¥ . Within
energy storage devices, Li* can co-ordinate with the IL’s anions, causing an increase in the viscosity

of the electrolyte, resulting in reduced Li diffusivity. This is evidenced in the literature as higher Li
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concentrations leads to increased IL viscosity.*4171 For these reasons, conventional one-dimensional

diffusion as in organic electrolytes cannot be assumed.

As with organic solvents the electrochemical reduction of the IL cation can result in the formation of
a solid-electrolyte interphase (SEI) layer, however, the anion can also contribute to its formation. The
anion plays a substantial role in the electrochemical stability of the IL, which in turn affects that
electrochemical window. For instance, Sun et al.[*®¥] investigated the electrochemical stability window
(ESW) of 1-ethyl-3-methylimidazolium ([emim]*) based ILs with different aprotic heterocyclic

anions, and it is highly dependent on the anion utilised as shown in figure 1.1.
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Figure 1.1: Electrochemical windows of [emim]-based ILs measured at ambient temperature at a
scanning rate of 100 mV s on a glassy carbon working electrode. Reprinted with permission from

Sun et al.l*®1 Copyright 2015 American Chemical Society.  Reprinted with permission from Shi et

al.[*l

Hayyan et al.l?’ investigated different cation/anion combinations to determine the effect of the IL
structure on its ESW. They determined that certain cations such as phosphonium cations (P14,666")
have better reductive stability than others such as pyrrolidinium and imidazolium. Similarly, certain
anions (TFSI) offer significantly better oxidative stability than others (e.g. OTf). Understanding the
reductive and oxidative limits of cations and anions permits the correct combination to be chosen, in
addition to tailoring the combination to suit specific potential needs.
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Another parameter to consider is the availability of a “free” proton on the cation of certain ILs. ILs
whose cations have this “free” proton are called protic ILs, while those without are referred to as
aprotic ILs (AIL) (figure 1.2).12Y Both offer the favourable characteristics associated with ILs such
as negligible vapour pressure, non-flammability, and display high chemical and thermal stabilities,?*
241 and some also exhibit high ionic conductivity,?241 where AlLs are utilised more frequently as
electrolytes for LiBs. For more than 10 years, a large number of studies have been dedicated to the
use of ILs in LiBs and several types of cations and anions have been used to realize AILs as shown
in table 1.1. These cations and anions have been chosen for their favourable properties for LiBs both
as the main electrolyte, or as additives in organic electrolytes. In particular, pyrrolidinium-based ILs

have demonstrated compatibility with a wide variety of cathode and anode materials.

lonic Liquids (ILs)

Aprotic Protic Properties
lonic Liquids lonic Liquids =
* negligible vapor pressures
R1 K * high ionic conductivities
*» wide electrochemical stability window

= c* | A H cC* BN * thermally stable
i » dissolve easily lithium salts

Figure 1.2: Classes and properties of ionic liquids. Reprinted with permission from Balducci et

al 12

Page | 28



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 1: Literature Review

Cation structures

Parent Structure Example
¢ . / _ _
Ammonium HsC Butyltrimethylammonium
?_ N‘/\/\CHa
J g
X -
x Pyridinium 1-butylpyridinium
C\\N" [o] HSC\N‘/\/\CHQ
O Piperidinium O N-butyl, methylpiperidnium
C‘*w’/f\w"c H3C\N'AN/\/CH
= 2
\—/ Imidazolium \—/ 1-allyl-3-methylimidazolium
C,_\ - c HSC\ X
:N: N CHs
Pyrrolidinium/Pyrrolidine : 1-butyl-1-methylpyrrolidinium

F//,Il .\\F
Hexafluorophosphate . ',,Fla—‘F
F
=
. . PR
Dicyanamide (DCA) N,/;C c .,
Bis(fluorosulfonyl)imide 0\\ - ,70
S/ \S
e ~
(FSI/FSA) TN, T
Bis(trifluoromethylsulfonyl)imide 2 PN Vi

F s ] F
N K
F 6 o F
F F

Table 1.1: Structures of aprotic ionic liquid cations and anions typically used in battery

(TFSI/ TFSA / NTfy)

applications, where dashed lines in parent structure represent any number of methyl groups.
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Pyrrolidinium-based ionic liquids in both liquid and polymer gel forms have demonstrated
compatibility with a wide variety of cathode and anode materials for Li-based batteries. The most
intensively studied cations are the propyl and butyl types, however, other cations have also been
investigated. The cations that will be discussed in the follow sections are outlined in figure 1.3, with

their associated abbreviations.

H:C CHa
Hac/\ NG \N'/\/

N3 CH3 : :

N-ethyl-N-methylpyrrolidinium Diethylpyrrolidinium N-propyl-N-methylpyrrolidinium
(szpyr/ CQPYIT / PIZ) (Czepyr) (C3mpyr/ C3PYrr / PYR13 /
P,;/ PMP/ PMPyr)

N-butyl-N-methylpyrrolidinium N-n-butyl-N-ethylpyrrolidinium
(Cympyr/ C,PYrr/ PYR,,/ (P14)
P,,/ BMP/ BMPyr)

Figure 1.3: Structures and abbreviations of various pyrrolidinium cations.

1.1 N-ethyl-N-methylpyrrolidinium-based ILs

N-ethyl-N-methylpyrrolidinium (C2mpyr)-based ILs are solids at room temperature.’?>! Other ILs
consisting of ethyl-based cations have been observed to be solids at room temperature.[26-271 C,mpyr-
based ILs offer distinct structural and transport properties when compared to its longer chain
constituents as shorter chains have hindered rotation about the axis which leads to increased viscosity
(~9.3 cP vs. ~8.3 cP and ~8.6 cP at 90 °C) when compared to propyl or butyl side chains,
respectively.?>! Many of the electrolytes containing C.mpyr-cations are polymer gel based rather than
liquid. To date, the most commonly used anion for Compyr-based electrolytes is

bis(fluorosulfonyl)imide (FSI), with either LiTFSI or LiFSI salt.
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Zhou et al.l®2°1 have investigated polymer gel electrolytes consisting of electrospun PVDF,
CompyrFSI and LiFSI salt. In their initial investigation, low LiFSI salt concentrations (1 wt.% to 20
wt.%) were investigated.!?8] The optimum LiFSI concentration was determined to be 10 wt.% as it
offered a high ionic conductivity (10° S cm?vs. 107 S cm™), when compared to 1 wt.% LiFSI. The
effect of PVDF concentration was also investigated as it interacts on a molecular level with
CompyrFSl, which leads to increased molecular disorder.?® The optimum PVDF content was
determined to be 10 wt.% as it provided the best thermal and ionic conductivity properties.
Compatibility with Li metal electrodes was determined using a combination of cycling and EIS
analysis. The symmetrical Li metal cells were cycled over 500 times at a current density of 0.13 mA
cm at both room temperature and 50 °C, and the formation of a solid electrolyte interphase (SEI)
layer on the Li metal was observed as shown in figure 1.4. For higher LiFSI concentrations, SEI layer
formation is continuously observed throughout cycling. Unlike the EIS data in figure 1.4, which
shows a reduction in the size of the semi-circle, for higher LiFSI concentrations (>10 wt.%), the semi-
circle increased in size, thus highlighting a continuous increase in the interfacial resistance. In both
instances, cracks eventually formed on the surface of Li metal, which allowed for the formation of
dendrites, however, this occurred after hundreds of cycles which demonstrates that the CompyrFSI-
based polymer gel electrolytes are compatible with Li metal electrodes, however, further work is

required to mitigate Li dendritic growth to enable long-life cycling of these polymer gels.
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Figure 1.4: Nyquist plots of the Li/CompyrFSI-10 wt.% PVDF-10 wt.% LiFSI /Li symmetric coin
cell which was cycled at 0.13 mA cm™ at 50 °C. The impedance was measured every ten cycles.

Reproduced from Ref. 28] with permission from the PCCP Owner Societies.

Zhou et al.l?1 also investigated the compatibility of the CompyrFSl-based polymer gel electrolyte
with LiNio3Mno3C00302 (NCM). A high cut-off voltage of 4.6 V was utilised to determine the
maximum capacity that could be achieved. The initial discharge capacity was ~120 mAh g* which
decreased over 30 cycles, whereby 83% of the initial capacity was obtained (figure 1.5(a)).
Comparing these values to a conventional electrolyte (1 M LiPF6 in EC/DEC (1:1) (LP30)), the
capacity fade over the 30 cycles is similar as the organic electrolyte yielded a capacity retention of
85% (figure 1.5(b)). The capacity decay in both cases is due to the chemical and structural changes
that NCM undergoes at high voltages.**! Despite the capacity decay, coulombic efficiencies were
maintained above 90% over the course of cycling, which demonstrates the potential for this
electrolyte in combination with the NCM electrode. A reduction in the cut-off voltage may allow for
greater cyclability as the electrolyte demonstrates good rate capabilities, with good capacity recovery

(figure 1.5(c)).
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Figure 1.5: NCM electrode with CompyrFSI composite electrolyte cycling at ambient temperature
where (a) voltage vs. capacity data, (b) cycling data at C/15 with comparison of NCM with organic

electrolyte (LP30) and (c) capacity vs. cycle number at different C-rates. Reprinted with permission

from Zhou et al.[?°!

Other authors have demonstrated the viability of Compyr-based IL electrolytes when utilising a
polymeric ionic liquid (PIL) rather than conventional polymer matrices. Utilisation of PILs should
enable higher ionic conductivities in addition to better film forming properties and desirable
electrochemical properties.?%2 Li et al.[*¥l utilised the PIL: poly(diallyldimethylammonium)
bis(trifluoromethylsulfonyl)imide (P(DADMA)-TFSI) with CompyrFSI and LiTFSI salt. The salt
content was maintained at 20%, while different weight ratios of PIL:CompyrFSI were utilised.
Transparent membranes were obtained for weight ratios higher than 40:60. All films exhibited
amorphicity as indicated by the absence of endothermic peaks in the XRD data. Thermal stability

above 250 °C was exhibited for 50:50, 60:40 and 70:30 gels, with 50:50 gels exhibiting the highest
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ionic conductivity of 1.54 x10# S cm™ at 25 °C. This value is significantly improved when compared
the electrospun PVDF-based polymer gel electrolytes by Zhou et al.[?8-2° Compatibility with Li metal
was demonstrated and 1000 cycles achieved in a symmetrical cell without short circuiting. The
performance of the electrolyte over a variety of temperatures was investigated with LFP half-cell
(figure 1.6(a)). At 0.2 C, the initial discharge capacities and coulombic efficiencies at 25 °C, 40 °C
and 80 °C are 122.3 mAh g with 77.8%, 150.2 mAh g with 89.2% and 163.6 mAh g with 97.6%,
respectively. All cells maintained their capacity over the course of 150 cycles, with an improvement
in the capacity for the cell cycled at 25 °C. Dendrite formation was hindered, however, post-mortem

analysis revealed the presence of pits (figure 1.6(b)) on the surface of the Li metal electrode, which

may have yielded dendrites upon prolonged cycling.?®!
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Figure 1.6: (a) discharge capacity and coulombic efficiency versus cycle number at 25 <, 40
and 80 <C at a current rate of 0.2 C, (b) SEM images of the pristine lithium and lithium anodes

after a rate test Adapted from Ref. [3¥lwith permission from The Royal Society of Chemistry.

The utilisation of Compyr-based ILs is not limited solely to polymer gel electrolytes that are
sandwiched between two electrodes as other research groups have investigated the in-situ formation
of the ionogel electrolyte within an electrode to ensure encapsulation of the electrode particles.®*

SEM and EDX analysis of the electrodes demonstrate the penetration of the ionogel (green — sulphur
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from TFSI) into the electrode as the electrode particles (red) are encapsulated by the ionogel as shown
in figure 1.7. This is a viable method for ensuring high surface contact between the gel-based

electrolyte and the electrode, particularly where particle or nanostructured materials are utilised.

20 um

Figure 1.7: SEM and EDX-mapping images of the sectional view of the NMC cathode. (a) and (b)
are with no ionogels (control sample) and (c) and (d) are with ionogel respectively. Red, green and
blue colours indicate cobalt (NMC), sulphur (ionogels) and aluminium (current collector),
respectively. (e) and (f) are EDX-mapping images of cobalt and sulphur extracted from (d).

Reprinted with permission from Ogawa et al.[34

A full cell was assembled by Ogawa et al.**l to demonstrate the enhanced capabilities of the
encapsulated cathode and anode particles. The full cell consisted of an LTO anode and NMC cathode.

The cell achieved 47% and 65% of the theoretical capacity for 0.05 C and 0.01 C. These results pave
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the way for further analysis of polymeric ionic liquid-based electrolytes as they can be synthesised

using solvent free processes and have high wettability of the electrode material.

In addition to the utilisation of PILs, further research is being carried out to determine alternative
cation-anion combinations of the Compyr-based electrolytes which may yield more favourable
properties than typical FSI and TFSI-based ILs. Recently, Yamaguchi et al.[®] investigated the effect
of various anions on the properties of the IL salt, as it has been reported that FSI-based salts offer
higher ionic conductivities (1.23 x10® S cm™), than TFSI-based salts.*¥! In addition, high ionic
conductivities of 1 x10° S cm™ have been reported for carbamoylcyano(nitroso)methanide (ccnm)
anions in combination with Compyr cations.” Yamaguchi et al.*! investigated the anions outlined
in figure 1.8. From the investigation, it was determined that the ionic radius ratio (© = rsmail ion/large ion
< 1) can have an effect on the ionic conductivities. Lower p values exhibited higher ionic
conductivities, which is attributed to the size and concentration of vacancies within the crystal, %840l
therefore, lower p values have more voids due to large differences in the ionic radii. This allows for
greater tunability of the IL, whereby new battery electrolytes can be considered with anions different
to typical FSI or TFSI-based anions. Further work is required before new anions can be realised for
battery applications, however, these results demonstrate that favourable thermal and ionic

conductivity properties can be attained using unconventional anions.
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Figure 1.8: Chemical structures of pyrrolidinium cation and various anions investigated by
Yamaguchi et al. Reproduced from Ref. Yamaguchi et al.®*] with permission from The Royal

Society of Chemistry.

Limited cathode and anode analysis has been carried out as NCM, LFP, LTO and Li metal have
demonstrated compatibility with Compyr-based electrolytes. The primary cation/anion combination
for Compyr-based electrolytes is CompyrFSI with little literature dedicated to CompyrTFSI-based
electrolytes. Further investigations into different Compyr/anion combinations may lead to next
generation battery electrolytes, however, in order to realise microbatteries for 10T sensors, other
pyrrolidinium-based ILs whose physiochemical properties have been thoroughly characterised need

to be investigated.

1.2 N-propyl-N-methylpyrrolidinium-based ILs

Characterisation of N-propyl-N-methylpyrrolidinium (Csmpyr)-based ILs have been carried out by
many research groups to determine the physiochemical properties of the IL with various anions.#1-42
In addition, studies regarding the biodegradability and solubility of Campyr-based ILs, and other
pyrrolidinium-based ILs have also been investigated.[*3] Thermal stability analysis has been carried
out using commercial electrode materials (NCM, LFP, graphite, etc.) with LiFSI salt in CsmpyrFSI

electrolytes.** In addition to thermal stability, the total heat generated by the electrode was
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determined where the electrodes were at various states of charge.*! This study also determined that
certain cathode and anode materials may undergo exothermic reactions at different temperatures,
therefore, demonstrating the need to select the correct electrode material for high temperature

applications (figure 1.9).
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Figure 1.9: Total heat and exothermic onset temperature for cycled electrode from CampyrFSI

electrolyte cells. Reprinted with permission from Francis et al.[*/]

The characterisation of Campyr-based electrolytes also extends to its compatibility with different
types of separators,*5#¢! particularly when Li metal anodes are utilised. The long-term cyclability of
Li metal based cells is affected by the separator and small pore sizes (~0.06 um) can prevent short
circuits by inhibiting Li dendrites from penetrating the separator.[*é! Further information regarding

different separator materials can be found in the review by Francis et al.[*%]

Compatibility with various cathode and anode materials have been demonstrated in Campyr-based
electrolytes. In some cases, the Csmpyr-based electrolytes were utilised as an interlayer,*”l however
much of the research has focused on its use as an electrolyte. Two cation/anion combinations have

been extensively investigated, namely, CampyrFSI and CampyrTFSI. For the conventional cathode
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materials such as lithium nickel manganese cobalt oxide (NMC) and lithium iron phosphate (LFP)
electrodes, analysis studies have been carried out primarily with CsmpyrFSI and either LiTFSI or
LiFSI salt. NMC electrodes have demonstrated electrochemical performances comparable to organic
electrolytes such as 1.0 M LiPFs in EC:DEC, (1:1) particularly at low C-rates as shown in figure
1.10(a).[®1 Extended cycling at 1 C, demonstrates the overall electrochemical stability of the IL as
minimal capacity fade is observed in the IL, while capacity fade is evident for the organic electrolyte
(figure 1.10(b)) which is attributed to the formation of a stable SEI layer within the ionic liquid

electrolyte. ]
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Figure 1.10: (a) NCM-811 rate study comparing IL and organic electrolyte performances, (b) long-

term cycling at 1 C. Adapted with permission from Heist et al.[8]

Much like the NMC electrodes, LFP electrodes have also been investigated with CampyrFSl-based
electrolytes. For example, Lewandowski et al.[*°l reported that the combination of CampyrFSI and
0.5 mol kg LiTFSI has been shown to work effectively as an electrolyte solution with a metallic
lithium anode and LFP cathode. Even at 4 C rate, a discharge capacity of 110 mAh g was obtained
at 50 °C, which demonstrates the excellent cyclability of the CampyrFSI electrolyte with the LFP

cathode.

Electrolyte mixtures consisting of CampyrTFSI and CampyrFSI have been investigated with NMC
and LFP electrodes, whereby different conducting salts were utilised. In the case of NMC, LiTFSI

salt was utilised, and the optimum ratio of CampyrTFSI:CsmpyrFSI was determined to be 3:6.°
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When LiFSI salt is utilised the optimum ratio of CampyrTFSI:CampyrFSI was determined to be 1:1
when LFP electrodes are utilised.®™ Due to the different properties of the conducting salts, the
optimum ratios were chosen based on a compromise between fast ion transport properties,
electrochemical/thermal stability, good film forming ability and cost.[®®! Huang et al.[** showed that
the ternary electrolyte exhibited the best long-term cyclability when compared to its binary analogues:
0.5 M LiFSI in CampyrFSl, 0.5 M LiTFSI in CampyrTFSI and 0.5 M LiFSI in CampyrTFSI at room
temperature, and sub-zero temperatures. This paves the way for low-temperature application
electrolytes, as most of the research focus is on high-temperature applications. Further work to
optimise the ratio of CampyrTFSI to CampyrFSlI, could lead to improvements in the electrode capacity
obtained at elevated and low temperatures, as binary mixtures such as that tested by Lewandowski et

al.1**1 with higher electrode capacities at higher C-rates (4 C).

The studies described above focused on CampyrFSl-based electrolytes, however analysis of other
cathode materials is focused primarily on CampyrTFSI-based electrolytes. The results obtained in this
electrolyte are promising as the electrodes exhibit high electrode capacities and coulombic
efficiencies. One such example is a composite cathode material: 0.3Li2MnO3-0.7LiMn15Nio504,5%%
whereby the IL-based electrolyte exhibited a superior performance when compared to organic based
electrolytes, 332 mAh gt and 310 mAh g respectively. Even at high current densities such as 750
mA gt the IL outperforms the organic electrolyte due to the mitigation of Mn dissolution. This shows

that electrode dissolution can be hampered if the correct electrolyte is selected.

Similarly, high capacity cathode materials (>200 mAh g) have been investigated with CsmpyrTFSI
ILs. One such material, nickel sulphide, has attracted a lot of attention due to its high theoretical
capacity (590 mAh g for NiS, and 462 mAh g for NisS;). The NiS-Ni7Se material exhibited the

best CV performance when utilised with 1 M LiTFSI in CampyrTFSI as stable cycling was observed
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in addition to higher electrode capacities when compared to an organic electrolyte as shown in figure

1.11.
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Figure 1.11: Discharge capacities vs. cycle number for NiS-Ni-Se using three different electrolytes.

Reprinted with permission from Wang et al.[>]

Studies with vanadium pentoxide (V20s) have also indicated promising electrochemical
performances as different morphologies including nanoribbon, nanowire, microflake and commercial
powder were investigated with CsmpyrTFSI.5* Each morphology yielded greater specific capacity
when compared to a conventional organic electrolyte (1 M LiPFe in EC/DMC (1:1)) as shown in

figure 1.12.
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Figure 1.12: Cycle life of V205 electrodes in CampyrTFSI-based electrolyte (RTIL) and
conventional electrolytes (CE) at 25 °C, where 0.1 C was utilised. Adapted with permission from

Chou et al.®, Copyright 2008 American Chemical Society.

Similarly for the anode materials, conventional materials such as graphitel®® 5% are compatible with
the Campyr-based ILs, however, alternative anode materials such as Si have been investigated, and
continue to be investigated due to the high gravimetric capacity compared to graphite, and its
increased safety when compared to Li metal. More recent research is focused on coated or doped Si
films to improve the cyclability of the Si electrodes by buffering or mitigating the expansion and
contraction effects upon cycling with Li. Graphene coated Si nanoparticles exhibited superior

reversible cycling in CampyrFSl-based electrolyte when compared to the organic electrolytes as

shown in figure 1.13.
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Figure 1.13: Graphene coated Si-NP in various electrolytes (a) The delithiation capacities and (b)
Coulombic efficiencies. Reprinted with permission from Park et al.[”1 Copyright 2017 American

Chemical Society.

Domi et al.[%® investigated the effects of doping-Si anodes by comparing doped and undoped Si in 1
M LiFSI and CampyrFSI electrolytes. From their investigation it was determined that P-doping led
to reduced vertical electrode expansion during cycling with the IL electrolyte as shown in figure 1.14.
Instead of vertical expansion, the films experience horizontal expansion initially, and vertical
expansion is noted after the 600™ cycle. The expansion rate within organic based electrolytes is faster
than for the IL electrolytes, hence the increased cycle numbers observed for the IL electrolytes as
over 1400 cycles were reported for the P-doped Si electrodes with 1 M LiFSI and CampyrFSI

electrolyte.
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Figure 1.14: Cross-sectional SEM images of lithiated Si active material layers with a charge
capacity limit of 1000 mAh g*. The blue coloured area indicates Si, while the topmost layer is a
carbon coating. Reprinted with permission from Domi et al.[*®l. Copyright 2019 American

Chemical Society.

A comparison of CampyrFSI and CampyrTFSI was investigated to determine the effect of the anion
on P-doped Si electrodes. Yodoya et al.[5°l demonstrated that CsmpyrFSl-based electrolytes offer
better cyclability with phosphorous-doped Si (P-Si) anode than its TFSI-counterpart. As shown in
figure 1.15, the CampyrFSl-based electrolytes (Py13-FSA) exhibited stable cycling for over 1400
cycles, with a discharge capacity of 1000 mAh g, while the TFSI-counterpart yielded the same
discharge capacity for only 600 cycles. The difference in their compatibility with Si anodes is further
highlighted when rate capabilities are investigated (figure 1.15(b)). Similar cycling was observed for
both ILs, however, at rates above 2 C, the TFSI-based IL experiences a drop in the capacity, while

the FSI-based IL maintains 1000 mAh g regardless of the rate.
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Figure 1.15: (a) Cycling performance and (b) rate capability of P-doped Si electrode in various

ionic liquid electrolytes. Reprinted with permission from Yodoya et al.[>

Further analysis of doped Si films may pave the way for high capacity and long-cycle life anode
materials. Nguyen et al.[%% investigated Si-Cu anodes with capacities of 1500 mAh g over 200 cycles.
As Cu is a common current collector material, utilisation of it within the anode material would allow

for shorter Li* diffusion pathways, and that nanostructuring may be beneficial.

The electrolyte that has been extensively studied with Si is CampyrFSl, this is the same electrolyte
that has shown compatibility with NMC and LFP electrodes, therefore, the potential for full cells
consisting of Si anodes with either NMC or LFP cathodes can be constructed. However, to date no
full cell utilising an Si anode and CampyrFSI electrolyte has been constructed and tested. A full cell
containing NMC and graphite has been investigated,®! where electrochemical impedance analysis
was utilised to determine the optimum LiFSI:CsmpyrFSI ratio. It was determined to be 40:60, as it
offered the lowest overall cell resistance, in addition to the highest ionic conductivity. From the
impedance analysis it was determined that the maximum cycling rate that could be achieved by the
cell is 0.77 C. This analysis is important as it allows researchers to determine the maximum cycling
rate of the battery based on cell resistance. This allows for quick analysis of the cells, which highlights
the need for improved interfacial contacts between the cathode/electrolyte, anode/electrolyte and
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cell/cell, and if optimised could lead to higher C-rate performances. However, to the best of my
knowledge no other full cells have been constructed and analysed with Csmpyr-based electrolytes in

their liquid states.

There has been extensive research carried out on Campyr-based polymer gel electrolytes where the
two common cathode materials investigated are NMC and LFP. Polymer gel electrolytes that have
demonstrated compatibility with NMC electrodes consist of either CampyrFSI or CampyrTFSI. The
polymer gel containing CampyrTFSI also contained organic components such as ethylene carbonate
(EC), dimethyl carbonate (DMC) and fluoroethylene carbonate (FEC) as shown in figure 1.16.5 The
polymer gel yielded an ionic conductivity of 10* S cm™ at room temperature, which is one order of
magnitude lower than the liquid analogue, which is attributed to the addition of the UV crosslinkers

which are inactive components within the gel.[5!
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Figure 1.16: Synthesis scheme of crosslinked sIPN polymer electrolyte with photograph. Reprinted

with permission from Nair et al.[®%]

By utilising alternative polymer materials such as poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), polymer gels with high ionic conductivities such as 3.9 x10° S cm™ at 30 °C can be
obtained as reported by Singh et al.[®?l In this instance, only PVDF-HFP, 20% wt. LiTFSI and
CampyrFSI were utilised, and higher electrode capacities were obtained at C/10 rate, where
temperatures of 25 °C were employed (~180 mAh g* vs. ~100 mAh g'*) when compared to the cross-

linked polymer gel synthesised by Nair et al.[6]
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These results show that the incorporation of organic electrolytes within the polymer gel electrolyte is
not necessary to achieve high ionic conductivities and electrode capacities. Adjusting the polymer
matrix from PVDF-HFP to polyethylene oxide (PEO) can lead to significant changes to the
electrochemical properties of the gel. For example, Gupta et al.[®®! utilised a PEO matrix with 20 wt.%
LiFSI salt and CampyrFSl, and the highest ionic conductivity of the synthesised polymer gels was
1.14 x10®° S cm™ which is lower than PVDF-HFP-based polymer gels. When tested with LFP
electrodes, it was determined that the interfacial kinetics are more favourable with the polymer gel
electrolyte when a graphene oxide coat is applied to LFP, thus resulting in higher electrode capacities

as shown in figure 1.17.
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Figure 1.17: (a) Voltage vs. capacity profile of LFP and GO-LFP at 0.1 C-rate. (b) Discharge
capacity and Columbic efficiency vs. cycle number of GO-LFP at 0.1 C. Reprinted with permission

from Gupta et al.[%]

Guerfi et al.[®] immersed LFP and Li metal electrodes in CsmpyrFSI and 0.7 M LiFSI with 5 wt.%
polymer (ether based). Heating the cell under vacuum enables electrolyte penetration of the LFP
electrode, which allowed for the formation of a stable SEI layer when cycled with Li. This resulted
in capacities that were close to the rated capacity for all rates up to 2 C within an LFP/graphite full

cell.
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Utilisation of the TFSI anion has proven to be the more popular choice for polymer gel electrolytes
when analysed with LFP electrodes. Numerous groups have studied CampyrTFSI-based polymer gel
using a variety of methods such as cross-linking®®! and coagulation.[®®! Cross-linked polymer gel
electrolytes such as that synthesised by Li et al.[%l have shown promising results as high electrode
capacities and coulombic efficiencies (151.9 mAh g, with a coulombic efficiency of 87.9%) are
obtained at room temperature. After 80 cycles, an electrode capacity of 131.9 mAh g is retained
(figure 1.18), which corresponds to a 13% capacity drop over the course of 80 cycles. These figures
are impressive as elevated temperatures (>40 °C) are utilised in the case of other polymer gel

electrolytes in order to achieve high electrode capacities.
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Figure 1.18: Voltage vs. specific capacity curves (a) and specific capacity vs. cycle numbers (b) of
the Li/polymer/LFP cells during the charge-discharge process. Reprinted with permission from Li

et al.[%%]

Coagulation synthesis methods are beneficial for the formation and control of porous membranes as
demonstrated by Yang et al.[%1 By controlling the amount of time spent in the coagulation bath, the
porosity of the polymer gel electrolyte can be tailored as shown in figure 1.19. The porosity of the
polymer gel greatly affects its ionic conductivity, with the highest values obtained for the polymer

gels which spent 5 minutes or less within the coagulation bath (more porous).

Page | 48



Nanomaterial-based Devices for Advanced Energy Storage and Delivery

IGPE-0 "y /-T

Chapter 1: Literature Review

<

Figure 1.19: SEM images of different IGPE membranes, where the number refers to the length of

time (in minutes) the gel spent in the coagulation bath. Reprinted with permission from Yang et

al.[68]

The electrochemical tests carried out by Yang et al.l®®l boasted an improved electrochemical
performance when compared to the cross-linked polymer gel synthesised by Li et al.[%%] as an
electrode capacity of ~150 mAh g was maintained over the course of 200 cycles with no substantial
capacity fade occurring over the course of 200 cycles at room temperature. Electrode capacities above
100 mAh g are maintained even at high C-rates such as 3 C (figure 1.20(b)). Elevated temperatures
further enhance the electrochemical performance of the cell as electrode capacities higher than 150
mAh g* are attained, with minimal capacity fade observed over the course of 200 cycles as shown in
figure 1.20(c). A similar trend was noted previously with CsmpyrFSI-based polymer gels, whereby
the cross-linked polymer gel yielded poorer electrochemical performances when compared to the

PVDF-HFP-based polymer gels.
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Figure 1.20: (a) Cycle performance of the LFP/IGPE-5/Li cell at 25 °C, (b) Rate performance of
the LFP/IGPE-5/Li and LFP/LE/Li cell at different current densities at 25 °C. and (c) cycle

performance of the LFP/IGPE-5/Li cell at 55 °C. Reprinted with permission from Yang et al.[%6]

The utilisation of inorganic materials within polymer gels have been investigated to enhance the
mechanical strength, while improving ion transport properties. Kim et al.[1 utilised amine
functionalised boron nitride nanosheets (AFBNNS) as an additive within a CampyrTFSI-based
polymer gel. The addition of AFBNNS led to an improvement in the mechanical strength and thermal
stability, in addition to yielding high Li* transference numbers of 0.12 to 0.23, which are comparable
to Yang et al.I1 The electrochemical performance of LFP with the AFBNNS-based polymer gel
electrolyte offers similar performances to Yang et al.[®®l, as high electrode capacities 142.4 mAh g™
and 132.8 mAh g were obtained at 0.1 C and 0.2 C respectively as shown in figure 1.21. Without
the presence of the AFBNNS, rapid capacity loss is observed over 60 cycles for the liquid and polymer
gel electrolytes. Similarly, for NCM and LCO cathode materials, the electrochemical performance is
greatly enhanced when AFBNNS-based polymer gel electrolytes are utilised (figure 1.21(b and c)).
At elevated temperatures (80 °C), the LFP cell can deliver a high discharge capacity of 162.1 mAh

g ! at 2nd cycle with 91.3% of specific capacity retained after the 50th cycle (figure 1.21(d)).
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Figure 1.21: Cycling stability at 0.2 C of (a) LFP|Li cell, (b) NCM|Li cell, (c) LCO|Li cell, and (d)

cycling stability at 0.5 C of LFP|Li cell at 80 °C. Adapted with permission from Kim et al.[¢]

Another inorganic material that has been utilised for the formation of polymer gel-based electrolytes
is Al,Oz. It has been investigated as a protective agent for Li metal and has mainly been studied from
the perspective of surface coating and plating technologies. Wen et al.[%8] utilised a leaf-like Al,O3
skeleton to form a quasi-solid-state electrolyte comprising of 1 M LiTFSI, and CampyrTFSI. In this
instance the Al,O3 skeleton absorbed the ionic liquid, which allowed for improved ionic conductivity,
in addition to promoting the migration of Li* both in the bulk and at the interface. When coupled with
LFP/Li full cell, the initial discharge capacity obtained was 140.7 mAh g of which 95.6% was

retained after 100 cycles at 30 °C and 0.1 C.

Csmpyr-based electrolytes have been demonstrated to be versatile as they can be utilised as liquid or
solid-state electrolytes (polymer gel). The cation/anion combination, CsmpyrFSl, has proven to be a
popular choice among research groups when utilised as a liquid electrolyte as it has compatibility
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with high-energy dense materials such as Si, which is beneficial for the miniaturisation of energy
storage devices. However, when utilised as a polymer gel, the more popular cation/anion combination
is CampyrTFSI. The polymer gel electrolyte analysis has been limited mostly to LFP and Li metal
cells, therefore further analysis is required in order to determine the compatibility of CsmpyrTFSI-
based polymer gels with high-energy dense materials, which will realise microbatteries that will

satisfy the power requirements for 10T sensors.

1.3 N-butyl-N-methylpyrrolidinium-based ILs

Similarly to Csmpyr-based ILs, there has been extensive characterisation of 1-butyl-1-
methylpyrrolidinium (Csmpyr)-based ILs,*™ for example, Fernandez-Miguez et al.[l investigated
high (1.5 M) and low (0.1 M) LiTFSI salt concentrations within CsmpyrTFSI ILs. It was determined
that LiTFSI salt addition leads to higher densities than that of pure IL, but it decreases linearly with
increasing temperature. Conductivity values for pure CsmpyrTFSI and with various LiTFSI salt
concentrations (0.1 M, 0.5 M, 1 M and 1.5 M) are investigated. The ionic conductivity decreases with
increasing LiTFSI salt concentration, and, the authors determined the conductivity values for each
concentration across a range of temperatures. Other characterisation tests carried out have been

mentioned in previous pyrrolidinium subsections.[*?43!

One of the more important characterisations carried out recently, is the degradation of CsmpyrTFSI
in the presence of Li metal at room temperature recently studied by Preibisch et al.[%] In their study
they identified a new degradation product N-butyl-N-methyl-N-but-3-eneamine (figure 1.22). This
degradation product was previously unreported and it is suggested that it participates in the formation
of an organic layer at the surface of Li metal. This degradation product stems from the Csmpyr cation,
rather than from the anion, which typically dominates in SEI layer formation. The presence of N-

butyl-N-methyl-N-but-3-eneamine paves the way to the formation of potentially polymerized species
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that could “bind” the inorganic fraction of the decomposition layer and provide elastomeric properties
to accommodate changes in the electrode volume. By harnessing the elastomeric properties of N-
butyl-N-methyl-N-but-3-eneamine as an additive, the realisation of group IV element anodes could

be advanced providing the electrode volume changes can be mitigated due to the “clastic” SEI layer.
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Figure 1.22: Graphical summary of the range of ionic and neutral decomposition species of
Csmpyr-cation. The ionic species (orange box) were identified by Pyschik et al.[">"* while Kroon et
al.l’?l confirmed the presence of the neutral species (green box). The neutral vinyl species was
identified by Preibisch et al.[®1 Reprinted with permission from Preibisch et al.[%%1. Copyright 2020

American Chemical Society.

The most commonly studied Csmpyr-based ILs are based on the TFSI and FSI anions. This is due to
their superior film-forming abilities on the surface of Li metal, which enable uniform Li
deposition/dissolution with high cycling efficiencies, and no Li dendritic formation as reported by
Grande et al.[”®! This study highlighted the effectiveness of Li* mobility within Campyr-based ILs,
which is why extensive research has been carried out using Casmpyr-based electrolytes with those and

trifluoromethanesulfonyl-N-cyanoamide (TFSAM) anions (figure 1.23). Recently, TFSAM has been
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utilised as an anion due to its ability to inhibit crystallisation over a broader temperature range when
compared to TFSLI™ The asymmetric TFSAM anion, promotes single Li* hopping due to higher

structural diffusion that occurs as the LITFSAM salt concentration increases, as reported by Nurnberg

et al.[™4],
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Figure 1.23: Structures of anions utilised with C4mpyr cations to create battery electrolytes.

Electrolytes containing TFSAM anions, have not been widely investigated, and present a potential
area for analysis, however, CampyrTFSAM compatibility with NCM electrodes has been investigated
by Hoffknecht et al.[’®1 Cycling at 40 °C was carried out whereby high cycle efficiencies are obtained
from the initial cycle (figure 1.24), as it exhibited a coulombic efficiency of 92.6%. Over 90% of the
initial capacity was retained in the 30" cycle, however, the long-term stability of the cell is not

outlined, and requires further investigation.
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Figure 1.24: Cycling performance of NCM electrodes in 0.4 M LiTFSAM in Csmpyr TFSAM.

Reprinted with permission from Hoffknecht et al.[""]

The cation/anion combinations, CampyrTFSI and CampyrFSI, have been extensively studied, not only
as electrolytes, but as electrode binders and interlayers. Liquid interlayers have been investigated at
both the anode and cathode sides using CampyrFSI and LiTFSI salt. Pervez et al.l’® used it as an
interlayer between the LissLazsBaosZrNbO12 (LLZO) solid-state electrolyte and the electrodes. Due
to the liquid-like nature of the IL, it fills the voids between the electrode and electrolytes, thus
improving the interfacial properties of LLZO with both the cathode and anode as evidenced by the
EIS data shown in figure 1.25. The interfacial resistance between the Li metal and LLZO electrolyte
is significantly decreased upon addition of the IL interlayer as shown by the blue line. This allows
for the realisation of higher electrode capacities than for cells without the interlayer. Similarly, low

interfacial resistance is observed for the IL interlayer in contact with LFP.
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Figure 1.25: EIS data obtained for Li/LLZO/Li with and without ILE, and LFP/LLZO/LFP with ILE
cells. The inset shows a magnification of the high frequency part of the plots. All measurements

were performed at 25 °C. Reprinted with permission from Pervez et al.[’6]

Similarly, improved interfacial kinetics is observed when Csmpyr-based ILs are used as an electrode
binder. In this instance, C4mpyrTFSI and LiTFSI are confined within a PEO matrix to form a glue-
like polymer, which then penetrated sheet-type composite NCM electrodes to act as an ion-conductive
binding material which effectively increase the effective contact area between the electrode
components as shown in figure 1.26." This resulted in lower overpotentials due to the higher active
area, whereby the cell attained 92% of the capacity obtained by NCM electrode in a conventional

organic electrolyte.["8]
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@ cathode material (" sulfide solid electrolyte @ NBR binder ) LCBIM

Figure 1.26: Schematic diagram representing the microstructure of the composite electrodes with
polymer gel electrolyte (LCBIM), showing that LCBIM improves the interfacial contact area with
conductive and adhesive properties. Carbon additives included in the composite electrode are not

shown. Reprinted with permission from Cho et al.l’"]

CampyrTFSl-based electrolytes have been studied as co-solvents with conventional organic
electrolytes. These electrolytes have been studied with anode materials such as graphite and Si. For
instance, Balducci et al.l’®1 utilised CampyrTFSI as a co-solvent with LiTFSI salt, and EC/DEC/DMC
(1:1:1 w/w), and attained stable cycling over the course of 50 cycles (figure 1.27). The stability of the
electrode within the electrolyte is observed as minimal capacity fade is observed across the 50 cycle,

in addition, the coulombic efficiency was close to 100% during cycling.
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Figure 1.27: Specific discharge capacity and coulombic efficiency of a graphite electrode. The cell
was tested between 0.0 V and 1.5 V at the current rate of 0.1 C, after two initial formation cycles

carried out at 0.05 C. Reprinted with permission from Balducci et al.["®

These co-solvent tests showed promising results when utilised with high energy dense materials such
as Si, as Balducci et al.l”® demonstrated stable discharge capacities of ~550 mAh g* at 0.1 C, with
minimal capacity fade observed across 100 cycles as shown in figure 1.28. The electrolyte used

comprised of CsmpyrTFSI as a co-solvent with EC:DEC:DMC (1:1:1), and LiTFSI salt.
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Figure 1.28: Specific discharge capacity of Si-graphite composite electrode tested in an electrolytic
solution containing 0.3 M LiTFSI in CampyrTFSI (50%) and (1:1:1 w/w) EC:DEC:DMC. The cell
was tested between 0 V and 1.5 V at the current rate of 0.1 C. Reprinted with permission from

Balducci et al.[™

To limit the amount of organic solvents within the electrolyte, Campyr-based ionic liquid electrolytes
were investigated. In liquid form, the most commonly studied Csmpyr-based IL is CsampyrTFSI with
LiTFSI salt. Utilisation of an ionic liquid electrolyte can lead to lower electrode-wettability and lower
Li* transport number as observed by Di Lecce et al.l’% In their study they investigated the
electrochemical performance of the olivine cathode LiFeosMnosPOs and determined that the
reversible exchange of 0.6 Li could be obtained in CsmpyrTFSI which corresponds to an electrode
capacity of 100 mAh g*. In conventional organic electrolytes, Li exchange is significantly higher at
0.7 or greater. However, this is considered a trade-off for the increased intrinsic safety of the IL
electrolytes. In addition, utilisation of higher operating temperatures can lead to improved
performances as shown in figure 1.29, where the interfacial resistance decreases with increasing
temperature. As the temperature increases, the electrode-wettability increases, therefore paving the

way for high electrode capacities to be obtained.
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Figure 1.29: Experimental and simulated Nyquist plots related to electrochemical impedance
spectra of the Li/CsmpyrTFSI, LiTFSI 0.1 mol kg~ //LiFeosMnosPO4 cell at (a) 23 °C, (b) 40 °C, (c)

50 °C, and (d) 60 °C. Reprinted with permission from Di Lecce et al.[

A comparison of the electrochemical performances of CsmpyrTFSI- and CasmpyrFSl-based
electrolytes have been carried out on both anode and cathode materials. Elia et al.[B! reported that
CampyrFSI showed the greatest promise with LFP electrodes as it yielded the highest electrode
capacity for charging current densities of 25 mA g* and 250 mA g* as shown in figure 1.30. The
electrode capacity obtained at 250 mA gtin CsmpyrFSI is similar to that obtained at 25 mA g*. The
TFSI-based electrolyte by comparison gave poorer rate performance and capacities below 80 mAh g

! were obtained at a current density of at 250 mA gL,
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Figure 1.30: Li/IL/LFP cells galvanostatically cycled at (a) 25 mA g~/ (0.12 mA cm™?), with inset

reporting the magnification of the final part of the curves, and (b) 250 mA g~/ (1.2 mA cm™2). (c)

Cycling trend and columbic efficiency of the Li/IL/LFP cells at increasing currents. voltage cut-offs

were 2.2 and 4 V. PyruTFSI-LITFSI (green), PyrisFSI-LiTFSI (black), PyrioyTFSI-LIiTFSI

(blue), DEME-TFSI-LITFSI (red). All measurements were performed at 40 °C. Reprinted with

permission from Elia et al.[®%]

A similar trend was observed for anode materials such as Ge as the lower viscosity, higher ionic

conductivity CasmpyrFSI electrolyte enables higher electrode capacities to be obtained, discharge

capacity of 445 mAh g vs. 260 mAh g* for CsmpyrTFSI. Similar trends were observed with Si

electrodes.®? The difference in the electrochemical performance is attributed to the SEI layer

formation on the electrode as the anions undergo different decomposition mechanisms upon
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electrochemical reduction at different rates. FSI anions rapidly release F-, forming LiF in the SEI,
therefore suggesting the formation of an SEI layer comprised of small inorganic compounds. TFSI
anions degrade to form different SEI layer products such as -SO>CF3 at a much slower rates than FSI
counterparts.!®! The composition of the SEI layer can affect the chemical structure and morphology
of the SEI layer can critically influence the safety, cycle life, power capability, side reactions and

shelf life of Li-ion batteries, hence the difference in the electrochemical performances.

Despite the higher electrochemical performances in liquid form, the use of CsmpyrFSI electrolytes
within polymer matrices is not commonly studied, however, Kerner et al.4 synthesised PI1L-based
electrolytes, where one set contained CsmpyrTFSI, and another set contained CsmpyrFSI. Both
electrolytes tested with LFP yielded electrode discharge capacities above 140 mAh g at 80 °C when
0.5 C rate was utilised. The CsmpyrFSI containing electrolyte yielded higher electrode capacities
close to theoretical (~160 mAh g™) for C-rates up to 0.5 C. A similar trend to the liquid electrolytes
is observed as the FSI-containing electrode yields higher electrode capacities, however, high
temperatures (80 °C) are required in order to attain these high electrode capacities. By changing the
PIL, Appetecchi et al.[®% synthesised films which yielded LFP electrode capacities of 148 mAh g*

(87% of the nominal capacity) at 40 °C at C/20.

Simple polymer matrices such as PVDF-HFP, poly(ethylene carbonate) (PEC) and CMC have been
investigated in addition to polymer gels which consist of PILs. Kimura et al.[®¢! created a polymer
consisting of poly(ethylene carbonate) (PEC), LiTFSI, CsampyrTFSI and non-woven SiO- fibre. It
exhibited low ionic conductivity at room temperature (~107 S cm™), therefore it is only suited for
high temperature applications. At temperatures of 75 °C, stable cycling was obtained with low
electrode polarisation at C/15 rate as shown in figure 1.31, however, improvements to the electrode

capacity could be made, in addition to the demonstration of long-term cycling.
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Figure 1.31: Voltage profiles of a galvanostatically cycled LFP half-cell at 75 °C and C/15 rate.

Reprinted with permission from Kimura et al.[®]

The utilisation of PVDF-HFP as a polymer matrix has proven popular for use with cathode and anode
materials. Kim et al.¥"] synthesised an electrospun PVDF-HFP polymer membrane which was then
soaked in 1 M LiTFSI and CsmpyrTFSI. An uptake of 300% was observed, which is significantly
higher than that reported for Celgard separators.[®® The soaked membrane exhibited ionic
conductivity of the order 10 at room temperature, with a Li transport number of 0.04. Good
reversibility and cyclability is observed at room temperature with LFP electrodes, as shown in figure
1.32. Capacity retention of 92% and 69% is attained for the 0.1 C and 1 C rates after 55 cycles. The
increase in electrode polarisation at 1 C suggests that this membrane is better suited to C-rates below

1 C in order to ensure stable, long-term cycling with minimal capacity loss.
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Figure 1.32: (a) First, second, and fifth cycle charge-discharge capacities and (b) cycle
performance of a Li/LFP cell with the CsmpyrTFSI-based polymer electrolyte (ILPE) (25 °C, 0.1

and 1 C-rate, 2.5 V to 4.0 V). Reprinted with permission from Kim et al.[¢7]

Recently, a polymer gel comprising of PVDF-HFP, CsmpyrTFSI and LiTFSI was reported by
McGrath et al.®% The ionic liquid was encapsulated within the membrane and it resulted in free-
standing flexible films (figure 1.33) which demonstrated ionic conductivities between the range of 7
x10° Scm?and 1.9 x 102 S cm. Galvanostatic cycling analysis with Ge materials achieved average
electrode capacities of 800 mAh g* at 0.2 C, with coulombic efficiencies greater than 99%. Great
capacity recovery was observed as the 71% to 80" capacity matched that of the initial capacity at 0.15
C (~900 mAh g1). Up to 90 cycles was achieved with no capacity fade which indicates a buffering

effect of the polymer gel.
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Figure 1.33: Optical images of the polymer gel synthesised by McGrath et al.[®% The films were 400
um thick where (a and b) have low IL content, and (c and d) have high IL content. Reprinted with

permission from McGrath et al.[®

Other anode materials have been investigated using alternative polymer matrices such as the work of
Balducci et al.[”l where the conventional PVDF binder was replaced with CMC. The LTO exhibited
low electrode polarisation to be achieved during galvanostatic cycling. The electrode capacities
obtained were comparable to those exhibited by LTO with PVDF binders in conventional organic

electrolytes.

Unlike the previous pyrrolidinium cations, both liquid and polymer gel forms of Csmpyr-based
electrolytes have been utilised in battery prototype tests, where promising results have been obtained.
Various cathode and anode materials have compatibility with Csmpyr-based ILs, and therefore
comprehensive full cell tests were carried out with a variety of electrode combinations. Balducci et
al.l"® investigated Li metal batteries with a polymer gel electrolyte, in addition to a Li-ion batteries
utilising LTP and LTO electrodes. Prototype cells were created by stacking 12 to 14 single bipolar
cells to achieve a theoretical cell capacity of 0.7 Ah to 0.8 Ah. The electrolyte utilised with the Li-

ion battery was a liquid electrolyte: CsmpyrFSI with LiTFSI salt, while the Li metal battery contained
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a cross-linked PEO with CsmpyrTFSI with LiTFSI salt. The cycling results are shown in figure 1.34.
In both instances, 1000 cycles were obtained for each C-rate, with minimal capacity fade observed.
The cell capacity for both the Li metal and Li-ion batteries at C/20 is close to theoretical (0.7 Ah to
0.8 Ah). The Li-ion battery shows the best electrochemical performance of the two prototype batteries,
however, for low to moderate C-rates, the Li metal performance is comparable to the Li-ion battery.
These results demonstrate that the presence of ILs, both solid and liquid, are suitable for use in Li-
based batteries. Excellent cycle life is achieved across low to fast C-rates. Nail puncture tests
demonstrated increased safety as a voltage drop was observed, however a full short circuit (voltage
at 0 V) did not occur. Comparing this to a cell containing organic electrolyte, a full short circuit is
achieved under the same conditions. Therefore, not only do the IL-based batteries have desirable
electrochemical performances, but enhanced safety is also achieved, thus allowing for the realisation

of high performance Li-based batteries.
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Figure 1.34: (a and c) First discharge voltage profiles and (b and d) capacity vs. cycle number at
different discharge current rates of (a and b) Li-ion battery prototype at 20 C and (c and d) Li

metal-polymer battery at 40 C. Reprinted with permission from Balducci et al.["]
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Similarly, Kim et al.[® utilised Li/LFP and LTO/LFP cells with PEO-LiTFSI-CsmpyrFSI, and
LiTFSI-CsmpyrFSI electrolyte, respectively. Their results reflected those obtained by Balducci et
al.l’®1 Full cells incorporating group IV elements with promising long-term results have been reported
in the literature. Elia et al.[% reported more than 2000 cycles with coulombic efficiency close to 100%
for a Sn-C/LFP cell. The results are shown in figure 1.35. From the data, it is evident that the
CampyrFSi-based IL allows for good high rate capabilities, as the cell capacity was ~80 mAh gt at a
current density of 500 mA g 1. This was maintained over 2000 cycles, as a capacity retention of 98%
was obtained after cycling. The exceptional cycling is due in part to the formation of an SEI layer
after 10 cycles, in addition to low interfacial resistances. These results show that long-term cycling

can be achieved with minimal capacity fade, or cell failure.
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Figure 1.35: Galvanostatic cycling data obtained at different currents for Sn-C/LFP cell at 40 °C,

within the voltage range of 2 V to 3.8 V. Reprinted with permission from Elia et al.[8!]

The above results highlight that large Li-ion batteries can be realised with either liquid or polymer
gel electrolytes. However, in order to realise the 10T concept, miniaturisation of the battery is required,
which may require nanostructured materials in order to obtain high power over a small footprint.
Casmpyr-based ILs may be able to realise nanostructured materials as they have been utilised as

electrodeposition media for the electrodeposition of group IV elements: Sn, Ge and Si. Sano et al®*]
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electrodeposited Sn onto glassy carbon electrodes using CasmpyrTFSI with 0.5 M Csmpyr Cl and 10
mM SnCl,. Potentiostatic cathodic reduction at -2.0 V resulted in tubular and granular Sn deposits.
Similarly, electrodeposition of Ge has been achieved from a variety of Csmpyr-based ILs. Wu et al.[®%
deposited Ge from 1-butyl-1-methylpyrrolidinium dicyanamide (Campyr DCA) using [GeCls(Bulm)z]
(Bulm = N-butylimidazole) as a Ge source to create thin films. Ge deposition is also feasible at high
temperatures (180 °C) to produce films.[®®! Nanostructured Ge films are also achievable through
electrodeposition within Csmpyr-based ILs. Lahiri et al.[* electrodeposited free-standing Ge

nanotubes and core-shell structures, as shown in figure 1.36.
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Figure 1.36: (a): Low magnification image of free-standing Ge nanotubes after removal of the
template. (b) Higher magnification image of the Ge nanotubes (c) Cross sectional view of the Ge
nanotubes. (d) Raman spectra of electrodeposited Ge thin films and nanotubes obtained by
exposing the sample to 5 mW, 532 nm laser for 10 seconds. Reprinted with permission from Lahiri

et al.[%]
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Nanowires (NW) of both Ge and Si have been reported using GeCls and SiCls as the Ge and Si sources
respectively. Both Al-Salman et al.[®*] and Martineau et al.[®! deposited amorphous Si-NW and Ge-
NW with homogenous compositions. The capability to electrodeposit the anode material directly from
ILs allows for greater electrode wettability, and therefore, more studies should be carried out to
determine what materials are compatible for deposition within Csmpyr-based ILs. Link et al.["]
recently investigated the initial stages of Si electrodeposition within CsmpyrTFSI electrolytes,
therefore allowing researchers to better understand the Si nucleation process. By understanding the
nucleation process, the deposition of Si and any material can be tailored to yield the required film
morphology. This paves the way for new anode material morphologies, which may enable high power

Li-based microbatteries.

As discussed, Csmpyr-based ILs are versatile electrolytes as both their liquid and polymer gel yield
promising results when coupled with a variety of cathode (LCO, NCM, LTP), and anode materials

(graphite, LTO, Ge, Si, Li metal) in both half-cell and full-cell tests.

1.4 Ether functionalised pyrrolidinium-based ILs

As with other cation types such as ammonium,*> 8. %8-1071 research into ether functionalised ionic
liquids are being investigated for pyrrolidinium-based ILs. Various ether functionalised
pyrrolidinium ILs have been synthesised and characterised.[*>43 1081 | FP cathodes are commonly
analysed with ether functionalised ILs as mentioned in previous sections and it is the cathode material
of choice for the electrochemical characterisation of ether functionalised pyrrolidinium-based ILs.
Zhang et al.l'%]! designed an ether functionalised IL, 1-(2-ethoxyethyl)-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide (PYRy202TFSI) in order to lower viscosity, facilitate the
formation of passivation layer and to enhance electrochemical stability. The structure of the

synthesised IL cation is shown in figure 1.37.
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Figure 1.37: Structure of 1-(2-ethoxyethyl)-1-methylpyrrolidinium (PYR1@02)) cation.

This IL was analysed with LiTFSI salt, and as a co-solvent with DMC and LiTFSI salt. It was
determined that the viscosity of the IL was lower than for CsmpyrTFSI with LiTFSI, which
demonstrates that ether functionalisation can reduce the viscosity of the solution. The ionic
conductivity of the DMC co-solvent is higher than for the IL only electrolyte (3.02 x10°3 S cm™ vs.
1.4 x10° S cm™), due to the low viscosity of DMC. The DMC-containing electrolyte yielded the
highest electrode capacity, and best rate performance as shown in figure 1.38. Remarkably, the ether
functionalised IL electrolyte matched the electrode capacity obtained by the DMC-containing
electrolyte at 60 °C, which indicates that no organic components are required for high temperature
applications. The electrochemical analysis demonstrated the superior cycling stability and rate

performance of ether functionalised ILs when compared to the non-functionalised counterparts.
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Figure 1.38: (a—c) Performance of various electrolytes at room temperature: (a) CV curves, (b)
cycling performance, (c) rate performance, (d) cycling performance of RT and high temperature

(60 °C). Reprinted with permission from Zhang et al.[*%°]

Dual ether functionalised pyrrolidinium-based ILs, have been reported by Fang et al.[*'% The data for
the electrochemical performances are outlined in the piperidinium section as both piperidinium and
pyrrolidinium-based ILs were investigated. The electrode capacities for the dual ether functionalised
pyrrolidinium-based ILs are lower than the single functionalised ILs (~130 to 140 mAh g vs. ~150
mAh g1), which demonstrate that over functionalisation of the cations do not yield significant

improvements in their electrochemical capabilities.

Polymer gel analogues have been synthesised by Ferrari et al.l'**l whereby PVDF-HFP/silica

composite membranes absorbed a solution of LIiTFSI with N-ethyl(methylether)-N-
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methylpyrrolidinium trifluoromethanesulfonimide (PYRAz1201)), Whose cation structure is shown in
figure 1.39.

HHCAN_/\/O\

3 CHs

Figure 1.39: Structure of N-ethyl(methylether)-N-methylpyrrolidinium (PYRA101)) cation.

The composite gel electrolyte yields promising capacity retention and reversibility with LFP cathode
materials as the average coulombic efficiency of the cell is 99%. The specific capacity obtained for
the gel composite is higher than for the liquid analogue over the long-term, as the polymer gel yielded
a capacity of 124 mAh g after 174 cycles, while the liquid analogue yielded a capacity of only 89
mAh gafter 14 cycles. The compatibility of the gel composite electrolyte, and lower initial capacities
can result in better long-term cycling as the gel composite initially had a lower capacity than its liquid

counterpart (139 mAh g* vs. 156 mAh g?).

Further work to identify suitable ether functionalised pyrrolidinium-based ILs is required to fully
utilise their potential. To the best of my knowledge, the ether functionalised pyrrolidinium-based ILs

are the least researched ether functionalised cations of the cation types.

1.5 Other pyrrolidinium-based ILs

There are other pyrrolidinium cation-based ILs which have been investigated by research groups other
than the cations mentioned in the previous subsections. N-n-butyl-N-ethylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BEPYTFSI), whose structure is shown in figure 1.40, was

investigated in the early 2000s in both its liquid and polymer gel forms.[112-114]
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HSCAN_/\/\
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Figure 1.40: Structure of N-n-butyl-N-ethylpyrrolidinium (BEPy) cation

More recently, focus has been placed on dicationic ionic liquids which consist of an anion and a
doubly charged cation as head groups linked by a variable length of alkyl or oligo ethylene glycol
(OEG) chain as a rigid or flexible spacer. Mei et al.['*%] synthesised a variety of dicationic-based ionic
liquids and characterised their physiochemical properties. No analysis was carried out to determine
their suitability for battery applications, however, they exhibited high ionic conductivities of the order

10 S cm™, which are comparable to the single cation-based ILs.

Symmetrical cations are also being investigated such as diethylpyrrolidinium (C2epyr), whose
structure was shown at the start of the section. Al-Masri et al.['®] synthesised a quasi-solid-state
electrolyte containing 90 mol% LiFSI salt and C2epyrFSI, which exhibited an ionic conductivity of
~2 x10* S cm™ at 30 °C. This value is an improvement on those outlined in section 1.3.5.1, as ionic
conductivities of ~10° S cm™ were obtained for C.mpyr-based electrolytes. In addition, high Li*
transference numbers were obtained, and stable lithium plating and stripping behaviour was reported,
supported by a reduction in dendrite formation on the lithium surface compared to a liquid electrolyte.
These results pave the way for the development of high salt content quasi-solid-state electrolytes

utilising symmetrical pyrrolidinium cations.
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Conclusion

In summary, an array of ionic liquid-based electrolytes are available for use in lithium metal and
lithium-ion batteries. ILs have been utilised as interlayers, additives, co-solvents, a component in
mixed IL electrolytes, the sole electrolyte, and as polymer gels. Their versatility is clearly highlighted
in the preceding section, with each cation offering unique properties. The most promising
pyrrolidinium-based IL is CsampyrTFSI due to its favourable properties such as wide electrochemical
window, high thermal stability, and its ability to be utilised as a polymer gel electrolyte. This IL in
particular is a potential replacement for conventional solid-state electrolytes in lithium-based
microbatteries due to its compatibility with a wide range of materials with high energy densities, and

its ability to form polymer gels.
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Chapter 2:
Electrochemical and Physical Characterisation

Techniques

2.1 Electrochemical Techniques

2.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely used technique, which acquires qualitative information about
electrochemical reactions. It stems from a set of techniques known as potential sweep methods which
apply a continuously time varying potential to the working electrode. This results in the occurrence
of oxidation or reduction reactions of electroactive species in solution (faradaic reactions), the
possible adsorption of species according to the potential and a capacitive current due to double layer
charging.!™ The principle use of CV has been to diagnose electrochemical reaction mechanisms, for
the detection and identification of species present in solution and for the semi quantitative analysis of

reaction rates.l>®! It consists of scanning linearly, the potential of a stationary working electrode,

using a triangular waveform as shown in figure 2.1.

Cycle 1 4{

EIimit

Reverse
scan
J

Potential (V)

Forward
scan

E

initial Switching
potential

Time

Figure 2.1: Potential-time excitation signal in CV experiment.
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The potential, measured as a difference between the reference and working electrodes, is scanned
from an initial value to a set potential, and then reversed to the initial potential or a specified final
potential. As the potential is scanned, the resulting current between the working electrode and the
counter electrode is measured and displayed as a voltammogram. The initial potential is chosen such
that no Faradaic processes occur, as this allows for direct comparison of the forward and reverse scans.
Depending on the information sought, single or multiple cycles can be used, where equilibrium
potentials (Eeq) can be determined, electron transfer kinetics can be quantified and chemical reactions

prior to/or following electrochemical reactions can be detected.

For example, in a solution which contains the reduced form of a redox couple, the initial potential is
chosen to be sufficiently negative relative to the Eeq of the redox couple and is scanned in the anodic
direction. At the initial potential, the bulk solution contains only the reduced form of the redox couple,
and results in a background current reading. As the potential is scanned, and approaches the Eeq of the
redox couple, the reduced form is converted into its oxidised form, which results in an increase in the
net anodic current which increases exponentially with the potential. Concentration gradients are set
up for both the oxidised and reduced species, and diffusion of the electroactive species occurs across
these gradients. The corresponding peak currents indicate that the overpotential (the difference
between the theoretical cell potential and the actual potential that is necessary to cause a reaction) is
positive enough to instantly convert any reduced species that reach the electrode’s surface into its
oxidised form. The subsequent current is dependent on the rate of mass transfer to the electrode
surface. When the scan is reversed for a reversible redox couple, the reaction slows down, the current
approaches zero on the current axis, i.e. Eeq. at this point a net reduction of the oxidised species to its
reduced form occurs, which results in an increase in the cathodic current. As the oxidised species
reach the electrode surface they instantly reduce, which is indicated by the resultant peak in the

example shown in figure 2.2.
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Figure 2.2: Typical CV for a reversible R - ne” <> O redox process.

The surface area under the current profile is proportional to the charge in the reaction as the potential
of a CV is changed at a constant scan rate. By applying CV to analyse the electrochemical
performance of Li-ion battery electrodes, the electrode capacity can be determined from the Li*
insertion/de-insertion peaks. The cathodic current values indicate Li insertion into the working
electrode, or surface reactions such as SEI layer formation. The anodic current values indicate Li*

extraction from the working electrode or oxidation of the electrolyte.

2.1.2 Chronoamperometry

Although CV can provide qualitative information, it is less helpful for Kinetic studies due to its
continuous potential change during the experiment. Perturbing the system, with a potential or current
step results in an instantaneous alteration to the electrochemical system, and analysis of the system
after this perturbation permits deductions about electrode reactions and their rates.[! The study of the
variation of the current response with time under potentiostatic control is known as
chronoamperometry (CA). CA is used to study various processes such as the kinetics of diffusion
processes, chemical reactions, adsorptions and provide quantitative information about

electrochemical nucleation and growth processes. The potential is stepped from one where no
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electrode reaction occurs to one where faradaic reactions occur. This potential is maintained at this
value for a specific amount of time, and results in a current response, such as those shown in figure
2.3. This current is the faradaic current, I, since it is due only to a faradaic electrode process (only
electron transfer). However, when the potential is changed, the double layer has to be charged, giving

rise to a capacitive current, Ic.

Current (A)
Current (A)

A 4
\ 4

Time (s) Time (s)

Figure 2.3: Examples of CA current profiles that can be obtained for various processes such as (a)

redox couple and (b) metal deposition processes.

For a redox couple, where both the oxidised (O) and reduced (R) forms are soluble in the electrolyte,
assuming the electrode potential is poised at an initial potential more positive than redox couple
potential (Eredox) and by applying a potential step more negative than Eredox Will create a response that
is significantly lower, thus resulting in rapid reduction of the oxidised species when it reaches the
electrode surface. A diffusion layer results at the electrode surface, where the concentration of the
electroactive species becomes gradually lower near the electrode surface. This in turn creates a
concentration gradient between the electrode and the bulk of the solution. The diffusion layer grows
and extends into the bulk of the solution as a function of time, and results in a decrease in current

over time.
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In contrast, for metal deposition, the reduced form is not soluble in solution. Assuming the oxidised
form is present in solution, applying a negative potential below Eeq will allow for the insoluble
reduced form to initially form nuclei, which grow independently (figure 2.4). Initially, the current
response increases due to the nucleation and growth of the metal deposit. When the nuclei are
deposited, they can be grown to create either a 2D or 3D structure which results in an increase in the
surface area and consequentially the current response. A diffusion layer forms around these nuclei,
initially these diffusion layers are isolated and grow independently. As the nuclei grow and get close
to either other nuclei or growth sites, the diffusion layers begin to overlap and combine. This results
in a planar flux,”% and reduced surface area in comparison to the initial 3D nuclei as shown in figure

2.4.

Increase in Time J | | b v 4 4

Figure 2.4: Time dependent behaviour of the flux of the electroactive material during

electrodeposition on a foreign substrate.

The transition from the formation of the 3D nuclei to the planar diffusion is reflected in the current

response — initial rise to the eventual drop in current. The diffusion controlled growth of metal
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deposits have been theoretically modelled with models based on planar diffusion flux.[81 The
experimental currents tend to deviate positively with respect to the theoretical current as convection

develops at prolonged hold times due to density gradients that form from electrolysis products.

2.1.3 Chronopotentiometry

Chronopotentiometry (CP) is similar to CA, however it involves applying a constant current, and the
resultant potential is measured until it reaches a set potential, or for a defined length of time. It is
useful for investigating reactions which occur at the working electrode but with the advantage that
the reaction rate is fixed. The corresponding potential is measured and is the result of both kinetic
and thermodynamic reactions. The ohmic drop is also constant since it is equal to both the current
and solution resistance. CP is also known as charge-discharge or galvanostatic cycling and plot

potential against time (figure 2.5).

Potential (V)

\ 4

Time (s)

Figure 2.5: Example of CP profile.

For battery materials, these plots can also represent the capacity of the electrode (mAh g*) versus the
potential. The capacity (mAh g*) of the electrode is the amount of charge that can be stored/released
per gram of electrode material. Information which can be obtained from these plots include:

1. Capacity at a given potential

2. Average cell potential
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3. Specific energy (Wh g*)

4. Formation of redox species — indicated by plateau in curve

5. Polarisation — difference in plateau potentials of charge and discharge profiles
The disadvantages associated with CP, particularly when planar electrodes are utilised, are convection
at long times and complications by charging current contributions to the overall current.’! Convective
effects can be minimized by choosing current densities such that transition times are no longer than
30-60 s. Double layer charging that occurs throughout the CP experiment, can be problematic as the
current that flows to charge the double-layer means that the faradaic current differs from the applied
current, thus introducing inaccuracies in the measurement of transition times. Coupling short
transition times with large capacitance electrodes, and low concentration contribute to higher fraction
of the applied current, which can lead to less accurate determinations of electrochemical processes

such as diffusion coefficients.

2.1.4 Electrochemical Impedance Spectroscopy

For impedance measurements, the cell is perturbed with an alternating signal of a small magnitude,
and the response to the perturbation at the steady state is observed.[%! It is capable of high precision
and is frequently used for the evaluation of heterogeneous charge transfer parameters and for studies
of the double layer structure. To understand the concept of impedance, an understanding of electronic

circuits is essential, and will be outlined in the following.

Ohm’s Law outlines the fundamental relationship between voltage, current and resistance. Ohm's
law states that the electric current that flows through a conductor, 1, is directly proportional to the
voltage applied to the conductor, V. The ratio of voltage to current is called the resistance, R.

R =

% Equation 2.1
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Figure 2.6: Graphs of voltage versus time for (a) direct current, and (b) alternating current.

Alternating current (AC) circuits are not purely resistive and require a modification to Ohm’s Law in
order for it to be applicable. The modification requires the effect of capacitance and inductance to be
considered. This leads to the formation of equation 2.2, where Z is the impedance of the circuit, V
and | are the root mean squared values of the voltage and current.

Z = Equation 2.2

14
I
When a sine wave is applied to a circuit, the resulting sinusoidal current will have the same frequency,
however, it may have a phase difference. This can be represented using waveform and phasor

diagrams, and clearly illustrates the differences between the various elements that can be measured

with impedance.

For a purely resistive circuit, the current and voltage have the same behaviour for both alternating
and direct voltage. This results in a sinusoidal current with the same frequency, which passes through
zero at the same time as the voltage. They are considered to be in-phase even though the magnitude

of the current value may vary by comparison to the sinusoidal voltage (figure 2.7).
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Figure 2.7: Waveform illustrating a purely resistive circuit, where both voltage and current are in

phase.

This can be represented as a phasor diagram, where it yields information regarding complex
impedance. Impedance consists of imaginary and real parts, where the x-axis represents the real part
of the system, and the y-axis represents the imaginary components of the system. As the voltage and
current are in-phase, then the phase angle is zero (60 = 0°), and so the system does not contain an

imaginary component (figure 2.8).

A 4
Y

OO

Figure 2.8: Phasor diagram for a purely resistive circuit where 6 = 0.

AC circuits often have other elements such as capacitance and inductance which are collectively
known as reactance. Electrical reactance is the opposition of a circuit element to a change in current
or voltage due to the element’s inductance or capacitance. The total reactance of the system is the

sum of its capacitive reactance (Xc) and its inductive reactance (-X.):
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X=Xc+X, Equation 2.3
Ideal capacitors and inductors store energy rather than dissipating it, unlike resistors, and hence they
contribute to the imaginary part of the impedance:

Z=R+jX Equation 2.4
where Z is the complex impedance, R is the resistance, j is the imaginary component (where j2 =
—1), and X is the circuit reactance. The presence of either ideal capacitors or inductors within a circuit
induces a phase shift between the current and the voltage, which are considered out of phase, when

the phase angle is 90°.

It is understood that the capacitive reactance is inversely proportional to the frequency, while the
inductive reactance is proportional. Therefore, with increasing AC frequency, the capacitive
reactance decreases, whereas the inductive reactance increases. For an ideal capacitor, the voltage
lags behind the current by a 90° phase shift, where the voltage wave is -90° “out of phase” with the
current wave. The reactance of an ideal capacitor is therefore it’s impedance and is negative for all

frequency and capacity values as shown in figure 2.9.

Z=Xc=— Equation 2.5

90°

/

)
70. 1 >t _j'_)_ou
I(:
A 4
-90°

Figure 2.9: Sinusoidal waveform (left) and phasor diagram (right) for a pure capacitor with the

voltage as the reference phasor (6 = -90°).
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For an ideal inductor, the voltage leads the current by a 90° phase shift, where the voltage wave is
+90° “out of phase” with the current wave. The reactance of an ideal inductor is therefore its
impedance and is negative for all frequency and capacity values as shown in figure 2.10.

Z =X =wlL Equation 2.5

90°

—-90°

Figure 2.10: Sinusoidal waveform (left) and phasor diagram (right) for a pure inductor with the

voltage as the reference phasor (6 = +90°).

The above theory is based on the existence of ideal elements, however purely resistive, capacitive
and inductive elements do not exist and the phase angle will be somewhere between 0° and 90° for

real systems.

Equivalent circuits must be applied to the experimental data in order to try understand the complex
reactions being measured. The circuit that provides the best fit can be used to ascertain the reactions
that may be occurring such as electrode modifications, or reactions occurring at the
electrode/electrolyte interface. Some circuits despite having different circuit elements or
configuration can fit the experimental data, therefore, it is important to understand which circuit
elements are present within the cell. For example, Warburg diffusion (W) occurs when ions diffuse
within the system, it is generally observed in the low frequency region (< 100 Hz) as the diffusion
distance has increased, and reactants must diffuse farther to the electrode. Depending on the cell

voltage utilised, other reactions can be observed. For example, utilising cell voltages corresponding
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to a cell reaction will allow for charge transfer resistance (Rct) to be observed as shown in a typical
Nyquist plot (figure 2.11(a)). The Nyquist plot obtained is the response to the imposition of varying
frequencies, where typical frequency ranges used in the literature are approximately 150 kHz to 10
Hz,* where figure 2.11(b) shows which regions of the plot are typically associated with kHz, Hz
and mHz frequencies. These include electrochemical charge transfer between the solution and the
electrode and the diffusion of metal ions in the electrolyte, via oxidation and reduction processes. It
is usually observed in Nyquist plots as a semi-circle as shown in figure 2.11, and it arises from internal
cell resistance. The formation of a solid-electrolyte interphase (SEI) layer during cycling of battery

materials can often result in the formation of a second semi-circle within the Nyquist plot.

(a) (b)

mHz

-Im(Z) / Ohm
-Im(Z) / Ohm

Re(Z) / Ohm Re(Z) / Ohm

Figure 2.11: Typical Nyquist plot for cell containing electrolyte resistance (Rele), charge-transfer
resistance (Rct), Warburg impedance (Zw) and double layer capacitance (Cai). Inset is equivalent

circuit.

EIS is useful in determining the conductivity of the electrolyte, analysing the electrode/electrolyte
interface e.g. SEI layer formation, among other factors which will determine the performance of

battery materials.
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2.2 Physical Characterisation and Deposition

2.2.1 Scanning Electron Microscope and Energy Dispersive X-ray Spectrometry

Scanning electron microscopy (SEM) utilises electrons rather than light photons to form an image
and can be used to observe and characterise materials at the nanometre to micron scale. It comprises

of various parts such as the electron gun, condenser lens, scanning coil, objective lens, among others

x Electron Gun
Anode
Electromagnetic

Accelerator \ HFHI
™ o

Seaniigdl //

Backscattered LI
Electron Detector

(figure 2.12).

/ Secondary
Electron Detector
'

Sample

Figure 2.12: Schematic illustration of the working principle of SEM. Adapted from Goldstein et.

al.l?l

The electron gun produces a highly energised electron beam which is then rastered across the sample
surface. There are three types of electron gun:

1. Field-emission

2. Schottky-emission

3. Thermionic emission
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For the thermionic emission electron gun, it comprises a filament which is typically made of tungsten.
From this filament (cathode) thermoelectrons are emitted. The thermoelectrons are focused with
electron lenses to form a beam when the filament is heated at high temperatures. In order to accelerate
the electron beam, a negative voltage is required which will repel and accelerate the negatively
charged electrons. This is achieved through the use of the Wehnelt electrode. Once the beam passes
through the anode, it is accelerated through a column which contains various condenser and objective
lenses (figure 2.13).

= Crossover

<> Condenserlens

—— —— Objectivelensaperture

< > Objectivelens

[ ] Sample

Figure 2.13: Schematic illustrating the formation of the electron probe using the various lenses.

These lenses allow the electron beam to be focused onto the sample by producing a small electron
probe. The focused beam will then hit the sample surface and penetrate into the sample. The depth of
penetration depends on the beam energy, the atomic number of the atoms in the molecule and finally
the density of the constituent atoms. The electron beam interacts with the sample to produce various
scattering effects which are collected by a detector. These scattering effects can be elastic or inelastic,

and produces backscattered and secondary electrons, respectively.

Secondary electrons are utilised for imaging as they can be used to provide contrast within an image.

This is achieved as secondary electrons have very small energies, and those produced within the
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sample will be quickly absorbed, while those generated at the top surface of the sample will be emitted.
This translates into regions of dark and bright which show changes in elevation or pitch within a

sample.

In order to view the sample in the greatest detail, the electron probe must be finely focused. The
diameter of the electron probe must be smaller or similar in size to the feature being examined. The
beam current, accelerating voltage and convergence angle must be optimised in order to ensure high
detail can be obtained. Utilisation of a small probe diameter requires large beam currents, which in
turn can result in less surface details. Striking the perfect balance between the aforementioned

parameters will ensure that highly resolved features can be imaged.

The electron beam interacts with the sample to produce backscattered and secondary electrons. The
secondary electrons are utilised for imaging, while the backscattered electrons can be used for energy
dispersive x-ray spectrometry (EDX). Backscattered electrons possess higher energy than secondary
electrons and contain information from deep regions of the sample. They are sensitive to the
composition of the specimen, and so can be used to determine the sample composition. Primary and
backscattered electrons can cause ionisation of the sample’s atoms, and upon relaxation of these ions,
x-rays are emitted. These x-rays are characteristic of individual elements and can be used to
characterise the material’s composition. The x-rays detected by the detector, are then compared to a

material database, which ensures accurate identification of the elements present.

2.2.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique that can be used on materials to
determine their physical form and chemical structure from their characteristic spectral pattern. It is a
spectroscopic technique which is based on inelastic scattering of monochromatic light. When light is
shone on the sample, the photons are either absorbed, scattered or have no interaction, i.e. pass
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through. When the energy gap between the ground state and excited state of the molecule is met, then
a photon is absorbed, and the molecule promoted to the higher energy excited state. After it is
absorbed, the photon is reemitted, whereby the frequency is shifted up or down in comparison to the
original monochromatic frequency. This frequency shift provides information about vibrational,

rotational and other low frequency transitions in molecules.

It is possible for a photon to interact with material and scatter from it, where its energy does not match
the energy gap of the molecule. In this case the scattered photons can be observed by collecting light
at an angle to the incident beam. These are dependent on the wavelength of the incident beam, and

are proportional to the fourth power of the frequency!*®! as shown in equation 2.6.

I x %4 Equation 2.6
There are two scattering processes that are detected in vibrational spectroscopy: elastic and inelastic
scattering. Elastic scattering is a dominant process which occurs when photons are scattered and is
often referred to as Rayleigh scattering. If nuclear motion is induced during the scattering process
then energy will be transferred either from the molecule to the scattered photon or from the incident
photon to the molecule. This is regarded as inelastic scattering and the energy of the scattered photon
is different from that of the incident photon by one vibrational unit. It is a weak process whereby only
one in every 105-108 photons which scatter is Raman scattered.!**l Raman scattering can be further
subdivided into Stokes and Anti-Stokes scattering. Stokes scattering occurs when the molecule
absorbs energy in the ground vibrational state (m) and is promoted to a higher energy excited
vibrational state (n) as shown in figure 2.14. The photon loses energy to the molecule and results in
a lower frequency to the incident beam. For Anti-Stokes scattering, some molecules may be present

in an excited state (such as n) due to thermal energy. In this instance, the molecule loses energy to

the photon, and results in the photon having a higher frequency than the incident beam. Usually Stokes
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scattering is measured for Raman, but for some materials where there is fluorescence interference, it

would be preferable to measure Anti-Stokes.

Virtual states

Vibrational

states J

Stokes Anti-Stokes

Figure 2.14: Diagram of Raman scattering processes. The lowest energy vibrational state (m) is the

ground vibrational state, and n is the excited state due to thermal energy.

There are rules which govern whether a molecule will be Raman or IR active, as changes in dipole
moments are considered IR active, while changes in polarizability are considered Raman active. In
general, a molecule can be both IR and Raman active (figure 2.15), however, according to the mutual
exclusion rule, the vibrational mode of centrosymmetric molecules, e.g. CSz, may be either IR active

or Raman active but not both.

S—/——=C——=5 = C=—=0 S——C—=5S
Symmetric stretch Asymmetric stretch Bend
Ramanactive Ramaninactive Ramaninactive
IR inactive IR active IR active

Figure 2.15: Raman and IR active vibrational modes of CS; depicting the mutual exclusion rule.

2.2.3 Infrared Spectroscopy

Infrared spectroscopy (IR) is also a non-destructive analytical technique. It can determine the

presence of molecules regardless of the sample’s form. Gases, liquids, pastes, powders and many
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other sample forms can be analysed with IR. The technique is based on the vibrations of the atoms of
a molecule. Typically, infrared radiation is passed through a sample (figure 2.16), and the fraction of
incident radiation that is absorbed at a particular energy is determined. The energy at which a peak in
an absorption spectrum appears corresponds to the frequency of a vibration of a part of a sample
molecule.['

Raman scattering

inelastic
A4
L7 Rayleigh (IR) scattering
Incident radiation ] elastic
.’
4 /,

Figure 2.16: Schematic depicting how Raman and IR absorption processes occur.

For a molecule to show IR absorptions, an electric dipole moment must change during the vibration
of a molecule. This is regarded as the selection rule, and it differentiates IR from Raman. For most
analysis, the mid-IR range is sufficient as it covers 4000 cm™ to 400 cm™, and most bond vibrations

fall within this range (figure 2.17).

Stretching-
Bending
Coupled Internal
Stretching Vibrations, Vibrations | Rotations

< Cd ) rd

4000 1500 400
Wavenumber(cm™)

Figure 2.17: General regions for stretching and bending vibrations.

Bond vibrations occur at quantised frequencies as only certain vibrational energy levels are allowed.
The frequencies are determined by various factors such as bond strengths, molecular geometry and

the masses of the connecting atoms.[**! The stronger the bond, the greater its vibrational frequency,
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and the wavelength associated with it will be shorter. Understanding this can help differentiate the
various bonds within the molecule, for example the C=0 bond, is stronger than for C-O, and infrared
radiation is absorbed at different wavelengths: 1870-1540 cm™ for C=0, and 1370-1000 cm* for C-

0.

The use of IR is quite advantageous as it is quite sensitive, fast and relatively inexpensive technique
that provides information rich spectra. It often provides complementary information to Raman spectra,

and so combining both methods to analyse materials is often beneficial.

2.2.4 Surface Profilometer

A profilometer is an instrument used to measure the surface profile of films, such as surface height
and roughness. A contact profilometer utilises a diamond stylus that is in physical contact with the
sample surface. This stylus is then mechanically and laterally moved over the surface of the film at a
specific distance with a specific contact force. As the surface film is being scanned, a feedback loop
is used to monitor the force pushed up against the stylus. An image of the surface film can be
reconstructed as the stylus is held by an arm that is set at a specific amount of torque, and changes in

the z-axis are monitored as shown in figure 2.18.
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Figure 2.18: Schematic of the working principle of a contact surface profilometer.

As the stylus is in direct contact with the surface, it is a highly sensitive technique; however, its

resolution is highly dependent on the shape and radius of the stylus as shown in figure 2.19.

Stylus Tip
Angle

Stylus

Trace —-———— === Stylus
‘\
Sample “ — A

Figure 2.19: Effect of stylus tip angle and radius on the surface film reconstruction (trace).

One disadvantage of contact profilometry is its direct contact with the sample surface, and this can

be quite destructive for softer surfaces.

Surface profilometry is ideal for determining the thickness of deposited layers, and the quality of the
surface films such as smoothness and roughness. Careful consideration of the type of profilometer
must be undertaken to ensure accurate analysis of the substrate films, which can then be used to

accurately determine the electrode capacity as outlined in the following chapters.
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2.2.4 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique for measuring the energy necessary to
establish a near-zero temperature difference between a substance and an inert reference material. Both
specimens are subjected to identical temperature regimes in an environment heated or cooled at a
controlled rate. Two types of DSC are commonly used:

1. Power compensation DSC (also known as heat flux DSC due to its direct measurement of heat

flow)

2. Heat-flux DSC
For power-compensation DSC, the temperatures of the sample and reference are controlled
independently. This is achieved through the use of separate and identical furnaces. In heat-flux DSC,
the sample and reference are connected by a metal disc (low resistance heat-flow path) in a single
furnace. For both versions of DSC, enthalpy or heat capacity changes are recorded in the sample

relative to the reference.

DSC is beneficial for the analysis of polymers as it can be used to determine a variety of properties
such as the glass transition region, the melting region, and the crystallisation behaviour. The glass
transition region can characterise amorphous polymers, blend or even the amorphous region of a
crystalline sample. From the plot of heat flow rate versus temperature, the degree of crystallinity
within a polymer can be determined from the step height. Analysis of the melting points of a polymer
can determine the various components of the polymer, as each component will have its own
characteristic melting point. Utilisation of this can help distinguish the various polymorphs of

polymers, as solid-solid phase transitions can be observed.
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Figure 2.20: Example of a DSC trace.

Overall DSC is a useful technique for the analysis of various materials, especially with regards to
polymers. Utilisation of DSC in conjunction with thermogravimetric analysis can yield a

comprehensive analysis of polymers.

2.2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) monitors the change in the mass of a sample as a function of
temperature or time. The sample is subjected to a controlled temperature programme in a controlled
atmosphere.[*6171 A purge gas is utilised during analysis which can create an inert, oxidising or
reducing atmosphere. The mass loss from a sample can be categorised!*”! as volatile components
generally evaporate between ambient and 300 °C, reaction products generally form between 100 °C
and 250 °C, while the generation of volatile degradation products could require temperatures between
200 °C and 800 °C. Mass loss processes can be characterised using TGA, where it can yield

information regarding the sample’s composition, extent of cure and thermal stability.

Typically for polymer analysis, the pyrolysis of the polymer at a constant heating rate is carried out.
Utilisation of an inert environment for this process can allow for direct comparison with other

polymers.
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Figure 2.21: Example depicting how TGA analysis can be used to compare the service
temperatures of polymer materials. PMMA refers to poly(methyl methacrylate), while PI refers to

polyimide.

The polymer materials generally degrade by free-radical processes initiated by bond dissociation at
the pyrolysis temperature. The specific pathway of degradation is dependent on the bond strengths,

and polymer structure. This allows for the polymer to be easily characterised.

2.2.6 Sputter Deposition

Physical vapour deposition (PVD) encompasses a variety of techniques which involve the physical
vaporisation of atoms from a surface by momentum transfer from bombarding energetic atomic-sized
particles. Sputter deposition is one such technique, whereby thin films of elemental or compound
materials can be deposited. The technique is called sputter deposition as the surface being sputtered

is the source of the deposited material.

For direct current (D.C.) magnetron sputtering, a D.C. power supply is used to supply a voltage
between the cathode (material target) and the anode. The substrate to be sputtered is placed on the

anode as shown in figure 2.22.
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Figure 2.22: Schematic illustrating the operation principle of sputter deposition under Ar.

When a voltage is applied between the cathode and the anode, an ionised gas is generated from the
sputtering gas. This forms a hot gas-like phase consisting of ions and electrons and is commonly
known as plasma. The charged gas atoms bombard the cathode and releases atoms from the cathode.
These travel across the vacuum and inert gas environment where they condense on the cooler surface
of the substrate to form a thin film. Electrons that are formed in the plasma accelerate in the opposite
direction to the ions, where they collide with gas atoms resulting in the formation of more free ions
and electrons and ensures the continuation of the plasma. However, if the pressure chosen for the
process is too low, there will not be enough collisions between atoms and electrons in order to sustain
the plasma. Too high a pressure will result in too many collisions and reduce the electron’s energy

thus inhibiting its ability to ionise the atoms.

Utilisation of a planar magnetron is the addition of a magnetic field which is parallel to the target
surface. This interacts with the electrons and deflects them to stay near the target surface. Depending

on the arrangement of the magnets, the electrons can be circulated on a closed path on the target

Page | 106



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 2: Electrochemical and Physical Characterisation Techniques

surface. This increases the electron flux, and produces high-density plasma, which increases the

ionisation efficiency and deposition rate, while lowering the heating effect subjected at the substrate.

One disadvantage of planar magnetron sputtering is the non-uniformity of the plasma over the target
surface, and the deposition pattern is dependent on the position of the substrate with respect to the
target. It leads to only 10-30% utilisation of the target material before the target must be recycled,

however despite this, magnetron sputter deposition is a widely used technique for material deposition.
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Figure 2.23: Illustration depicting how the planar magnetron affects the target through prolonged
use. The lighter rings are the utilised area during sputter deposition, while the darker areas are the

unused material.

Both elemental and compound based conductive materials can be sputtered using D.C. sputtering,

and so this technique is appropriate for the fabrication of both cathode and anode electrode materials.
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Chapter 3:

lonic Liquid Electrolyte Analysis

3.1 Abstract

The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (CsmpyrTFSI)
was investigated to determine if its electrochemical properties were favourable for Li-ion battery
applications. It was determined that it offers good Li-ion mobility as evidenced by the highly stable
Li deposition and stripping onto the electrode surface at potentials beyond the blank ionic liquid’s
reductive potential. In addition, it exhibits ionic conductivities of the same magnitude as conventional
organic electrolytes, 500 times greater than conventional solid-state electrolytes (1.5 mS cm™ versus

3 x10° mS cmY).

Thermally stable, flexible polymer gel electrolytes with high ionic conductivity were prepared by
mixing the CsmpyrTFSI, LiTFSI salt and poly(vinylidene difluoride-co-hexafluoropropylene
(PVDF-HFP). FT-IR and Raman spectroscopy show that an amorphous film was obtained for high
(60 wt.%) CampyrTFESI contents. Thermogravimetric analysis (TGA) confirmed that the polymer gels
are stable below ~300 °C in both nitrogen and air environments. lonic conductivity of 1.9 x10° S cm"

1 at room temperature was achieved for the 60 % ionic liquid loaded gel.

3.2 Introduction

Conventional Li microbatteries utilise solid state electrolytes™ such as LiPON which have intrinsic
safety benefits when compared to volatile organic electrolytes. Due to the slower reactivity of solid

state electrolytes compared to liquids, there is an expectation of longer device lifetimes.[? Solid-state
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batteries have been shown to operate for more than 10,000 cycles,® however scalability has yet to be
proven. Some disadvantages associated with solid-state electrolytes that have hindered their use
include low ionic conductivity and poor interfacial contact. Typically, organic electrolytes offer ionic
conductivities >7 mS cm, which is approximately 2,000 times greater than ionic conductivities
obtained for typical solid-state electrolytes such as LiPON (3 x10° mS cm™).1*5 The interfacial issues
stem from the instability of the interface in terms of composition and structure. Oftentimes the
interfacial composition and structure that forms between the solid electrolytes and electrode materials
exhibit major deviations from those of the bulk materials. Another issue faced by solid-state
electrolytes is the requirement for physical contact with the electrode materials,’® whereby ionic
diffusion relies on contact to solid particles. These point contacts can be sensitive to stresses which
occur during electrochemical cycling, and can lead to the formation and propagation of cracks,”8l as

well as interfacial delamination.[®

Finding an alternative electrolyte solution, which embodies the advantages of organic solvents such
as high ionic conductivity, and those of solid-state such as long cycle life and safety would assist with
energy storage for the Internet of Things (IoT) and other applications. lonic liquid based electrolytes
offer many favourable properties. For example, CsmpyrTFSI (figure 3.1) boasts a large
electrochemical window,™% low volatility, non-flammability, wide operation temperatures**! and

high ionic conductivities.
ch\N+/\/\ F B
CH > - < .
3 F s/N\s F
Fo/N /N F
o} O O 0

Figure 3.1: Structure of CsmpyrTFSI ionic liquid.

The ionic liquid properties are highly dependent on the chosen cation/anion combination, which is

advantageous as it allows electrolyte properties to be tailored to suit the application. Xue et al.[*?]
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reviewed ionic liquids with fluorine containing anions detailing their various properties including the
tunability of the electrolytes. Hayes et al.[**] provide a comprehensive insight into ionic liquids and
investigates various properties such as self-assembly control in the bulk and at the solid interface.
Investigators have shown the compatibility of ionic liquids with numerous Li-ion battery
electrodes.™*1 onic liquids appropriate for battery applications have been reviewed by MacFarlane

et al.[11]

Some ionic liquids can be used to form polymer gels.*¥l The preservation of favourable properties,
in addition to the encapsulation of a liquid electrolyte within a polymer matrix provides a further
alternative to the conventional solid-state electrolytes. Polymer gel electrolytes derived from ionic
liquids can offer varying degrees of flexibility and higher ionic conductivities than solid-state
electrolytes!*®-2!l in addition to good thermal, interfacial and electrochemical stabilities. Specifically,
Pont et al.l??l investigated the properties of pyrrolidinium-based polymeric ionic liquids as polymer
electrolytes. Their work highlighted that mechanically stable polymer gels with high ionic
conductivities (10* S cm™) and large electrochemical windows (=7 V) can be obtained. Ferrari et
al.I®1 demonstrated improved cycling behaviour of LiFePO, electrodes over 180 cycles with N-
methoxyethyl-N-methylpyrrolidinium-based polymer gel electrolytes when compared to their liquid
counterparts. Sirisopanaporn et al.[?*1 demonstrated the safety of ionic liquid based polymer gels, as
it was observed that a protective solid-electrolyte interface (SEI) layer forms on the surface of lithium
metal anodes, with no electrolyte leakage after 4 months of storage. A combination of PVDF-HFP
with CsmpyrTFSI has been investigated by Kim et al.[?®! using a two-step process where a fibrous
PVDF-HFP membrane was synthesised via electrospinning methods. The formed membranes were
then soaked in 1 M LiTFSI/CsmpyrTFSI to create an ionic liquid-based polymer gel electrolyte. The
polymer gel composition and the resultant properties such as ionic conductivity, thermal and

electrochemical stability can be more easily tailored using the single step solvent casting method
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described in this work. The improved characteristics are attributed to changes in the crystalline

structure of the polymer gel due to the quantity of CampyrTFSI utilised.

This work describes an alternative electrolyte to conventional solid state and organic electrolytes,
which demonstrates favourable electrochemical properties. In addition, a simplified synthesis of the
ionic liquid based polymer gels is outlined, whereby most methods in the literature rely on high
temperatures during synthesis,*®! or drying of the polymer gels under vacuum or at high
temperatures.?% 26-2"1 Our method can be performed outside of a glovebox at moderate temperatures
(50 °C), with no vacuum or external heating required during the drying process, and no further
treatment (e.g. soaking in electrolyte, or UV irradiation) once dry to produce polymer gel electrolytes

with favourable electrochemical properties.

3.3 Experimental

3.3.1 lonic liquid analysis

The organic electrolyte ethylene carbonate (EC) and diethyl carbonate (DEC) in a solution 1:1 v/v
with 1 M LiPFs salt was used as the baseline lithium electrolyte. lonic liquids
trihexyltetradecylphosphonium  bis(trifluoromethylsulfonyl)imide (P14e66 TFSI) and 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide (CsmpyrTFSI) were investigated to
determine their electrochemical window. A three-electrode set up was utilised where a 100 um Ni
microelectrode was used as the working electrode, while the reference and counter electrodes were

Li metal.

Cyclic voltammetry (CV) analysis was carried out on CsmpyrTFSI with various LIiTFSI salt
concentrations over the potential range of -0.7 V to 2.5 V with scan rates of 50 and 100 mV s to

determine the effect of LiTFSI salt concentration on the deposition and stripping of Li on the surface
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of the Ni microelectrode. A three-electrode set up was utilised where a 10 um and 100 pum Ni
microelectrode were used as the working electrode, while the reference and the counter electrode
were Li metal, unless otherwise stated. The deposition and stripping efficiency was determined using
chronoamperometry. The second cell set up consisted of a microdisc array, where ten 20 um Au
microdiscs were modified with Ni and utilised as the working electrode with on-chip Pt reference and

counter electrodes.

A Bio-Logic VSP multi-channel potentiostat was used for electrochemical impedance spectroscopy
(EIS). A two electrode set up, where two stainless steel electrodes was utilised for EIS tests. The
distance between the two electrodes was maintained at 0.1 cm, while the both electrodes were 0.658
cm?. The cell was calibrated using 0.1 M KCI solution. The tests were carried out using a 1 MHz to

10 Hz with 10 mV amplitude. The ionic conductivity was calculated using equation 3.1.

o= Equation 3.1

where A is the area of the electrode, R is the resistance measured and | is the distance between the

electrodes.

3.3.2 lonic liquid polymer gel electrolyte synthesis and characterisation

1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide(CsmpyrTFSI) was obtained from
Solvionic (>99% purity). Li bis(trifluoromethylsulfonyl) imide (LiTFSI) and PVDF-HFP were
obtained from Sigma Aldrich (>99% purity). All chemicals were stored under argon atmosphere and

used as received.

The polymer gels were synthesised by dissolving PVDF-HFP in molecular-sieve dried acetone at

50 °C with stirring for 30 minutes. Once dissolved, the LiTFSI was added and stirred for a further 30
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minutes. Finally, CampyrTFSI was added and the mixture was stirred for 1 hour. The solution was

solvent cast into petri dishes and the acetone evaporated.

FT-IR data was recorded using a Perkin Elmer Spotlight for mid-IR wavelengths (4,000 to 400 cm-
1. Raman spectra of the polymer gels were recorded on a Horiba Raman Spectrometer with dual
wavelengths (532 nm and 785 nm). Analysis was carried out using a 785 nm wavelength to avoid
fluorescence emitted at lower wavelengths. Thermogravimetric analysis (TGA) was carried out using
a TA Instruments, model TA Q50 and platinum pans. The temperature ramp was varied (20, 40 and
60 °C per minute (min't)) to obtain temperature profiles over the temperature range 30 °C to 800 °C.
The polymer gels were analysed under N2 and air. Differential scanning calorimetry (DSC) was
carried out using a TA Instruments Q2000 with attached refrigerated cooling system. The samples
were cooled to -40 °C and using temperature ramps of 20, 40 and 60 °C min™, the temperature was

increased to 180 °C. The purge gas used was nitrogen with a flow rate of 10 ml min™.

The ionic conductivity of the polymer gels was determined over a frequency range of 150 kHz to 10
Hz, with an amplitude of 10 mV and using the equation 3.1 previously mentioned in section 3.3.1. In
this instance, A is the area of the polymer gel, R is the resistance measured and | is the thickness of
the polymer gel sample. The thicknesses of the polymer gels were determined using a micrometer,
and this value was used in equation 3.1. The polymer gels were then sandwiched between two

stainless steel electrodes and the measurements were carried out at open circuit potential.
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3.4 Results and discussion

3.4.1 lonic liquid electrolyte

To determine the viability of ionic liquids as Li-ion battery electrolytes, their oxidative and reductive
windows were determined and compared to conventional organic electrolytes such as 1:1 v/v
EC:DEC. The electrochemical windows were determined by the onset of oxidative and reductive
peaks by CV analysis as shown in figure 3.2. The blank figure 3.2(a) (without Li salt) organic
electrolyte starts to undergo oxidative and reductive processes at approximately 4 V and 0.5 V,
respectively. Data for P14 es TFSI and CampyrTFSI are shown in figure 3.2(b) and (c) respectively.
P14,666 TFSI yields an electrochemical window of approximately 4 V, while CsampyrTFSl yields a5 V
electrochemical window. The difference in the electrochemical windows can be attributed to the
cation/anion combination present in the ionic liquids. Oxidative stability is attributed to the anion,
and both ionic liquids offer similar oxidative decomposition potentials®¥ (figure 3.2(d)), while a stark
contrast exists in the reductive decomposition potentials which has been attributed to the cations
present in the ionic liquids.[?8-31 It has been noted that both P14666* and Csmpyr* cations have similar
reductive decomposition potentials, however, Rogers et al.*?l have shown that the breakdown
potentials for P14 666" and Campyr* cations are -3.117 V and -3.191 V versus Fc/Fc™, respectively, at
a current density of 250 uA cm?, where the TFSI anion was coupled with both. Similar results were
observed in figure 3.2(d) as the CampyrTFSI exhibited better reductive stability when compared to
P1s66s TFSI. It is evident that CampyrTFSI offers the largest electrochemical window of the three
blank electrolytes, and this is maintained even with the addition of 0.2 M LiTFSI salt (figure 3.2(e)).
The addition of the LiTFSI salt exhibits a stabilisation effect as pushing the potential (-1 V) beyond
the reductive decomposition potential of the blank electrolyte (-0.3 V) does not yield any negative

effects and the electrochemical window is maintained at 5 V. Li deposition and stripping occurs when
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the potential is pushed to such negative potentials, and despite this reaction occurring, there is no

effect on the stability of the electrochemical window.
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Figure 3.2: Electrochemical analysis at 50 mV s using a 100 um Ni microelectrode for (a)
EC:DEC (1:1 v/v), (b) P1466s TFSI, (c) CampyrTFSI, (d) superimposed data for (a to ¢) and (e)

CampyrTESI and 0.2M LiTFSI salt in CampyrTFSI.
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CampyrTFSI was further investigated whereby Li conducting salt LiTFSI was added to the ionic
liquid (IL) to investigate Li-ion mobility within the ionic liquid and determine an optimum
concentration. This was carried out in a two-fold investigation, CV and EIS to determine the optimum
LiTFSI salt content for CsampyrTFSI electrolytes. Initially CV analysis was carried out to determine
the lithium deposition and stripping mechanisms within the ionic liquid. From figure 3.3, it can be
seen that LiTFSI salt is compatible with the CampyrTFSI electrolyte as stable cycling was obtained
at both 50 and 100 mV s, Similar Li deposition and stripping trends were observed at both scan rates,
whereby increased LiTFSI salt concentrations led to thicker Li deposits, therefore demonstrating good

Li-ion mobility.
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Figure 3.3: CV for C4mpyrTFSI at a 100 um Ni microelectrode between 2.0 V and -0.7 V at (a) 100
and (b) 50 mV s1. Black box indicates the region and potential range utilised and the equations

used to estimate deposit thickness.

However, if compared to a typical organic electrolyte such as 1 M LiPFs in (1:1 v/v) EC:DEC (< 2
cP at 25 °C)*I (figure 3.4), it is evident that the higher viscosity of the salt in ionic liquid (~ 100 cP
at 25 °C)B hinders Li-ion mobility as the current density obtained is approximately 31 times less
than that for 1 M LiPFs in (1:1 v/v) EC:DEC (5 mA cm? versus 155 mA cm?). The
deposition/stripping current should ideally cross the potential scale at 0 V/, which is observed for both
the organic electrolyte (figure 3.4(a)), and ionic liquid which indicates that Li deposition/stripping

processes are not hindered in the ionic liquid despite the higher viscosity. The approximate Li deposit
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thickness value from the organic electrolyte was 1673 nm at a scan rate of 50 mV s with a potential
limit of -0.5 V versus Li/Li*, while the 0.5 M LiTFSI in IL solution deposited only 26 nm under the
same conditions. Different Li salts were utilised which may impart an effect on the deposition and
stripping processes, however, it is evident that the Li-ion mobility is hindered when compared to

typical organic electrolytes due to Li co-ordination with the anion as observed previously in the

literature.[35-38]

0.2 0.002 N

0.001 4

o

o
o
o
S
S

o
o

-0.001 4

-0.002

=
o

-0.003

Current Density / mA cm™
Current Density / mA cm™

o
[N}
)

-0.004 4

-1 0 1 2 3 - 0 1 2 3
Potential / V (vs. Li/Li") Potential / V (vs. Li/Li")

Figure 3.4: Comparison of (a) organic electrolyte: 1 M LiPFs in (1:1 v/v) EC:DEC and (b) ionic
liquid electrolyte: 0.5 M LiTFSI in CsampyrTFSI at 100 #zm Ni microelectrode.

Scan rate of 50 mV s was utilised.

The efficiency of the deposition/stripping processes was investigated using CA techniques, and it was
determined that an efficiency of ~49% was achieved at a singular Ni microelectrode (figure 3.5 insets).
A microdisc array was also investigated to determine an averaged efficiency across multiple
electrodes. Depending on the chosen deposition and dissolution potentials, efficiencies from 49% to
78% were achieved at the microdisc array. Figure 3.5 shows the CA data for the microdisc array

electrodes where an efficiency of 78% was obtained.
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Figure 3.5: Chronoamperometric Li deposition and stripping at ten 20 um diameter Ni modified Au
microdisc electrodes, (Pt pseudo-reference was used), where insets refer to experiments carried out

using a single 100 um diameter Ni microelectrode (Li metal reference was used).

This CV and CA data for the LiTFSI salt in CampyrTFSI has shown that Li deposition and stripping
can be obtained from the 0.5 M salt concentration, however it has been observed® %81 that increasing
salt concentrations (0.1 M to 0.5 M, etc.) in ionic liquids can result in the reduction of its ionic

conductivity. In order to determine the optimum salt concentration, the ionic conductivity of the salt

in IL must be determined.

The ionic conductivity was obtained using the cell shown in figure 3.6. Using stainless steel electrodes,

side reactions are minimised, as the stainless steel is chemically inert. The measurements were carried

Page | 121



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 3: lonic Liquid Electrolyte Analysis

out at open circuit voltage (OCV). If a potential bias was applied, reactions other than ion diffusion
could complicate the data analysis. For this cell set-up, the equivalent circuit consisted of electrolyte
resistance (R), Warburg impedance (W) and a constant phase element (CPE) (figure 3.6(b)). This was
determined as the electrolyte imparts a resistance (R), the bare electrode in the electrolyte acts as a

capacitor (Q), and Warburg impedance (W) refers to Li-ion diffusion.

(a) (b)
—— CPE —
Stainless / Electrolyte
steel under — R —
electrodes analysis
W —

Figure 3.6: (a) Experimental cell used for EIS measurement and (b) its equivalent circuit model.

Initially the blank ionic liquid was investigated, and this was compared to the salt in ionic liquid data.
From the data in figure 3.7, it is clear the equivalent circuit that has been applied to fit the experimental
data is in good agreement with both the blank and salt in CampyrTFSI solutions. Slight deviations
between the fit and experimental data are observed in figure 3.7(a) and (b). The deviations occur at
low frequencies, where Warburg diffusion is recorded. As Warburg diffusion assumes all diffusion
within the cell is semi-infinite, deviations can occur as real systems often have finite diffusion. Figure
3.7(g) shows a comparison of the EIS data obtained. It is obvious from the data that the real impedance
(Re(2)) increases with increasing salt concentration. This trend has been observed for other ionic

liquid solutions,®>28 and is attributed to the increasing viscosity of the ionic liquid.
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Figure 3.7: EIS experimental and fit data for (a) blank Csmpyr TFSI, (b) 0.1 M, (c) 0.2 M, (d) 0.3
M, (e) 0.4 M, (f) 0.5 M LiTFSI salt in Campyr TFSI and (g) comparison of the high frequency EIS
data. Frequency and fit range used (unless otherwise stated): 150 kHz to 10 Hz.
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As the resistance increases, the ionic liquid conductivity decreases due to the inverse relationship
between resistance and conductivity, therefore the ionic conductivity for the 0.5 M LIiTFSI in
CampyrTFSI is lower than that of the 0.1 M LiTFSI in CampyrTFSI solution. By utilising equation
3.1 mentioned in section 3.3.1, the ionic conductivity values were obtained and are shown in table
3.1 which confirms that ionic conductivities decrease with increasing salt concentration, however, all
salt concentrations yield ionic conductivities of the same magnitude as 1 M LiPFe in (1:1 v/v)
EC:DEC, whose ionic conductivity is 7.9 mS cm™ under the same conditions.[*°] As the electrolytes
are being investigated for Li-ion microbatteries, their ionic conductivity is also compared to solid
state electrolytes such as LiPON for which an ionic conductivity of 3 x10° mS cm™ under the same
conditions is observed,*® which is 500 times less than that of 0.5 M LiTFSI in C4mpyrTFSI.
Blank 01M 02M 0.3M 04 M 0.5M
C4mpyrTFESI | LITFSI LiTFSI LiTFSI LiTFSI LiTFSI

Conductivity

(mS cm)

99% CI

Table 3.1: Comparison of ionic conductivities of blank and LITFSI CsmpyrTFSI solution with 99%

confidence interval (Cl).

The relationship between the salt concentration and the ionic conductivity is linear as shown by the

high R? value in figure 3.8.
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Figure 3.8: Relationship between ionic conductivity and the LiTFSI salt concentration in

CampyrTFSI solutions.

Based on the above results, it has been demonstrated that utilisation of ionic liquid based electrolytes
is a viable alternative to conventional solid state electrolytes due to its superior ionic conductivity,
and therefore better Li-ion mobility. CsampyrTFSI demonstrates favourable properties as a liquid

electrolyte and can also be used to create polymer gel electrolytes as outlined in the following section.

3.4.2 lonic liquid polymer gel electrolyte

A series of polymer gels were synthesized, where the CsmpyrTFSI content was varied between 10
wt.% and 60 wt.%. They were labelled as PG-X where X denoted the CampyrTFSI content. For
example, gels with 10 wt.% and 60 wt.% CsmpyrTFSI are called PG-10 and PG-60, respectively.
Gels that contained more than 60 wt.% CsmpyrTFSI resulted in pastes rather than films. For
comparison films consisting of PVDF-HFP, and PVDF-HFP with LiTFSI were also synthesised.

Figure 3.9 displays the flexible polymer gels with the lowest and highest CsampyrTFSI content, PG-

10 and PG-60.
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Figure 3.9: Optical images of synthesised 400 um thick polymer gel electrolytes (a and b) PG-10,

and (c and d) PG-60.

The degree of flexibility is attributed to the PVVDF-HFP content, as less rigid films are obtained with
higher CsmpyrTFSI. In order to further determine the effect of LiTFSI salt and CampyrTFSI on the
morphology of the films, SEM analysis was conducted on films containing PVDF-HFP only, PVDF-
HFP and LiTFSI, PG-10 and PG-60 (figure 3.10). The pure PVDF-HFP film exhibits a flake-like
surface (figure 3.10(a)); however, upon addition of LiTFSI there is a distinct change to a more smooth
surface morphology of the film (figure 3.10(b)). When 10 wt.% CsmpyrTFSI is introduced to the
polymer gel the porosity of the polymer gel increases (figure 3.10(c)). Despite the increased porosity
the morphology of the films in 3.10(b) and (c) remain similar. The surface morphology for PG-60
(figure 3.10(d)) is significantly rougher which suggests that addition of LiTFSI and CsmpyrTFSI can

lead to differences in the polymer’s structure.
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Figure 3.10: SEM micrographs of (a) PVDF-HFP, (b) PVDF-HFP with LiTFSI, (c) PG-10, (d) PG-

60 films.

To elucidate the change in surface morphology, the crystallinity of the polymer gels was investigated
using FT-IR and Raman spectroscopy. It is well understood that PVDF-HFP can exhibit different
crystalline phases [“% (o, B, v, ) where the non-polar a-phase is the common crystalline state observed

under normal conditions. The structures of the a-, B- and y-phase are shown in figure 3.11.
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Figure 3.11: Structures of PVDF-HFP where (a) a-phase, (b) f-phase, and (c) y-phase.

Different crystalline phases can be obtained if the polymer undergoes stress, such as stretching or
straining. Each crystalline state yields distinctive peaks when analysed using IR. The IR spectrum
obtained for pure PVDF-HFP is shown in Figures 3.12(a) and (b). There are several notable peaks
obtained including at: 762 cm™* (C-F2 bending mode, a-phase),*4"1 796 cm™ (C-Fs; stretching mode,
o-phase),[*: 43 45461 855 cm™ (a-phase),* 872 cm™ (C-H, wagging of vinylidene, amorphous
HFP),[2 471 974 cm™ (out of plane C-H bending or twisting, a-phase),[*43 461 1058 cm™* (symmetric
stretching of C-Fs, amorphous HFP),#21 1178 cm (asymmetric C-F stretching),“? “é1 1383 cm™ (C-

H. wagging vibration),[*2-43 48l and 1404 cm™ (C-H scissoring vibration).[#243 48
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Figure 3.12: Room temperature FT-IR spectra of PVDF-HFP, PVDF-HFP with LiTFSI, PG-10 and

PG-60, (a) displaying the range 4000 to 650 cm™, (b) displaying the range 1800 to 650 cm™.

Only a-phase peaks are observed in the pure PVDF-HFP film, however upon addition of the LiTFSI
salt there are notable changes in the IR spectrum. In the first instance, there is an additional peak
observed at 658 cm™ which can be attributed to the f-phase of PVDF-HFP.[*¢l A weak peak at 811
cm™ is also observed which can be attributed to the y-phase. The appearance of these two peaks
signifies that the addition of LiTFSI salt stresses the polymer matrix and changes the crystalline phase
formed. A broad peak within the region of 3700 cm™ to 3050 cm™ (peak b) can be attributed to the
TFSI- anion. A peak at 1640 cm™ (peak c) is ascribed to the complexation of the LiTFSI salt with the
polymer backbone.?!l The intensity of this peak decreases with increasing CsmpyrTFSI content as
the combination of LiTFSI and CsmpyrTFSI reduces the tendency to form complexes.?s! This
phenomenon could explain why different surface morphologies were obtained, as the LiTFSI is
complexed with the polymer backbone and subsequently non-complexed when the CsmpyrTFSI
content is increased. For both PG-10 and PG-60 the FT-IR spectra are similar to the spectra for PVDF-
HFP with LiTFSI, whereby peaks for amorphous (peak a), - and y-phases are observed. This trend

is observed across the polymer gel series (figure 3.13). For PG-60, the B- and y-phase peaks are less
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intense than those for PG-10 (figure 3.13), however, the peaks denoting amorphicity yield higher

intensities, which suggest that it adopts a more amorphous structure than PG-10 (figure 3.13).
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Figure 3.13: FT-IR data for the polymer gel series where the CsmpyrTFSI content was increased
from 10 wt.% to 60 wt.% (a) 4000 to 650 cm™ range and (b) 1800 to 650 cm™. Similar crystalline
states were observed for the series of polymer gels, where amorphous, a-phase, and p-phase were

all observed.

Figure 3.14 shows the Raman data obtained for the films, where the same films were analysed in
order to obtain further structural information. For the PVDF-HFP film, the strong peak obtained at
793 cm™ can be attributed to C-H, rocking and C-F; stretching modes, which is indicative of a-phase
PVDF-HFP. Similarly, peaks at 873 cm™ and 1426 cm™ are due to a combination of C-C symmetric
stretching and C-C-C skeletal bonding modes, C-H: scissoring and C-Hz wagging modes respectively

[49-501 \which indicate that our pure PVDF-HFP films exists in the a-phase.
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Figure 3.14: (a) Room temperature Raman spectra of PVDF-HFP, PVDF-HFP with LiTFSI, PG-10
and PG-60, (b) Raman data for the polymer gel series where the CampyrTFSI content was

increased from 10 wt.% to 60 wt.%.

Upon addition of LiTFSI some of the previously observed peaks are dampened, whereby the peak at
793 cm™ is no longer observed but rather a doublet peak at 811 cm™ and 836 cm™. This is observed
as the crystalline state of the PVDF-HFP film changes from o-phase to a mixture of p- (836 cm™*) [4°]
and y-phase (811 cm™).%% Furthermore, the peak observed at 873 cm™ in the PVDF-HFP data, shifts
to 878 cm™® which is indicative of a shift from a-phase to y-phase. % This follows a similar trend
noted in the IR data where peaks for both crystalline states were observed, while peaks pertaining to
a-phase were dampened or not observed. A weak peak at 743 cm™ (peak b) is attributed to the TFSI-
anion 255051 and this peak yields information regarding the conformational state of the anion. A
peak observed at 747 cm™ would suggest that the anion is co-ordinated to Li cation,?>! which would
reduce ionic conductivity and mobility. Peaks obtained at 739 cm™*and 743 cm suggest that the anion
is not co-ordinated to the Li cation, and adopts a cisoid and transoid conformational state.l®? A peak
at 743 cm™ is observed which suggests that the TFSI- anion adopts a transoid conformation where the
CFs groups are on opposite sides of the S-N-S plane. When 10 wt.% CampyrTFSI is added to the gel,

the intensity of this peak increases due to the higher concentrations of TFSI™ anions present. This
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trend is observed across a series of polymer gels where the C4smpyrTFSI content was increased. The
PG-10 film data is similar to that obtained for PVDF-HFP with LiTFSI, however the intensities of
the peaks increases as seen for the peaks between 250 cm™ and 440 cm™ which are attributed to C-C
aliphatic chains. The pyrrolidinium ring is considered to be aliphatic as it does not contain C=C bonds,
hence increasing the content of C4smpyrTFSI leads to increased intensities observed in Raman spectra
(figure 3.14(a and b)). The peaks corresponding to both B- (836 cm™) and y-phase (811 cm™) are
observed for PG-10, which suggests that its structure is similar to PVDF-HFP with LiTFSI. The
Raman data obtained for PG-60 show these peaks with similar intensities as PVDF-HFP with LiTFSI,
though the gels have different crystal structures. There are no prominent a-phase peaks observed but
rather a weak peak at 1429 cm™. This suggests that PG-60 adopts a predominantly amorphous

structure with some crystallinity due to the presence of PVDF.

The effect of crystallinity on the melting point and thermal stability of the polymer gels were
investigated by both DSC and TGA, where the DSC plots obtained for pure PVDF-HFP, PVDF-HFP
with LiTFSI, PG-10, and PG-60 are shown in figure 3.15. From this data, the large exothermic peak
obtained is attributed to the melting point of the polymers. Pure PVDF-HFP has a melting point of
149 °C, which decreases slightly to 147 °C upon addition of LiTFSI salt. Similar trends are observed
when CampyrTFSI is added to the polymer gel, as the melting points for PG-10 and PG-60 are 146 °C
and 120 °C, respectively. The decrease in the melting temperature is attributed to phase changes
within the polymer gel. As the amorphicity is increased the melting temperature decreases as observed
by Kim et al.[?®! Similarly, the degree of crystallinity was determined from the DSC data, using

equation 3.2: 2]

AHp,

Xc (%) = x 100 Equation 3.2

AHm.ref
Upon addition of LiTFSI salt and CampyrTFSI the degree of crystallinity decreased from 34% for

PG-10 to 11% for PG-60. This demonstrates that PG-60 adopts an amorphous structure. This data is
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in good agreement with the FT-IR and Raman data, with the crystallinity of the films decreasing upon
addition of the LiTFSI salt and CsmpyrTFSI and for which the PG-60 film shows the highest degree

of amorphicity.
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Figure 3.15: DSC traces of pure PVDF-HFP, PVDF-HFP with LiTFSI, PG-10, and PG-60

The TGA plots of pure PVDF-HFP, PVDF-HFP with LiTFSI, PG-10, and PG-60 in N2 are shown in
figure. 3.16(a). PVDF-HFP degrades in two steps, where the first step occurs between 100 °C to
300 °C and the other at ~450 °C. The weight loss observed between 100 °C and 300 °C is attributed
to the loss of residual acetone from the film synthesis trapped within the PVDF-HFP matrix.>*-% The
degradation at ~450 °C is attributed to the decomposition of PVDF-HFP.[?51 From the data it is clear
that the PVDF-HFP has not degraded completely with more than 30% weight remaining. This results
from the formation of a char, which is characteristic of linear aromatic and cyclic structures on
degradation in nitrogen.® Upon addition of the LiTFSI salt, the thermal stability of the polymer gel
decreases, whereby the onset of thermal degradation occurs at ~300 °C. This change in the thermal

stability is attributed to the change in the crystallinity of the films described above.
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Figure 3.16: TGA plots obtained under (a) N> and (b) air, where the N, flow rate was 10 ml min™.

The addition of the LiTFSI salt to PVDF-HFP causes stress, which leads to the observation of other
crystalline forms. This stress is caused by LiTFSI salt complexing with the PVDF-HFP backbone
which has been observed previously by Shalu et al.l?!1 Similarly when a small amount of CampyrTFSI
is added to the polymer gel, a low thermal stability is noted with decomposition at ~300 °C. This
result is expected as PVDF-HFP with LiTFSI and PG-10 yield similar crystal structures. When a
higher amount of CampyrTFSI is present in the gel, the thermal stability of the polymer increases and
is closer to that observed for pure PVDF-HFP films. This is attributed to the change in crystalline
structure as the polymer gel exhibits a predominantly amorphous and a-phase structure similar to that
of pure PVDF-HFP. The onset of thermal degradation at ~350 °C is due to the CsmpyrTFSI, with
subsequent degradation from PVDF-HFP.1?! Both the PG-10 and PG-60 exhibit a large operating

temperature range which is advantageous for battery applications.

TGA analysis on the polymer gels was carried out in air to determine if the packaging environment
of the battery would affect the operational temperature of the polymer gel. Similar results are obtained
where the degradation of the polymer gels follow the same mechanisms. Both polymer gels with

CampyrTFSI exhibit thermal stability up to ~300 °C in air. This is further observed when the
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temperature ramp rates are varied as there is no significant change in the thermal degradation onset

temperature (figure 3.17).
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Figure 3.17: TGA data where PG-10 and PG-60 were analysed in air. The temperature was

ramped by 20 °C min™, 40 °C min* and 60 °C min™.

The onset of decomposition for the polymer gels in air varies by less than 4 °C by comparison with

those assessed under N2 (figure 3.18). However, unlike under N> where char formation was observed,

full decomposition of PG-60 and PG-10 occurred in air. This suggests that at elevated temperatures,

storing or operating the polymer gel in air would have a greater effect on its performance and stability.

At temperatures less than 400 °C, the polymer gel reacts similarly in air and N2 environments.
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Figure 3.18: comparison of TGA plots for (a) PG-10 and (b) PG-60 obtained under N2 and air.

The crystallinity of the polymer gels leads to differences in their surface morphology and thermal
stability. To determine the effects of crystallinity on the electrochemical properties, the ionic
conductivity of the polymer gel films was determined using EIS at room temperature. It is known that
the crystalline regions of polymers are responsible for the mechanical stability, while the amorphous
regions are responsible for ionic conduction.?! The addition of LiTFSI salt and CsmpyrTFSI to the
PVDF-HFP matrix is responsible for viable ionic conductivities. The PG-X conductivity values were
determined from the EIS data shown in figure 3.19. There is a significant decrease in the resistivity
of the polymer gel, as the real impedance (Re(Z)) values decrease with increasing amounts of
CampyrTFESI. As the ionic conductivities were obtained at OCV, the main influential circuit element
was the Warburg co-efficient. The addition of CampyrTFSI to the PVDF-HFP and LiTFSI matrix led
to decreased imaginary impedance (-Im(Z)) values, which demonstrates that its addition leads to
decreased resistance to ionic diffusion within the polymer gels. The fit data shown in figure 3.19
tends to deviate at low frequencies where Warburg diffusion occurs, this is due to a deviation from
semi-infinite diffusion, which was observed for the liquid IL electrolyte in figure 3.7. Figure 3.19(a)
exhibits a response tending towards resistive-like behaviour, while figure 3.19 (b), (c), (d) and (f)

exhibit a capacitive-like behaviour at low frequencies.
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Figure 3.19: EIS data obtained at OCV at 25 °C for (a) PG-10, (b) PG-20, (c) PG-30, (d) PG-40,

(e) PG-50, (f) PG-60 and (g) comparison of PG-30 to PG-60, PG-10 and PG-20 not included due

to higher resistances. Frequency and fit range used (unless otherwise stated): 150 kHz to 10 Hz.
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Table 3.2 shows the ionic conductivities for a typical solid-statel* and organic electrolyte*? in
addition to the experimental values obtained for the polymer gels. From this table it can be seen that
all versions of the polymer gel offer significantly higher ionic conductivities than solid-state

LiPON.BI This trend is observed across the series of polymer gels (table 3.2).

1 M LiPFs in

LiPON | PG-10 | PG-20 | PG-30 | PG-40 | PG-50 | PG-60
EC:DEC

Conductivity
0.8

1.9 7.9

(mS cm?)

99% ClI N/A | £0.005 | +0.005 | £0.054 | £0.060 | +0.148 | +0.391 N/A

Table 3.2: Comparison of ionic conductivities of solid state,!*> polymer gel and organic solvent

electrolytes,3%1 with 99% confidence interval (Cl) where applicable.

The polymer gel containing 60 wt.% CsmpyrTFSI is almost 600 times more conductive than LiPON,
while the polymer gel containing 10 wt.% CampyrTFSI is 23 times greater. Comparing their ionic
conductivities to that of 1 M LiPFe in EC:DEC (1:1 v/v) it is evident that the polymer gels are
comparable to standard organic solvents. The ionic conductivity of the ionic liquid CampyrTFSI with
0.5 M LiTFSI salt (~1.5 mS cm™) mentioned in section 3.3.1, is lower than that for polymer gel PG-

60.

Thus, both liquid and polymer gel forms of CampyrTFSI offer favourable properties with respect to
ionic conductivity. Their compatibility with anode and cathode materials is described in the

subsequent chapters.
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3.5 Conclusion

In this chapter an ionic liquid electrolyte was investigated to determine if its properties were suitable
for Li-ion batteries by investigating its electrochemical window, its Li-ion mobility and its ionic
conductivity. It has been demonstrated that CsampyrTFSI offers favourable properties as it has a 5 V
electrochemical window, demonstrates Li deposition and stripping at both a singular microelectrode
and at a microdisc array, where efficiencies were 49% and 78% respectively. The low efficiencies are
attributed to the higher viscosity of the salt in ionic liquid which hinders Li-ion mobility as the current
density obtained is approximately 31 times less than that for 1 M LiPFe in (1:1 v/v) EC:DEC (5 mA

cm versus 155 mA cm).

A linear trend was identified in the EIS data whereby the ionic conductivity of the ionic liquid
decreased linearly with increasing salt concentrations, however, even at a 0.5 M LIiTFSI salt
concentration, the ionic liquid demonstrated an ionic conductivity (1.5 mS cm™) of the same
magnitude as that for conventional organic electrolytes. (7.9 mS cm™). This ionic conductivity is 500

times greater than that for solid-state electrolytes such as LiPON.

Flexible polymer gel electrolytes containing PVDF-HFP, CsmpyrTFSI and LiTFSI salt were
synthesised in a one-pot synthesis outside of a glovebox at moderate temperatures (50 °C), with no
vacuum or external heating required during the drying process, and no further treatment (e.g. soaking
in electrolyte, or UV irradiation) once dry to produce polymer gel electrolytes with favourable
electrochemical properties. The CasmpyrTFSI content within the gel yields differences in the
crystallinity, surface morphology, thermal stability and ionic conductivity. Despite this, both 10 wt.%
and 60 wt.% CsmpyrTFSI content polymer gels exhibited thermal stability up to 300 °C and ionic

conductivities 23 and 600 times greater, respectively, than that of typical solid-state electrolytes.
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These gel electrolytes are, therefore, alternatives to the standard solid state electrolytes as they offer

separator and electrolyte features in a relatively high conductivity, stable electrolyte.
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Chapter 4:
Evaluation of Ge Anodes with lonic Liquid Based

Electrolytes

4.1 Abstract

Ge compatibility with CsmpyrTFSI-based electrolytes is investigated, whereby compatibility is
demonstrated with 0.5 M LiTFSI in CsmpyrTFSI, 3% VC in 0.5 M LiTFSI in CsmpyrTFSI, and the
polymer gel analogue PG-60. The compatibility of the electrolytes is demonstrated by CV and
galvanostatic cycling techniques. Results comparable to other Csmpyr-based ILs in the literature are

demonstrated.

4.2 Introduction

Due to the emergence of the Internet of Things (1oT) with in excess of 75 billion connected devices
expected by 2025, there is an increased focus on miniaturised wireless sensors. Coupling energy
harvesters with microbatteries is an option to power the miniaturised sensors. Efficient power
management systems will also be required to enable long-life 10T sensors. Metallic Li offers one of
the largest gravimetric capacities for anode materialst?! and has been utilised in commercial
microbatteries. However, for microbatteries, volume or area is more important than weight.-! Li
metal with a theoretical volumetric capacity of 2,062 mA h cm™ is surpassed by Ge and Si for which

the capacities are 8,650 and 9783 mAh cm3, respectively.®!
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Si and Ge have similar physical and chemical properties and both can theoretically hold up to 4.4 Li*
ions per atom (Li2oMs, M = Si, Ge) resulting in high gravimetric capacities of 4,200 and 1,623 mAh
g, respectively. Ge is more expensive than Si, however, its electronic conductivity is 10,000 times
greater and its Li* ion diffusion coefficient is 400 times faster.["® Ge thin films have been used to
demonstrate high rate capability,!” ® due to high lithium diffusivity,l”l and thin native oxide layer by

comparison to Si leads to a lower irreversible capacity during the first cycle.[!%

Both materials undergo volume expansion up to 300%, which hinders their commercial application
due to mechanical instability. This results in low cycle life in the bulk state due to structural
disintegration and delamination from the current collector.!**2% \Volumetric expansion differs during
lithium alloying for these materials. Si experiences anisotropic expansion, while isotropic expansion
occurs in Ge upon lithiation. Anisotropic expansion in Si during lithiation leads to significant
differences in the expansion rate along the <110> and <111> directions. This causes stress to build
up, which eventually causes cracking and pulverisation of the electrode.** The isotropic volume
expansion exhibited by Ge makes it more resistant to cracking and pulverisation as there is no

contribution to the overall stress in the film from non-uniform expansion.*]

In this work, the utilisation of polymer gel electrolytes to alleviate the expansion effects experienced
by Ge during cycling were investigated. Polymer gel electrolyte materials have shown buffering
capabilities in both capacitor® and battery[-1°] applications whereby a polymer gel buffered the
expansion effects experienced by the electrode and maintained the electrode’s integrity. Mechanically,
this is attributed to the polymer gel’s high viscosity and elasticity, which prevents active electrode

material separation from the current collector.
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This work describes the investigation of Ge anodes for use with ionic liquid based electrolytes
developed in chapter 3. The influence of additives is investigated to determine their effect on the

electrochemical performance of planar Ge electrodes.

4.3 Experimental

A stack of Ti (10 nm) and Cu (250 nm) was deposited on a 4” diameter silicon wafer using metal
sputter targets (Kurt J. Lesker) in a D.C. magnetron (Quorum Q300T D) dual sputter coating system.
The Ti layer acted as an adhesion layer between the SiO> substrate and Cu current collector. Planar
100 nm Ge samples were created by direct current (D.C.) sputter deposition in an Ar environment
using a 99.99% pure Ge target (Kurt J. Lesker) at a pressure and current of 1 x102 mBar and 90 mA,
respectively. A punched Cu foil template was placed over the samples during sputtering to control

the size of the active electrode area (0.64 cm?).

The sample thickness was controlled by a film thickness monitor (FTM), which measures the coating
thickness on a quartz crystal monitor within the chamber. Once the samples were prepared their

thicknesses were verified by profilometer measurements.

The structure and the morphology of the samples were analysed using a Zeiss Supra 40 SEM coupled
with energy dispersive X-ray spectroscopy (EDX). Raman spectroscopy was performed on a

Renishaw Invia, with 514 nm laser.

Electrochemical measurements of the Li* capacity were assessed by CV and galvanostatic cycling
with potential limitation (GCPL) using a Bio-logic VSP potentiostat at various scan rates and
discharge/charge currents, respectively. For both techniques, a three-electrode pouch cell setup was
utilised where 0.25 mm thick lithium foil (Sigma Aldrich) acted as counter and reference electrode.

0.64 cm? of the anode was exposed as the working electrode to the electrolyte solutions as mentioned
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in chapter 3. The potential of the Ge anode was measured versus the Li metal reference electrode in
both CV and GCPL analysis, where the potential range utilised was 1.5 V to 0 V. The current was
imposed on the Ge electrode during GCPL analysis. Cell assembly was carried out in an argon-filled

glove box (M. Braun LABstar Glove Box) with Oz and H.O maintained below 0.1 ppm.

4.4 Results and discussion

The Ge films were investigated initially using Raman analysis to determine the crystallinity of films
obtained when sputter deposited onto a Si substrate. Characteristic amorphous Ge Raman peaks were
obtained (figure 4.1) as evidenced by the peak at 279 cm™.2% This is in agreement with previous
studiest?*?%l of D.C. and radio frequency (R.F.) magnetron sputtered thin films whereby the broad
peak is attributed to the first order transverse optical phonon mode of Ge and is indicative of an
amorphous Ge film. Crystalline films of Ge yield a peak at ~291 cm™ which corresponds to the Raman
active first order transverse optical phonon mode of crystalline Ge.?*! Investigation with SEM and
EDX analysis yielded the expected results where Ge was detected in addition to the Cu current
collector and Si substrate. As shown in figure 4.1(b), no discernible features were noted for the Ge

film, which demonstrates that smooth planar films were obtained.
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Figure 4.1: Raman spectra of (a) 100 nm Ge and (c) SEM micrograph of planar Ge film with EDX

inset.

Initially, CV analysis was carried out to determine the compatibility of Ge anodes with CsmpyrTFSI-
based electrolytes. Their performance was compared to Ge anodes within a conventional organic
electrolyte (1 M LiPFs in 1:1 v/v EC:DEC), with both CVs shown in figure 4.2. It can be seen that
the characteristic CV data for amorphous Ge electrodes is observed for Ge films within organic and
IL electrolytes. Peaks at 0.54 V (1), 0.29 V (I1) and 0.05 V (I11) are attributed to Li-Ge alloying with
a broad anodic peak at 0.47 V (VI) which indicates delithiation of amorphous LixGe at a scan rate of
0.05mV s™. The 0.05 mV s CV data for both electrolytes is similar in shape, therefore demonstrating
compatibility of CampyrTFSI electrolytes with Ge as similar diffusion kinetics are occurring for both
electrolytes. At higher scan rates, deviations in the CV shapes are observed as shallow, broad peaks
for both electrolytes, suggesting that the sweep rate is almost too high for the electrode to fully alloy
and dealloy Li, thus leading to reduced capacity values as shown in table 4.1. The CVs for both
electrolytes overlap which demonstrates that a stable SEI layer has formed on the surface of the Ge
anode, which allows for reproducible currents to be obtained for each scan rate. Without the formation

of the SEI layer, changes in the current density would be observed, and the CV data would not overlap.
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The current densities obtained by the 100 nm Ge in organic electrolyte in figure 4.2 are in agreement
with literature values as current densities of 0.05 mA cm (delithiation) and -0.06 mA cm (lithiation)
are observed for 400 nm p-doped Ge thin film electrodes where typical amorphous CV data is
observed.l?! In addition, 225 nm n-doped Ge films synthesised under similar conditions (D.C.
sputtering) have exhibited current densities of ~0.05 mA cm2 (delithiation) and approximately -0.04
mA cm (lithiation) at 0.05 mV s,2¢! with the same organic electrolyte (1 M LiPFg in 1:1 v/v
EC:DEC), which demonstrates that the current densities obtained for the organic electrolyte in figure
4.2(a) match those obtained in the literature. Lower electrode current densities within the organic
electrolyte may be attributed to the SEI layer that forms on the electrode surface. Organic electrolytes
typically breakdown into inorganic compounds such as Li>COs, and organic compounds such as
Li(CH2)20CO:Li (EC containing electrolytes).?”l Organic components within the SEI layer have
been shown to significantly decrease Li* transport within the SEI layer which increases the charge
transfer resistance of the cell.[?81 SE| layers formed on Ge electrodes in CsmpyrTFSI with LiTFSI salt
electrolytes have been demonstrated to be comprised mainly of inorganic compounds such as Li.COs,
Li2O, LizS, LiF, LiOH/Li.O, as demonstrated by Lahiri et al.[?! Thus higher Li transport would be

observed and higher current densities.
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Figure 4.2: Comparison of the electrochemical performance of 100 nm Ge in (@) 1 M LiPFg in 1:1

viv EC DEC and (b) 0.5 M LiTFSI in CampyrTFSI.

The SEI layer formation occurs more readily within the organic electrolyte than for CsmpyrTFSI as
electrolyte breakdown occurs more rapidly within organic electrolytes owing to their narrower
electrochemical window (reductive limit is 0.5 V vs. Li/Li*) as demonstrated in section 3.4.1. By

comparison, the IL exhibits high reductive stability with electrolyte breakdown occurring beyond 0
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V vs. Li/Li". In chapter 3, the analysis was carried out at a Ni microelectrode where fast scan rates
were utilised (1 mV s up to 100 mV s1). From this analysis, the breakdown of the IL is unclear as
quick experimental timescales are utilised, and thus is was determined that the IL does not readily
provide breakdown products for SEI layer formation at these faster scan rates. This suggests that SEI
layer formation within the IL is a sluggish process and is seen more clearly at the slow scan rates
utilised with Ge analysis as higher than theoretical capacities were obtained in the initial cycles (0.05
mV s) as shown in table 4.1. In addition, the organic electrolyte boasts higher coulombic efficiencies
across all scan rates (70% to 98%), which is indicative of the formation of a stable SEI layer, while
the maximum coulombic efficiency obtained by the IL was 88% at 0.5 mV s™. However, despite the
inability of the IL to rapidly form an SEI layer on Ge, it yields higher electrode charge and discharge
capacities than the organic electrolyte as shown in table 4.1. The capacity retention for both
electrolytes is similar, as values of 98% vs. 99% and 59% vs. 61% were obtained for the organic and
IL electrolyte at 0.1 mV st and 0.5 mV s respectively. This demonstrates that the higher viscosity,
and thus lower ionic conductivity of the IL, has little effect on its electrochemical performance with

Ge anodes.
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1 M LiPFsin 1:1 viv 0.5 M LIiTFSI in Scan rate

Electrolyte
EC:DEC CampyrTFSI (mV s?)

Average lithiation

capacity (mAh g?)

Average delithiation

capacity (mAh g?)

Average coulombic

efficiency (%0)

Table 4.1: Comparison of coulombic efficiency, lithiation and delithiation capacities obtained
during CV analysis of Ge in 1 M LiPFg in 1:1 v/v EC/DEC and 0.5 M LiTFSI in CampyrTFSI.

Average of 5 cycles obtained at each scan rate.

The above results demonstrate the compatibility of CampyrTFSI as it offers similar electrochemical
performances to organic electrolytes. Capacity values obtained at various scan rates are shown in
figure 4.3. In this instance, the formation of an SEI layer is surmised in the initial cycles as the
lithiation capacity is not observed for the initial scan rates of 0.05 mV s (average: 2896 mAh g*) as
they exceed the theoretical capacity of Ge (1624 mAh g*). This demonstrates slow SEI layer
formation occurs within the IL electrolyte when coupled with Ge. Once a stable SEI layer forms,
stable cycling is observed for the subsequent cycles as evidenced in figure 4.3. After scanning at fast
scan rates (0.5 mV s?), the capacity recovers quickly when slower scan rates are employed. In the
case of 0.05 mV s (blue), the capacity improves after cycling at faster scan rates when compared to

its initial capacity values. In addition, the coulombic efficiency also improves (~65% vs. ~60%) after
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cycling at fast scan rates which demonstrates that a more stable SEI layer has formed. This data
coupled with the comparable electrochemical performances with organic electrolytes demonstrate

that Ge is compatible with CsmpyrTFSI.

100
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80+
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Figure 4.3: (a) Capacity data obtained from 100 nm Ge where (b) refers to the respective
coulombic efficiencies. The scan rates utilised are 0.025 mV s™(purple), 0.05 mV s }(blue), 0.075
mV s*(orange), 0.1 mV s}(green), and 0.5 mV s*}(red). Pale colours refer to lithiation, while darker

colour refers to delithiation. Same for subsequent graphs.

The coulombic efficiencies for CampyrTFSI are considerably lower than those obtained in organic

electrolytes. In order to improve the coulombic efficiency, the addition of VC and FEC additives was

investigated (figure 4.4).
(a) o (b) o
O)k o O)J\O
F
Figure 4.4: Chemical structures of (a) VC and (b) FEC

To the best of our knowledge, the use of Ge anodes with additives such as VC and FEC in

CampyrTFSI has not been previously investigated, therefore initially EIS was carried out to determine
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if the addition of the carbonate additives affects the ionic conductivity of the ionic liquid electrolyte.

Figure 4.5(b and c) shows the experimental data for FEC- and VC-containing electrolytes, where

good agreement between the experimental and fit data is observed. The EIS data is similar to that

obtained for 0.5 M LiTFSI in CampyrTFSI (figure 4.5(a)) and this is reflected in the ionic conductivity

as similar ionic conductivities were obtained for 0.5 M LiTFSI in CsampyrTFSI, 3 wt.% FEC in 0.5

M LiTFSI in CampyrTFSI and 3 wt.% VC in 0.5 M LiTESI in CampyrTESI. (1.5 mS cm?, 1.45 mS

cm™and 1.54 mS cm™ respectively).
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Figure 4.5: (a, b, ¢) EIS and fit data for various CsmpyrTFSI electrolytes and (d) equivalent circuit

used for fit data. Frequency range of 150 kHz to 10 Hz at open circuit voltage (OCV), with an

amplitude of 5 mV at room temperature.
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CV analysis is required to determine if stable SEI layers form at the electrolyte/Ge interface. These
carbonate additives have been chosen due to their reduced electrochemical stability (breakdown
occurs at potentials higher than 0 V vs. Li/Li*) when compared to CampyrTFSI (stable at potentials
beyond 0 V vs. Li/Li"). The formation of an SEI layer within IL electrolytes is sluggish when
compared to the organic carbonate containing electrolytes. Therefore, the utilisation of carbonate
based additives whose breakdown occurs at potentials higher than 0 V vs. Li/Li*, will allow for faster
SEI layer formation within the IL electrolyte. This should enable stable electrode capacities, and
higher coulombic efficiencies in the IL electrolytes than without additives. Their performance with
similar anode materials (Sn, Si and Ge) have been investigated in a variety of typical organic
electrolytes such as 1 M lithium LiPFs in a 1:1 (v/v) EC:DMC,%-34 therefore demonstrating their
viability as effective additives for use with group IV materials. Their primary function is to enable
the formation of SEI layers, and as mentioned they have been proven to be effective with group IV
elements such as Ge. Therefore, the investigation of the SEI formed and its stability with the IL is
carried out to further the understanding of the SEI/IL interphase which will enable high coulombic

efficiencies and higher electrode capacities to be obtained.

The initial CV data obtained for 3 wt.% VC and 3 wt.% FEC are shown in figure 4.6, where similar
CV shapes are observed when compared to the additive-free electrolyte (figure 4.2), which
demonstrates that similar electrode kinetics. The 3 wt.% VC-based IL electrolyte shows an evolution
of the CV data, which is indicative of electrolyte breakdown to enable the formation of an SEI layer.
In the initial cycles, a large reductive peak is observed which suggests that electrolyte breakdown was
occurring, in this case the decomposition of VC. From cycle 3 onwards, the characteristic Ge CV data
is observed with well-defined lithiation and delithiation peaks which overlap for each subsequent

cycle. Similar overlap is observed with the increased scan rates as observed in figure 4.7.
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Figure 4.6: Ge CV data (cycles 1 to 15) at 0.05 mV s in 0.5 M LiTFSI in C4mpyrTFSI with (a) 3

wt.% VC and (b) 3 wt.% FEC. Inset: initial 3 wt.% FEC cycle.

The current densities in the CV data for Ge with the 3 wt.% VC electrolyte are higher than those
obtained in 0.5 M LiTFSI in CsmpyrTFSI (0.06 mA cm vs. 0.04 mA cm2at 0.05 mV s*), which
could be attributed to the electrolyte breakdown to form an SEI layer. This explains why electrode
capacities greater than theoretical are obtained for 0.05 mV s and 0.1 mV s scan rates as shown in
table 4.2 (e.g. 1656 mAh g* vs. 1624 mAh g at 0.1 mV s2). The lower coulombic efficiency (table
4.2) obtained with the presence of 3 wt.% VC is attributed to the breakdown of VC to form an SEI
layer, however, at higher scan rates, an improvement in the coulombic efficiency is observed when

compared to the additive free electrolyte (77% vs. 73% at 0.1 mV s2).
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Scan rate

Electrolyte With 3 wt.% VC Without 3 wt.% VC
(mV s?)

Average lithiation

capacity (mAh g?)

Average delithiation

capacity (mAh g?)

Average coulombic

efficiency (%0)

Table 4.2: Comparison of average coulombic efficiency, lithiation and delithiation capacities
obtained during CV analysis of Ge in 0.5 M LiTFSI in CsmpyrTFSI with and without 3 wt.% VC

additive.

The 3 wt.% FEC yields similar CV data as the 3 wt.% VC as demonstrated in figure 4.6(b), however,
the lithiation electrode capacities on average are 2.6 times higher than for 3 wt.% VC-based
electrolyte as shown in table 4.3, due to the initial large reductive peak attributed to electrolyte
breakdown. In addition, the coulombic efficiencies were half those attained by the VC containing
electrolyte. This demonstrates that the Ge is more compatible with the VC additive than the FEC
when Ge thicknesses are ~100 nm as less electrolyte breakdown is required to form a stable SEI layer,

thus demonstrating faster stabilisation of the cell.
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Average lithiation ~ Average delithiation ~ Average coulombic

Electrolyte
capacity (mAh g?) capacity (mAh g1) efficiency (%0)

3wt.% VC 4558
3wt.% FEC 11640 1625 21

Table 4.3: Comparison of average coulombic efficiency, lithiation and delithiation capacities

1718 47

obtained during CV analysis of Ge in 0.5 M LiTFSI in CampyrTFSI with a 3 wt.% VC or 3 wt.%

FEC additive at 0.05 mV s,

The difference in electrochemical performance could be attributed to the SEI layer products formed
during VC and FEC decomposition. It has been suggested in the literature that similar reduction
products are formed during FEC and VC breakdown, however, the quantities of the various
components (Li2COs, Li2C204, and HCO2Li) differ.% This difference in SEI layer formation may
contribute to the difference in electrochemical performance of Ge with the additives. Therefore,
longer term cycling (up to 100 cycles) was carried out with Ge in 3 wt.% VC, where the 0.1 mV s
and 0.5 mV s CV data is shown in figure 4.7 where overlap is noted which demonstrates that the
cell has stabilised. Figure 4.7(c) shows the capacity data obtained from CV analysis, it can be seen
that high lithiation capacities (>1400 mAh g) are obtained at 0.1 mV s scan rates, in addition to
high delithiation capacities (>1200 mAh g1). As the scan rate is increased by a factor of 5 (0.5 mV s°
1, the capacity is maintained above 600 mAh g*, which is higher than other anode materials. As
previously observed in 0.5 M LiTFSI in CampyrTFSI, the 0.5 mV s scan rate appears to be too quick
to allow for full Li* alloying and dealloying as the typical diffusion controlled peaks are not observed,
which results in lower electrode capacity. Stable coulombic efficiencies of 90% are achieved at this
scan rate, with an improvement in electrode capacity across 20 cycles as the initial capacity was 598
mAh g1, while after 20 cycles, the capacity was 620 mAh g. Capacity loss would be expected due

to the expansion and contraction effects experienced by Ge upon lithiation and delithiation which
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leads to the formation of cracks and eventual delamination of the electrode from the current collector.
A similar trend is observed for the subsequent 0.1 mV s cycles. In the final 0.05 mV s data, the
electrode capacity is higher than theoretical which suggests that cracks formed within the electrode,
which leads to continued SEI layer formation, and thus higher than theoretical electrode capacities.
It must be noted that there are limitations to the data as slow scan rates were not employed to allow

for the stabilisation of the SEI layer which limits the attainable electrode capacities.

0.1{@ 0.1{®
£ £
(&} Q
< <
£ 0.04 E 0.0
= z
£ £
c c
a a
201 b
5 5-0.1
3 0.1mvs’ a 0.1mvs’
0.2 Cycles 16 to 35 Cycles 56 to 75
; ; ; ; 0.2 ; ‘ ; ;
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Potential / V (vs. Li/Li%) Potential / V (vs. Li/Li*)
© Ity " L 100
024 1600 1() ) Ena
o " LT
0.1 - . - 80
< w1200 4 i % i £
1S < _q."dl z
< 0.0 < - 2
z E . L60 8
2 =800 » . £
&0.1 5 o
— g u — o
S T F40 2
£.0.2 o 3
5 0.5mVs 400 1"
[&]
0.3 Cycles 36 to 55 " 20
: T : : 0 T T T T
0.0 0.5 1.0 15 0 20 40 80 80 100
Potential / V (vs. Li/Li") Cycle number

Figure 4.7: CV analysis of Ge electrodes where 3 wt.% VC was added to 0.5 M LiTFSI in
C4mpyrTFSI where scan rates utilised were (a and b) 0.1 mV s2, (c) 0.5 mV s, (d) capacity data

obtained at various scan rates: 0.05 mV s (blue), 0.1 mV s (green) and 0.5 mV s (red).

SEM analysis after 100 cycles with various scan rates in the IL-based electrolytes was carried out to
determine if a change in the morphological features occurred. The SEM data for pristine, and cycled
electrodes are shown in figure 4.8. All three electrodes experienced delamination from the current

collector as evidenced by the EDX data. The Ge electrode in 0.5 M LIiTFSI in CampyrTFSI yielded
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the least amount of delamination as large patches of Ge electrode were visible on the current collector
after cycling as shown in figure 4.8(a). By comparison Ge islands are observed after 100 cycles in 3
wt.% VC in 0.5 M LIiTFSI in CsmpyrTFSI (figure 4.8(b)), which verifies that continued SEI layer
formation was occurring as observed in the above CV data (figure 4.7) due to microcracks within the
film. This demonstrates why the capacities for the VVC-containing and additive free electrolytes were
similar at all scan rates, as the continuous cracking of the Ge electrode required continuous SEI layer
formation to cover the freshly exposed Ge. The Ge electrode utilised with FEC containing electrolytes
yielded the highest level of delamination, as large areas of substrate were observed, with a few chunks
of Ge scattered upon the current collector, such as that shown in figure 4.8(c). This demonstrates that
FEC as an additive is incompatible for use with Ge with C4mpyrTFSI electrolytes as it does not

prevent or slow down the rate of Ge delamination from the current collector.

(od1]
33%

Substrate
67%

(od1]
22%

Substrate
78%

Cu
23%

Substrate
7%

Figure 4.8: SEM and EDX data for cycled Ge electrodes in (a) 0.5 M LiTFSI in CsmpyrTFSI, (b) 3

wt.% VC in 0.5 M LiTFSI in C4mpyrTFSI, and (c) 3 wt.% FEC in 0.5 M LiTFSI in C4mpyrTFSI.

Page | 160



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 4: Evaluation of Ge Anodes with lonic Liquid Based Electrolytes

Despite the addition of SEI layer forming additives to the IL electrolyte, the appearance of cracks due
to expansion and contraction effects are still observed, which causes electrode delamination as
evidenced in the above SEM images (figure 4.8). Utilisation of a polymer gel electrolyte has been
suggested as a potential solution to mitigate these expansion and contraction effects, thus ensuring
good adherence to the current collector.!*®! The polymer gel PG-60 synthesised in chapter 3, was
utilised and the electrochemical performance of Ge with PG-60 is shown in figure 4.9. The initial
scans with Ge are shown in figure 4.9(a), where a scan rate of 0.025 mV s was utilized. The CV
shows the characteristic CV data for amorphous Ge, with a pronounced reduction peak at 1 V. This
peak has been attributed to the electrolyte reduction reactions and it does not appear in subsequent
cycles. This peak has not been observed previously with the liquid based electrolytes, thus
demonstrating that an electrolyte reaction with the substrate is occurring, rather than a large reductive
peak associated with electrolyte breakdown as observed in figures 4.6. The peak current observed is
larger than what has been previously observed and the reduction layer products formed allow a stable
system to be obtained after 3 cycles as evidenced by the overlapping data. This overlapping is
observed at all scan rates, even in the latter half of the cycling as shown in figure. 4.9(b). Furthermore,
the coulombic efficiency is greater than 95% after 90 cycles which demonstrates the cyclability of
PG-60 with Ge. In addition, the capacity retention was maintained at an average of 86% across the

various scan rates.

Similar results were obtained with a PG-60 thickness of 42 um, whereby higher capacities were
obtained due to the reduction in electrolyte volume (Figure. 4.9(d)), allowing a shorter Li* diffusion
pathway through the electrolyte. The average cycling efficiency over 50 cycles was 82%, which is
lower than that for the 400 um thick PG-60 (95% over 90 cycles), however, the thinner electrode
maintained capacity values close to the theoretical capacity of Ge at 0.05 mV st and 0.1 mV s? as

shown in figure 4.9(d). Cycling at 0.5 mV s yields higher capacity values (~850 mAh g*) than for
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the 400 pm PG-60 (~500 mAh g1) which demonstrates that the thinner electrolyte allows for higher
specific capacities to be obtained due to shorter diffusion pathways. Further work is required to
improve capacity retention, as 78% of the initial 0.1 mV s capacity was obtained for the final 0.1
mV s, however, these initial results demonstrate that thin films of PG-60 are viable for use as a solid
state electrolyte. Both figure 4.9(c) and 4.9(d) indicate that both the 400 um and 42 pm PG-60 are
capable of buffering the volumetric expansion effects experienced by Ge upon cycling with Li. The
results demonstrate that Ge is compatible with the C4smpyrTFSI based polymer gel electrolyte, in

addition to the liquid counterparts.
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Figure 4.9: CV data obtained for 100 nm Ge with 400 um thick PG-60, (a) initial 3 cycles obtained
at 0.025 mV s scan rate, (b) final cycles obtained at 0.05 mV s* (red) and 0.1 mV s (black), (c)
and (d) capacity values obtained for each scan rate: 0.05 mV s* (blue), 0.1 mV s (green), and 0.5
mV s (red), the coulombic efficiency (black) is indicated on the right hand. Reprinted with

permission from McGrath et al.[%6
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Galvanostatic cycling analysis was then carried out on the liquid and polymer gel electrolytes.
Galvanostatic cycling replicates the charging and discharging cycling that would occur in batteries,
either via constant current or constant voltage. Literature analysis of Ge with similar IL electrolytes
(1 M LIiTFSI in C4mpyrTFSI and 1 M LIiTFSI in CsmpyrFSI) and an electrodeposited Ge electrode
exhibited a maximum electrode capacity of 600 mAh g™ at 1 C.B7 In organic based electrolytes (1 M
LiPFe in 1:1:2 v/v/v of ethylene carbonate (EC):propylene carbonate (PC):diethyl carbonate (DEC)
with 10 wt.% FEC) nanoarchitectured Ge-based anodes achieved electrode capacities of ~1200 mAh
glat 1 C.%8 In both instances, lithiation referred to the sweep from 1.5 V to 0 V, while delithiation

is from 0 V to 1.5 V.[?%

The galvanostatic profiles are shown in figure 4.10 for 0.5 M LiTFSI in CampyrTFSI and 3 wt.% VC
in 0.5 M LIiTFSI in CampyrTFSI. For both electrolytes, electrolyte breakdown is prevalent in the
initial C-rates utilised as the lithiation profile does not tend towards 0 V, but rather sustains at
potentials between 0.1 V and 0.5 V (figure 4.10(a) and (c)). At these C-rates, very little lithiation is
occurring due to the need to form an SEI layer on the surface of the Ge electrode. The cell containing
3 wt.% VC showed less electrolyte breakdown than for the VVC-free electrolytes, which results in the

potential drop towards 0 V, and thus a higher percentage of the response is attributed to lithiation.

The 0.5 M LIiTFSI in CampyrTFSI galvanostatic cycling data, corresponds with the initial CV data in
0.5 M LiTFSI in CampyrTFSI whereby lithiation capacities above theoretical (1874 mAh g vs. 1624
mAh g1) were obtained (table 4.2). The stabilisation of electrode capacity, in addition to an increase
in coulombic efficiency is observed in later cycles, which suggests that the SEI layer formed on the
surface of Ge, therefore, allowing for just lithiation and delithiation processes to occur. At 2 C, the
delithiation capacity stabilises at ~1000 mAh g%, while the lithiation capacity drops to ~1300 mAh
gL, High coulombic efficiencies are obtained (>95%) for fast C-rates of 3.5 C and 5 C, however the

electrode capacities are only 17% and 4% of theoretical, and therefore, would be unsuitable C-rates
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to use with Ge electrodes. This low capacity can be attributed to two things, firstly continued crack
formation observed within the Ge film as shown in the SEM images (figure 4.11), which led to
delamination of the electrode material from the current collector with continued cycling. As less
active material is present, the electrode capacity is diminished, thus resulting in low electrode
capacities at 3.5 C and 5 C. This diminished active material is evidenced when the electrode capacities
for the initial and final 0.15 C rates are compared. In both instances a combination of electrolyte
breakdown and lithiation is observed, whereby the initial 0.15 C lithiation capacity was close to
theoretical (~1624 mAh g), while the final 0.15 C data yielded a decreased lithiation capacity of
~1580 mAh g, thus demonstrating that less active material is present in the latter half of cycling.
Secondly, the CV data demonstrated that at higher scan rates (0.5 mV s?) the CV shapes observed
yielded shallow, broad peaks (figure 4.2) which were indicative that the sweep rate is too high for the
electrode to fully alloy and dealloy L.i, thus leading to reduced capacity values. Converting 0.5 mV s
1to its equivalent C-rate of 1.2 C, it is evident to see 3.5 C and 5 C would lead to low capacities as
the timescale for Li lithiation and delithiation is too short. Therefore, the limit for high C-ratesis 2 C,
as it offers an appreciable electrode capacity, however, further work is required to improve the

coulombic efficiency.

A significant improvement was observed when 3 wt.% VC was added to 0.5 M LIiTFSI in
CsmpyrTESI. The galvanostatic cycling data shown in figure 4.10(c) tend towards 0 V for C-rates
where electrolyte breakdown was occurring in 0.5 M LiTFSI in CampyrTFSI (0.4 C,09 Cand 1 C).
This highlights the benefits of adding VC to the electrolyte as it allows for quicker formation of an
SEl layer, as evidenced by the higher coulombic efficiencies (~60% vs. ~30%) and higher delithiation
capacities (>940 mAh gt vs. 67 mAh g) obtained after 20 cycles. This correlates with the CV data
(figure 4.6), as higher electrode capacities were attained when VC was added to the electrolyte. In

addition, at high C-rates of 3.5 C and 5 C, there is a less significant drop in the capacity, as ~58% and
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~26% of the theoretical capacity is maintained versus 17% and 4% for the respective C-rates in 0.5
M LIiTFSI in CampyrTFSI. When 0.15 C is applied after 5 C, the lithiation capacity recovers to the
initial lithiation capacity, and the delithiation capacity improves to 800 mAh g*. The Ge anode in 3
wt.% VC in 0.5 M LIiTFSI in CsmpyrTFSI yields a substantial electrochemical improvement,
therefore demonstrating the SEI layer improvements that can be achieved when VC is utilised with

Ge anodes, whereby faster C-rates yield coulombic efficiencies up to 98%.
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Figure 4.10: Galvanostatic cycling profiles for Ge in (a and b) 0.5 M LiTFSI in CsmpyrTFSI, (c and
d) 3% VC in 0.5 M LiTFSI in CsmpyrTFSI electrolytes. 0.15 C and 0.2 C are not shown for data

clarity as electrolyte degradation was prevalent at these C-rates.

These 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI results have demonstrated better electrochemical

rate performances than those in the literature where similar IL electrolytes were used: 1 M LiTFSI in
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CampyrTFSI and 1 M LiTFSI in C4smpyrFSI. In this case, the Ge was electrodeposited, and the
maximum electrode capacities did not exceed 600 mAh g* at 1 C.B71 At the same C-rate delithiation
electrode capacities were double the literature data (~1300 mAh g2). These results are comparable to
nanoarchitectured Ge-based anodes in organic electrolytes as capacities of <1200 mAh g have been
demonstrated at 1 C in 1 M LiPFs in 1:1:2 v/v/v of ethylene carbonate (EC):propylene carbonate

(PC):diethyl carbonate (DEC) with 10 wt.% FEC.8

After cycling, post-mortem analysis was carried out using SEM to determine if Ge delamination
occurred. As shown in figure 4.11, regions of heavy delamination (no Ge detected by EDX, figure
4.11(b)) are observed on the surface of the 0.5 M LiTFSI in CampyrTFSI cycled electrode, with other
regions exhibiting cracks (figure 4.11(a)). These results are in direct correlation with the galvanostatic
data (figure 4.10(a and b)), as continued electrolyte breakdown was observed in the initial C-rates to
form an SEI layer on the surface of the Ge electrode. The continuous formation of cracks within the
film, and delamination of the film from the current collector would expose fresh Ge to the electrolyte,
therefore requiring further electrolyte breakdown to form an SEI layer. By comparison, the 3 wt.%
VC cycled Ge anode does not exhibit large regions of delamination, but rather microcracks (figure

4.11(c)), therefore demonstrating the superior film forming abilities afforded by VC.
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Figure 4.11: SEM micrographs of galvanostatically cycled Ge anodes after 90 cycles at various C-

rates, (a and b) 0.5 M LiTFSI in CsmpyrTFSI and (c) 3 wt.% in 0.5 M LiTFSI in CsmpyrTFSI.

Galvanostatic cycling was carried out using a polymer gel electrolyte (PG-60) to determine if the use
of a polymer gel will mitigate/buffer the expansion and contraction effects experienced by Ge upon
cycling with Li, as has been suggested in the literature for other materialst*"*°! such as MnO2 based
nanowire capacitors.'®1 PG-60 is a polymer gel electrolyte consisting of PVDF-HFP, LiTFSI salt and
CampyrTFSI, where the 60 wt.% of the polymer is attributed to CampyrTFSI. The polymer gel was
created by drop casting the polymer as outlined in chapter 3. This process resulted in a film with a
thickness of 320 um, and the galvanostatic cycling data is shown in figure 4.12. VVarious C-rates were
employed to determine the cyclability of the Ge with PG-60 at fast and slow rates. Figure 4.12(a)
shows the initial cycles obtained for 0.15 C. No evidence of SEI layer formation is observed in the
initial cycles as the potentials tend towards 0 V. This data does not correspond with the CV data
obtained in figure 4.9 where a large peak corresponding to SEI layer formation is observed. During
delithiation, large electrode capacities (1694 and 1809 mAh g?) are obtained in cycles 2 and 3
respectively, which suggests that a side reaction is occurring within the cell, which stabilises after the
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4™ cycle. This response may be attributed to a side reaction between PVDF-HFP-containing polymer
gel electrolyte and Li due to the imposition of a constant current as no corresponding reaction was
observed during CV analysis. During constant current analysis, the Li may co-ordinate with the
polymer electrolyte, potentially to the uncoordinated TFSI anions. The co-ordination of Li with TFSI
anions has been previously observed within the literature.®®! This would cause a phase transition to
occur within the polymer gel electrolyte in addition to reduced Li diffusivity and lower electrode
capacities in the subsequent cycles. At 0.5 mV s (equivalent to ~1 C) electrode capacities greater
than 500 mAh g were obtained during CV analysis (figure 4.9(c)), while capacities of ~200 mAh g
! are obtained at 0.9 C for galvanostatic analysis (figure 4.12 (d)). In-situ FT-IR and Raman analysis

of this reaction may enable a more accurate characterisation of the reaction occurring within the cell.

From cycle 4, the system stabilises and the lithiation/delithiation profiles overlap as shown in figure.
4.12(a), suggesting the cell has stabilised. The lithiation and delithiation capacities remain stable
around 900 and 850 mAh g respectively. The average coulombic efficiency for cycles 4 to 10 is
96%. Similar stability is seen at increased C-rates as shown in figure. 4.12(b). The 0.2 C data in figure.
4.12(b), yields charge and discharge capacities of 756 and 750 mAh g* respectively, with a coulombic
efficiency of 99.3%. This is further evidence that the SEI layer formed in the initial cycles has led to
a stable system as demonstrated in subsequent cycles at 0.4 C and 0.9 C data as high coulombic
efficiencies are observed, 99.9% and 99.7% respectively. The specific capacities decrease to
approximately 210 to 220 mAh g for both lithiation and delithiation cycles at the 0.9 C rate, and this
corresponds to 13 to 14% of the theoretical capacity of Ge. This suggests that slower charge times
may be suited for polymer gels of this thickness as higher capacities are obtained at 0.15 C and 0.2
C. Despite this, faster C-rates were investigated (1.8 C, 3.5 C and 5 C) followed immediately by scans
at 0.15 C as shown in figure 4.12(d). The final 0.15 C cycling data is shown in figure 4.12(c). From

this data, the system stability is demonstrated as there is good overlap between the initial and final
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0.15 C data. Similarly, the lithiation and delithiation capacities obtained are 1094 and 890 mAh g

respectively, with an average coulombic efficiency of 83%. The lithiation/delithiation cycles

demonstrate that PG-60 is capable of buffering the volumetric expansion effects experienced by Ge

upon cycling with Li as high electrode capacities are recovered even after fast charge/discharge times

as shown in figure 4.12(d).

1.5+

-
o
L

Potential / V (vs. Li/Li")
e
(%))
1

o
o
L

1.5+

Potential / V (vs. Li/Li")

=
=]
L

-
o
N

=
w
1

Cyecling efficiency / %

(@) 1510
T‘J-
S 1.0
)
£
z ——0.2C- Cycles 11-20
S 05 ——0.4 C-Cycles 21-30
S ——0.9C- Cycles 31-40
2
0.0
0 400 . 800 1200 1600 2000 0 400 800 1200 1600
Specific capacity / mAh g Specific capacity / mAh g’
© 1600 -Fﬁ— 100
1400 .
_ 1200 wy [80
24000 e
= T L]
< = 60
L]
‘i o0 _"'f-ﬁ-
£ 600
S - 40
——0.15C-Cycles 71 - 80 2 4004 P
——0.15C-Cycles 4 -10 ©
200 | — L 20
0 1 L]
0.15C 0.2C 04C 09C 2C 35C 5C 0.415cC 0
T T

T T T
400 800 1200
Specific capacity / mAh g’

1600

0

10

T T T T
30 40 50 60
Cycle number

20 70 80

Figure 4.12: Galvanostatic cycling data obtained for 100 nm Ge with 320 um thick PG-60, (a)

initial charge/discharge cycles obtained at 0.15 C, where the red data corresponds to cycle 1, green

to cycle 2, orange to cycle 3, black for cycles 4 to 9 and blue for cycle 10, (b) subsequent cycles

obtained at 0.2 C (blue), 0.4 C (grey) and 0.9 C (red), (c) comparison of initial (red) and final

(black) charge/discharge cycles obtained at 0.15 C, (d) capacity data at various C-rates. Reprinted

with permission from McGrath et al.[%6

The Ge anode demonstrates compatibility with CampyrTFSI electrolytes, whereby the polymer gel

electrolyte PG-60 exhibited stable cycling with coulombic efficiencies of greater than 99% achieved
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at various C-rates as shown in figure 4.12. The Ge anode in liquid based electrolyte solutions yielded
varying performances, where the 3 wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI yielded the best results
as high lithiation and delithiation capacities were obtained (>1200 mAh g™), where coulombic
efficiencies of 97% were obtained. Based on the galvanostatic cycling data, the optimal electrolyte
additive combination for the battery containing Ge anodes and CsmpyrTFSI-based ILs can be
identified as 3 wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI which is capable of fast charging and
discharging, while Ge anodes with PG-60 electrolytes would be better suited for slower charging and

discharging applications.

4.5 Conclusion

The ionic liquid CsmpyrTFSI demonstrated compatibility with planar Ge electrodes as stable CV data
with high electrode capacities were obtained (>600 mAh g at 0.5 mV s™). The current densities
obtained in CasmpyrTFSI-based electrolytes were higher than those obtained within conventional
organic electrolytes due to the presence of SEI layer components (Li.COs, Li2O, Li2S, LiF,
LiOH/Li202) which do not hinder Li* transport within the SEI layer, thus resulting in higher electrode
capacities. Ge delamination from the Cu current collector was observed during SEM analysis in all
liquid electrolytes, thus demonstrating the need for a polymer gel analogue. PG-60 which was
synthesised and characterised in chapter 3, demonstrated exhibited electrochemical stability with a

Ge electrode, whereby coulombic efficiencies greater than 95% were maintained over 90 cycles.

Galvanostatic analysis was carried out using the liquid and polymer gel forms of CampyrTFSI. It was
determined that the addition of 3 wt.% VC greatly improves the electrochemical performance of the
Ge anode when compared to a Ge anode in 0.5 M LiTFSI in CampyrTFSI as higher electrode
capacities at various C-rates, for example, at 3.5 C the VC containing electrolyte achieved a discharge

capacity of ~1000 mAh g versus ~300 mAh g for the additive-free electrolyte. These results have
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been proven to be comparable to those obtained in literature by Lahiri et al.B7l where Csmpyr-based

IL electrolytes have been used. To the best of my knowledge, no other Ge analysis was carried out in

Campyr-based IL electrolytes. In addition, the results obtained are comparable to nanostructured Ge

electrodes cycled in organic electrolytes®® which demonstrates the promise of this Ge/IL

combination. Galvanostatic cycling with PG-60 further demonstrated its compatibility with Ge, as

coulombic efficiencies of >99% were obtained at various C-rates. Therefore, this polymer gel

electrolyte is capable of buffering the expansion effects experienced by Ge and is suitable for use as

a flexible, high conductivity, thermally stable electrolyte for application in Li-ion microbatteries.
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Chapter 5:
Evaluation of the Crystallinity of Electrodeposited V205

as Li-ion Cathodes

5.1 Abstract

Microbattery literature primarily focuses on cobalt containing electrodes such as LiCoO, and NCM. [
However, due to the fluctuating cost of Co, alternative materials such as vanadium oxide are being
investigated. VOs is a promising cathode material with a high theoretical capacity (147 mAh g per
Li), and a variety of synthesis options. To date, V20s analysis for Li-ion applications has been
reported in organic-based electrolytes,’> but only one study describes the analysis with 1-propyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (CsmpyrTFSI) ionic liquid electrolyte.[ The
results from that study showed an improved electrochemical performance of V20s in the IL when

compared to a conventional organic electrolyte (1 M LiPFs in EC/DMC (1:1)).

This chapter highlights for the first time, the electrochemical performance of electrodeposited, binder-
free V20s thin films with liquid and polymer gel electrolytes consisting of 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide  (CsmpyrTFSI). The electrochemical
performance of crystalline is shown to be superior to amorphous V20s thin films in both liquid and
polymer gel electrolytes with higher coulombic efficiencies and electrode capacities obtained. The
addition of vinylene carbonate (\VVC) facilitates the formation of a cathode electrolyte interface (CEI)
layer, which stabilises the electrode/electrolyte interface, thus leading to enhanced electrochemical
performances when compared to VC-free electrolytes, for example 110 mAh g vs. 70 mAh g* at 2

C without adversely affecting the electrode kinetics.
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Microbatteries typically utilise solid-state electrolytes to enable layer-by-layer fabrication, which is
not possible with liquid electrolytes, therefore a polymer gel electrolyte was also investigated with
the V20s electrodes. High electrode capacities of 110 mAh g™ at 2 C are obtained, and these capacities
are comparable with the VC-containing liquid electrolyte. Long-term cycling analysis (up to 400
cycles) was carried out both in the VC-containing and polymer gel electrolyte, whereby minimal
capacity fade was demonstrated, for example 0.4% over 50 cycles at 5 C for the polymer gel
electrolyte. The polymer gel option delivers the better long-term stability up to 400 cycles with

lithium metal anodes with minimal capacity fade at elevated charge and discharge rates up to 5 C.

5.2 Introduction

The conceptualisation of the Internet of Things (10T), has led to an increased demand for miniaturised
loT sensors.®! In order to ensure autonomy, energy harvesters coupled with appropriate energy
storage systems are necessary. Typical Li microbatteries utilise lithium cobalt oxide (LiCoO3)
cathode coupled with Li metal and a solid-state electrolyte. However, Cobalt (Co) is not an abundant
material and can only be mined in a small number of global locations where the largest share (~50%)
is found in the Democratic Republic of Congo.[*% This has led to price instability and a dramatic
increase from ~$21,000 per metric tonne in January of 2016 to $95,307 in March of 2018, and more
recently $34,500 in February 2020.11* Therefore, researchers are investigating cathode materials that

either have reduced Co content or are entirely Co-free.

Co-free materials such as vanadium pentoxide (V20s), are of particular interest due to their lower
cost, wider availability and higher energy density. V20s thin films can be prepared by various
deposition techniques such as including sol-gel 241, spray pyrolysis*>17], thermal evaporationt*8-2%,
electron beam evaporationf?°-211 pulsed laser deposition[?® 22231 chemical vapour deposition[?*-%] jon

beam sputtering[®l, electrodeposition®”-*1 and D.C.52-% or R.F. sputtering.[**% Electrodeposition
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is a well-established and relatively low cost option that is scalable to produce uniform deposits.
Fabrication of thin films through electrodeposition can facilitate sequential layer build-up processes

typically used in microbatteries.

To date, V20s analysis for Li-ion applications has been carried out in organic-based electrolytes, "]
however, the safety issues such as flammability and high volatility associated with organic based
electrolytes hinder their use within microbatteries. Typical solid-state electrolytes such as LiPON
have low ionic conductivities, typically 3 x10° mS cm™, [ which often result in low rate capabilities.
Therefore, there is a need to assess the electrochemical performance of V.0s with alternative
electrolyte solutions such as ionic liquids, whose favourable properties such as high ionic

conductivity and non-volatility offer a compromise between solid-state and organic electrolytes.

Chou et al.®1 described the electrochemical performance of different V,Os morphologies with 1-
propyl-1-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide  (CampyrTFSI) ionic liquid
electrolyte. The results from that study showed an improved electrochemical performance of V20s in

the IL when compared to a conventional organic electrolyte (1 M LiPF¢ in EC/DMC (1:1)).

To the best of our knowledge there has been no V20s material research carried out using ionic liquid
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (CsmpyrTFSI) based electrolytes.
Therefore, in this study, the stability of the electrode material in the ionic liquid was investigated
using CV, while galvanostatic cycling analysis was employed to determine the cycling efficiency and
electrode capacity at different C-rates. The initial analysis is focused on determining whether
crystalline or amorphous films are better suited for Li* cycling with CampyrTFSI as some amorphous
oxide materials have also been reported to have better electrochemical performance than their
crystalline counterparts.[*? The use of a carbonate additive VC with the IL is investigated to determine

if the electrochemical performance can be enhanced with the formation of a cathode electrolyte
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interface (CEI) layer. The suitability of V20s electrodes in a quasi-solid-state microbattery was
assessed using a polymer gel analogue. Finally, long-term cycling analysis is shown up to 400 cycles
with increasing C-rates, such as 50 cycles at 5 C, with both the IL and polymer gel electrolytes to

determine the long-term stability of the V2Os/Li metal cell.

5.3 Experimental

A stack of Ti (10 nm) and Au (100 nm) was deposited on a 1 um thermal annealed SiO> layer on a 4”
diameter silicon wafer using metal sputter targets (Kurt J. Lesker) in a D.C. magnetron (Quorum
Q300T D) Dual sputter coating system. The Ti layer acted as an adhesion layer between the SiO>
substrate and Au current collector. V.Os was electrodeposited at room temperature using a CH
Instruments 660B potentiostat. A constant potential of 2 V was applied to the Ti/Au working electrode
in a three electrode setup with a saturated calomel electrode (SCE) and platinum (Pt) mesh as the
reference and counter electrode, respectively. This resulted in V20s films of ~440 and ~220 nm for
20 s and 10 s deposition times respectively. The electrochemical bath was made up of a 0.25 M
solution of VOSO.4.xH-0, (assumed degree of hydration is 5) purchased from Sigma Aldrich, ina1:1
(v/v) mixture of deionized water (DI) and ethanol. After deposition, some samples were heated to
325 °C for 7 hours to crystallise the V20s deposit (annealed), while other samples were dried using a

N2 gun (as-deposited).

The structure and the morphology of the samples were analysed with a Zeiss Supra 40 SEM coupled
with an energy dispersive X-ray (EDX). For Raman spectroscopy a Renishaw Invia, 514 nm laser

was utilised.

Electrochemical measurements of the Li* capacity were assessed by CV and galvanostatic cycling
with potential limitation (GCPL) using a Bio-logic VSP potentiostat at various scan rates and

discharge/charge currents, respectively. A three electrode pouch cell setup was utilised where 0.25
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mm thick lithium foil (Sigma Aldrich) acted as counter and reference electrode. 1 cm? of the anode
was exposed as the working electrode to the electrolyte solutions as mentioned in chapter 3. Cell
assembly was carried out in an argon-filled glove box (M. Braun LABstar Glove Box) with O> and

H20 maintained below 0.1 ppm.

5.4 Results and discussion

The morphology of the electrodeposited V.Os thin films were investigated to determine the influence
of annealing at 325 °C for 7 hours to crystallise the V20Os deposit (annealed), while other samples
were deposited and dried using a N2 gun (as-deposited). A low magnification (~220x and 500x) image
of the annealed and as-deposited films are shown in figure 5.1(a and b). As shown, a film containing
cracks is observed in both films. Utilisation of a higher magnification (~5,000x and 10,000x) (figure
5.1(c and d)) shows that the cracks are voids dispersed within the film. The voids are approximately
1.5 pm to 2 um in width and are dispersed across the entire V2Os film for both annealed and as-
deposited samples. EDX analysis (figure 5.1(e and f)) confirmed that weight percentages of V and O
within the in area/spectrum 1 (red box) are in agreement with theoretical weight percentages found
in V20s films, where the V:O ratio is 5:2.[4*1 As shown in the SEM images, voids exist within the
electrode, and therefore it can be considered a porous material as it has voids not occupied by the
main framework of atoms[* in this case V and O. The presence of voids within the film allows for a
higher electroactive surface area, which would result in higher rate capabilities. Similar morphologies

have been observed in the literature.*"]
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Figure 5.1: SEM micrographs of (a, ¢ and d) annealed, and (b, d and f) as-deposited V-Os thin

films. EDX data obtained for (e) annealed and (f) as-deposited V20Os films.

The crystallinity of the films due to annealing at 325 °C for 7 hours is confirmed by Raman
spectroscopy. The as-deposited films shown in figure 5.2(c) yielded broad, low-intensity peaks,
which is indicative of an amorphous film.[6-51 The peak assignments at 200 cm™ and 450 cm™ are

attributed to the bending vibration modes of the V3-O (triply co-ordinated oxygen), V2-O (doubly co-
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ordinated oxygen) and V=0 (terminal) bonds in a disordered V-O-V framework, while the peak at

520 cm is due to the stretching vibration modes of the V3-O bonds in a disordered V-O-V framework.

The annealed films yielded intense, sharp well-defined peaks (figure 5.2(b)), which match the
literature data for the orthorhombic phase of V,0s.31: 46-47-501 The crystal structures of V>0s in the
local environment and Xx-z projection, are shown in figure 5.2(e) and 5.2(f) respectively. The
orthorhombic phase of V205 has a well-established spectrum with a space group Pmmn and D2n, point
symmetry.[3 52 There are 4 symmetry equivalent atomic positions per unit cell, and 12 symmetrical
combinations can be built from the Cartesian displacement of the equivalent atoms. Six of the
combinations are IR-active and six are Raman active. Ag and By Raman modes are from the
displacements of the x and z-axis while the Big and B3y Raman modes come from displacement of
the y-axis. In some symmetries, half the bond length is shortening and the other half is stretching so
the bond stretching and shortening cancel each other out. The peaks for the annealed films correspond
to in-phase stretching vibration of V=01 bonds (993.40 cm!), anti-phase stretching of V-O2 bonds
(700.90 cm™), x-axis displacements of stretching O2 atoms (524.9 cm™), bending of V-0O3-V bridge
angle (482.30 cm™?), x-axis displacement of O1 atoms (403.70 cm™), z-axis displacements of O2; and
02, atoms (302.60 cm™), y-axis displacement of O1 atoms (283.20 cm™), x-axis displacement of V
atoms (195.10 cm™?), V atoms mixed signal of shear motion and rotation of the ladders, and O3-V-
02, in the y-axis (144.70 cm™), and V atom vibration in the 03-V-02 bridge in the z-axis (103 cm"
1. The peaks at 195.10 cm™ and 144.70 cm™ correspond to the lattice vibration and are strongly
associated with a layered structure.*® 5354 Based on the Raman spectra, the unannealed V2Os thin
films are amorphous with a disordered framework, while the annealed V.Os thin films are crystalline
with a layered structure as evidenced by the aforementioned peak assignments. In addition, Raman

analysis did not detect peaks associated with VO indicating that any tetravalent vanadium present is
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a very small percentage which is in excellent agreement with other studies reported in the literature.®
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Figure 5.2: Raman spectra of (a) Au substrate, (b) crystalline V20s, (c) amorphous V20s and (d)

crystalline V205 with peak assignments. Crystal structure of V2Os in the (e) local environment and

(f) x-z projection, adapted with permission from Baddour-Hadjean et al.l¥1 Copyright 2020

American Chemical Society
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The electrodeposition of V20s produces thin films compatible with microbattery fabrication processes.
Distinct differences between the electrochemical performance of amorphous and crystalline V205
films have been previously observed for lithium based batteries in organic electrolytes.[*6: 56-57]
Amorphous films yielded higher electrode capacities (200 mAh g vs. 150 mAh g* after 100 cycles
at 0.1 C),[%® and thus outperformed the crystalline electrodes, however, they were more susceptible
to dissolution in organic electrolytes.®% Analysis of crystalline V20s electrodes in 1-propyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (CampyrTFSI) yielded promising results as
the IL electrolyte prevented dissolution of V20sas 50 cycles at 0.1 C were demonstrated with minimal
capacity drop (0.3% per cycle).l®] Therefore, CV analysis for both amorphous and crystalline V20s

electrodes was carried out to determine the stability of the V2Os electrodes in ionic liquid electrolytes.

Due to the lack of long-range order in amorphous materials, no preferred ion diffusion channels exist,
causing isotropic lithium diffusion.[®® 8 This results in the appearance of broad peaks, which are
more indicative of pseudo-capacitive storage, where pseudo-capacitance occurs either at the particle
surface or within the interlayer spacing of the material.[*6 1 Analysis of different film thicknesses
(440 nm and 220 nm) yields similar CV data (figure 5.3), however, the thicker film offers a higher
current density than for the thinner films (range: ~0.0075 mA cm to -0.01 mA cm vs. ~0.005 mA

cm to -0.006 mA cm respectively), which is expected due to the higher material loading.
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Figure 5.3: CV data for (a, c and €) ~ 440 nm and (b, d and f) ~ 220 nm amorphous V20s films

where the scan rates utilised are (a and b) 0.05 mV s, (cand d) 0.1 mV s and (e and f) 0.5 mV s™.

In comparison, the crystalline data exhibits sharp, well-defined peaks for both film thicknesses. The
peak definition is sharper in the thinner film, which is attributed to the shorter Li* diffusion pathways.
As the scan rate is increased, the peaks broaden for both films (peak width: ~0.13 V at 0.05 mV s to
~0.24 V at 0.5 mV s™), which suggest that the scan rate is increasingly becoming too fast to permit
full Li* intercalation/deintercalation within the electrode, leading to lower capacity values when
compared to the other scan rates. This effect is greater for the thicker film due to the longer Li*
diffusion pathways. This is further evidenced by the peak positions as the peaks shift (50 mV to 70

mV) with increasing scan rate, thus demonstrating sluggish Li* intercalation/deintercalation. The
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peak positions observed in figure 5.4 (intercalation peaks: 3.38 V and 3.18 V, deintercalation peaks:
3.23 V and 3.44 V) are similar to those obtained in organic electrolytes where such well-defined
peaks are typically only seen for nanostructured cathode material (intercalation peaks: 3.35 V and
3.15 V, deintercalation peaks: 3.26 V and 3.47 V),[? therefore demonstrating that the electrochemical

performance of V20s with CampyrTFSI electrolytes is comparable to that in organic electrolytes.
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Figure 5.4: Comparison of V20s in 0.5 M LiTFSI in CsmpyrTFSI CV data, where the scan rates

utilised are (a and b) 0.05 mV s, (cand d) 0.1 mV st and (e and f) 0.5 mV s,

As the 220 nm V-20s films exhibited better Li diffusion than their 440 nm counterparts, only the 220

nm films were studied further. Comparing the CVs of the 220 nm V20s films, it is evident that the
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current densities for the amorphous V20s are significantly lower than for the crystalline materials,

which is also attributed to the isotropic Li* diffusion pathways.® 611
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Figure 5.5: CV comparison of (a) amorphous and (b) crystalline V20Os thin film electrodes in 0.5 M

LiTFSI in CampyrTFSI. Scan rates: 0.05 mV s (blue), 0.1 mV s (green) and 0.5 mV s (red).

In addition, to get appreciable capacities cycling of amorphous films must be conducted over the
potential range 2.5 to 4.0 V, while sharp very well defined peaks are observed for the crystalline

material over a potential range of 2.9 to 3.6 \V as shown in equations 1 to 3.[62-6]

V,05 + xLi + xe~ & ali,V,05 (x <0.13) Equation 1
V,05 + xLi + xe™ & ¢Li,V,05 (0.35<x<0.7) Equation 2
V,05 + xLi + xe~ & 6Li, V,05 (x=1) Equation 3

Equations 1 and 2 refer to peaks that occur at ~3.3 V and ~3.4 V, as these peaks correspond to a/e

transitions, while &/5 transition peaks at ~3.1 V and ~3.2 V are represented by equations 2 and 3. The

peaks are identified in figure 5.6.
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Figure 5.6: Peak identification for 220 nm V20s film.

The crystalline film exhibits greater capacity and cycling stability than the amorphous films during
CV analysis as shown in the summary data of figure 5.7. The coulombic efficiencies for the crystalline
material is close to 100% across all scan rates investigated up to 0.5 mV/s, which is due to high Li*
intercalation/deintercalation reversibility as evidenced by the similar current densities in figure 5.5(b).
The crystalline materials results in observed electrode capacities close to theoretical for both
intercalation and deintercalation (~140 mAh g*at 0.05 mV s, theoretical: 147 mAh g1). As shown
in figure 5.7 the amorphous electrode exhibits low capacity and poor reversibility with significant
capacity loss on cycling except at the slowest scan rate which still only achieved 80 mAh g. The
results indicate that the low electrical conductivity of the film (1.17 x10% S cm™)[%4 does not affect
the electrochemical performance of the crystalline V20s, as the average lithium ion diffusion
coefficient calculated for the crystalline V205 was determined to be 7.83 x1071° cm? s for the 220
nm films which also compares very favourably with oxide materials typically utilised.[% The sharp
peaks in the voltammograms recorded at relatively high rates (0.5 mV s over 600 mV) which
approximates to a 3 C-rate further indicates the material is not complicated by low electronic

conductivity.
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Figure 5.7: Comparison of electrode capacities and coulombic efficiencies (black) at various scan
rates for (a) amorphous and (b) crystalline V2Os thin film electrodes in 0.5 M LiTFSI in

CampyrTFSI. Scan rates: 0.05 mV s (blue), 0.1 mV s (green) and 0.5 mV s (red).

The performance of the V20s films was analysed in electrolytes with additives (VC and FEC) and
compared to its performance in 0.5 M LiTFSI in CsampyrTFSI. From the electrochemical data in figure
5.8, clearly defined peaks are observed for both VC and FEC additives in C4smpyrTFSI, which, is
similar to the 0.5 M LiTFSI in CsmpyrTFSI data. Ordinarily, the peak positions for Li intercalation
occur at ~3.35 V and 3.15 V in organic electrolytes,/ and these peak positions have also been
demonstrated within 0.5 M LiTFSI in CsmpyrTFSI electrolytes (3.38 V and 3.18 V). The initial cycles
for the V.05 electrode cycled in VC additive electrolytes show a shift in the peak potentials (e.g.
intercalation: from 3.33 V t0 3.28 V, and from 3.14 V to 3.07 V) where the red line is the initial cycle,
and the grey lines are the subsequent cycles before cell stabilisation. When 3 wt.% VC is added to
the electrolyte (figure 5.8(b)), the Li intercalation occurs at 3.28 V and 3.07 V, which is 100 mV more
negative than the additive free electrolyte. Once this potential is reached (blue data), stable cycling is
observed as overlapping CV data is observed. The shift in the electrode potential may be attributed
to the formation of an SEI layer on the surface of V20s, as such a layer has been observed with other

cathode materials such as LiNiosMno3C00.202 (NMC) when VC additives are utilised.[®® In contrast
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the 3 wt.% FEC-containing electrolyte yield similar peak positions (intercalation peaks: 3.38 V and
3.18 V, deintercalation peaks: 3.23 V and 3.44 V) to those observed in the additive free electrolyte
(intercalation peaks: 3.38 V and 3.18 V, deintercalation peaks: 3.23 V and 3.44 V), thus
demonstrating that the addition of FEC does not affect the electrochemical performance of the

electrode.

At higher scan rates, the 3 wt.% VC containing electrolyte yields peak currents which differ by 100
mV when compared to 3 wt.% FEC containing electrolytes for both Li* intercalation and
deintercalation. This indicates that the addition of 3 wt.% VC leads to an increased resistance which
leads to sluggish Li* diffusion, and therefore a later onset of Li* intercalation and deintercalation,
which affects the peak separation (discussed below). However, despite this, the current densities
achieved by the additive containing electrolytes are similar at each scan rate (FEC: 0.17 mA cm vs.
VC: 0.17 mA cm™2at 0.1 mV s). The current densities are lower than those obtained by the additive
free electrolyte, at 0.5 mV s the current density achieved by the additive containing electrolytes is

approximately half that obtained in the additive free electrolyte (~0.045 mA cm vs. ~0.08 mA cm"

2).
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Figure 5.8: Comparison of 220 nm crystalline V20s in (a, c and €) 3 wt.% FEC in 0.5 M LiTFSI in
CampyrTESI and (b, d and f) 3 wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI CV data, where the scan

rates utilised are (a and b) 0.05mV s, (cand d) 0.1 mV st and (e and f) 0.5 mV s,

Lower electrode capacities were obtained for the V.Os electrodes in the electrolytes with additives
(FEC: 82 mAh gtand VC: 79 mAh gtat 0.5 mV s?), when compared to V2Os in 0.5 M LiTFSI in
CampyrTFSI (119 mAh gtat 0.5 mV s) as shown in figure 5.9. This is attributed to the lower current
densities which were obtained when additives were added to the electrolyte, approximately half the

current density obtained in the 0.5 M LiTFSI in CampyrTFSI electrolyte, which would result in lower
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capacities. High coulombic efficiencies of greater than 99% is noted in all three electrolytes which

demonstrates the compatibility of the ionic liquid with V2Os electrodes.
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Figure 5.9: Comparison of the 220 nm crystalline V205 electrode capacities obtained during CV
analysis. The scan rates used were 0.05 mV st (blue), 0.1 mV s (green) and 0.5 mV s (red),

where the coulombic efficiency is represented in black.

In order to determine the electrochemical performance of the V20s electrodes both in amorphous and
crystalline forms at different C-rates, galvanostatic cycling was employed. This analysis will
highlight their potential performance within a full cell, as their rate capabilities will be tested, in
addition to their long term cyclability. The crystalline film exhibits the typical step profile as shown
in figure 4 which is attributed to the various phase changes V205 undergoes during cycling with Li*,
while no plateau was observed in the amorphous films (figure 5.10). The linear curves without a
clearly defined plateau is indicative of pseudo-capacitor behaviour,®”1 which correlates well with the

CV results.
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Figure 5.10: Galvanostatic profiles for cycles 1 to 10 for crystalline (blue) and amorphous (black)

V20s thin films at 0.2 C in 0.5 M LiTFSI in C4mpyrTFSI.

As demonstrated in figure 5.10, the crystalline V20s electrode exhibits excess capacity in the initial
cycles due to the formation of a cathode electrolyte interface (CEI) layer. This results in low
coulombic efficiencies in the initial scans. Coating cathode materials with ex-situ protective layers
such as AlOs have yielded improved electrochemical performances in the literature.[®3%1 An
alternative to this coating is the utilisation of carbonate additives which form stable electrolyte
interfaces in organic solvents early on in the cycling process. Despite the poor electrochemical
performance during CV analysis, vinylene carbonate (VC) was investigated to determine its ability

to form a stable electrode/electrolyte interface in this ionic liquid based electrolyte.

The electrode kinetics of the crystalline materials was investigated to determine if they change upon
addition of VC within the electrolyte. Initially the peak separation for both the €/d and a/e phases is
investigated, and it was determined that the separations are similar in both electrolytes as shown in
table 5.1. This indicates that the rates of Li* intercalation and deintercalation are similar. The diffusive

and non-diffusive contributions (b-value) are compared for both electrolytes. The contribution from
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the diffusion and non-diffusion controlled kinetics can be quantified as the measured current (i) at a
fixed potential (V) where the current is a combination of the two kinetic regimes, equation 4. The

equation is rearranged to a line equation (equation 5) where ki is equal to the slope and kz is equal to

the intercept when # is plotted against v/v . The percentage contribution of diffusion and non-

diffusion controlled kinetics is calculated using equations 6 and 7, respectively. 55 7]

i =kyv+ kv Equation 4
v+'-5 =k, v%° + k, Equation 5
0.5
Dif fusion controlled = klvki# Equation 6
Non — dif fusion controlled = kw’:ﬁ Equation 7

The corresponding b values for the VC-free electrolyte both the €/6 and o/e phases are ~0.75 and
~0.65 respectively. From this data it is evident that non-diffusion controlled Kkinetics is having an
influence in the reaction as the value is higher than 0.5 which is attributed to diffusion controlled
reactions solely. The non-diffusion controlled contribution increases from ~17% to ~62% as the scan
rates increase from 0.05 mV st to 0.5 mV s™. This increase is expected with phase changes as this
can expose metal ions within the bulk to the outer surface and promote intercalation that is not
diffusion controlled.["*] Similar b-values are obtained for the VVC-containing electrolyte as shown in
table 5.1, which indicates that the electrode kinetics are not significantly impacted by the addition of

VC.
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3wt.% VCin 0.5 M LIiTFSI in

0.5 M LiTESI in CampyrTFSI

CampyrTFSI

Scan rate (mV s%)

Peak separation (mV)
€/o a/g €/d a/e
36 39 37 42
54 55 50 50
132 132 131 125
0.75 0.65 0.72 0.66

Table 5.1: Comparison of the peak separation between the /0 and a/e phases, and b values in

various electrolytes.

When the galvanostatic cycling performances are compared between the VC-free and VVC-containing
electrolytes, it is evident that the electrochemical performance of the crystalline material is enhanced
as shown in figure 5.11. In figure 5.11(b), the electrode capacities are close to theoretical at 0.2 C,
and more stable cycling is observed. This results in higher electrode capacities (VC-free: ~90 mAh
gt vs. VC-containing: ~ 120 mAh g at 0.75 C) and coulombic efficiencies (VC-free: ~93% vs. VC-

containing ~97%) due to the reduced need for electrolyte breakdown, and thus a more stable interface.

As observed in figure 5.10, the amorphous electrodes yield lower electrode capacities than their
crystalline counterparts in 0.5 M LiTFSI in CampyrTFSI and a similar trend is observed when utilised
in VC-containing electrolytes. At low C-rates such as 0.2 C, intercalation capacities exceed
theoretical, whereby coulombic efficiencies are less than 60% which is in stark contrast with the
values obtained in figure 5.11(b). At higher C-rates such as 3.5 C, the electrode capacities for the
amorphous films are approximately 20 mAh g lower than the crystalline materials (80 mAh gt vs.
100 mAh g1). Overall, the crystalline data shows greater electrode capacities in addition to better

coulombic efficiencies across all C-rates when compared to the amorphous electrode in 3 wt.% VC
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in 0.5 M LiTFSI in CampyrTFSI. (5 C: 95 mAh gtand 99.7% vs. 73 mAh gt and 99%). The charge
and discharge capacities of the crystalline data are 93% and 88% of the theoretical capacity at 0.2 C,
even at 10 C the specific capacity is 52% of the theoretical (76 mAh g1), with a coulombic efficiency

of 99.9%, which demonstrates the compatibility of the electrolyte with the crystalline V20Os.
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Figure 5.11: Comparison of crystalline electrode capacities and coulombic efficiencies (black) at
various C-rates, where electrolytes used are (a) 0.5 M LiTFSI in CsmpyrTFSI and (b) 3 wt.% VC in

0.5 M LiTFSI in CampyrTFSI.

Microbatteries typically utilise a solid-state electrolyte which enables sequential layer build-up of
thin film materials. Crystalline and amorphous V20Os electrode were analysed with a quasi-solid-state
polymer gel electrolyte containing the pyrrolidinium ionic liquid CsmpyrTFSI, PVDF-HFP, and
LiTFSI salt, where CsmpyrTFSI accounted for 60% of the polymers weight. Once the solvent
evaporated from the polymer film after solvent casting, no further post processing was required,
unlike similar membranes in the literature where the polymer membrane required soaking in the
electrolyte.’? This thin film polymer gel has an ionic conductivity of 1.9 mS cm™ which is higher
than its liquid analogue: 0.5 M LiTFSI in CampyrTFSI (1.5 mS cm™)."8 Figure 5.12 provides further
evidence of crystalline V.Os compatibility with ionic liquid electrolytes, particularly its polymer gel
analogue. Similar to the liquid electrolytes the crystalline V205 exhibits higher electrode capacities

when compared to amorphous V20s materials, 131 mAh g versus 81 mAh g* at 0.3 C respectively.
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The coulombic efficiencies were above 90% for all C-rates for both crystalline and amorphous
materials. This is not observed in the liquid electrolytes, which highlights an improved
electrode/electrolyte interface. The electrode capacities obtained for the crystalline V20Os films are
similar to those obtained with 3wt.% VC in 0.5 M CampyrTFSI. Again, the amorphous film exhibited
poor performance with electrode capacity fading rapidly with less than half the capacity of the

crystalline material at the 1 C rate.
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Figure 5.12: Comparison of electrode capacities and coulombic efficiencies (black) for (a)

crystalline and (b) amorphous V2Os thin films. Electrolyte: PG-60.

Due to the improved electrochemical performances of the crystalline V2Os electrodes with the PG-
60 electrolyte and 3 wt.% VC-containing electrolytes, long-term cycling was carried out. Both
electrodes underwent the same C-rate analysis described above for figures 5.11 and 5.12, and then 50
cycles at various C-rates were analysed up to a total of 400 cycles as shown in figure 5.13. The
crystalline V20s gave similar capacity values when cycled in the polymer gel and ionic liquid versions
of the electrolyte, e.g. 110 mAh g at 2 C. PG-60 exhibits the better long-term cycling as the electrode
capacity had minimal fade (figure 5.13(b)), when compared to 3 wt.% VC in 0.5 M LIiTFSI in
CampyrTFSI (0.4% vs. 2.9% over 50 cycles at 5 C). In addition, the final 0.2 C capacity is recovered
in the PG-60 test to ~125 mAh g* after cycling at 5 C. This demonstrates that fast cycling does not

lead to electrode deterioration as the final capacity matches the initial value at the 0.2 C rate. These
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results demonstrate that the polymer gel is a good option for thin film semi-solid electrolytes without
compromising on electrode performance. After cycling SEM, EDX and Raman analysis was carried
out and compared to the results shown in figure 5.1. The SEM, EDX and Raman data acquired before
and after cycling were identical, thus indicating no change in the films. It also indicates that lithium
metal anodes can be used for long term cycling without capacity fade or short circuits developing in

either the VC containing IL or the polymer gel analogue.
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Figure 5.13: Comparison of electrode capacities and coulombic efficiencies (black) at various C-
rates for crystalline V2Os electrodes in (a) 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI and (b) PG-

60.
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5.5 Conclusion

Cyclic voltammetry (CV) analysis of crystalline V20Os yields coulombic efficiencies >99%, where
high electrode capacities >120 mAh g are obtained. This data has not been previously reported in
the literature with CampyrTFSI-based electrolytes. The electrodeposited V20s thin films produce
sharp well-defined intercalation and deintercalation peaks in CsmpyrTFSI, unlike the broad pseudo-
capacitive-like peaks in CampyrTFSI previously reported in the literature. In addition, the peak
positions obtained in CampyrTFSI are comparable with those obtained at nanostructured V2Os in
organic electrolytes demonstrating similar electrochemical performances. The formation of a cathode
electrolyte interface (CEI) layer, facilitated by the introduction of VC additive, enabled higher
electrode capacities during galvanostatic cycling than for the additive free electrolyte, for example ~
120 mAh g* vs. ~90 mAh g* at 0.75 C. These results give insight into the electrochemical
performance of V20s with liquid Csmpyr-based IL electrolytes, whereby the utilisation of a suitable
additive reduces the need to coat cathode materials with protective nanoscale layers such as Al20s,

which oftentimes are electrical insulators.

Crystalline V.05 cycling with polymer gel electrolyte suited for layer-by-layer microbattery
fabrication yields electrode capacities (110 mAh g* at 2 C) similar to those obtained in liquid
electrolytes. Stable long-term cycling with minimal capacity fade at high C-rates is observed in the
polymer gel electrolyte, for example 0.4% over 50 cycles at 5 C. In addition, the final 0.2 C capacity
is recovered in the PG-60 test to ~125 mAh g after cycling at 5 C. These results also indicate that
lithium metal anodes can be used for long term cycling without capacity fade or short circuits
developing in either the VC containing IL or the polymer gel analogue. The fabrication options
described in this work for V.Os with the polymer gel electrolyte and lithium metal anodes could

realise all-solid-state Li microbatteries for long-life 10T sensors.
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Chapter 6:
Evaluation of Inverse Opal TiO2 Anodes with lonic

Liquid Based Electrolytes

6.1 Abstract

To assess the potential use of CampyrTFSI-based electrolytes with nanostructured electrodes, CV
analysis was initially carried out with 10 TiO: electrodes. The CV performance of the 10 TiO>
electrodes in 0.5 M LiTFSI in CsmpyrTFSI is similar to a conventional organic electrolyte (1 M LiPFs
in 1:1 v/v EC:DEC), whereby identical current densities (organic: -0.04 mA cm2 vs. IL: ~ -0.04 mA
cm?at 0.5 mV s) and peak positions were achieved in both solutions. Without the use of additive,
swelling of the TiO. is observed for both electrolytes as the thickness of the 12 nm TiO:
interconnected lattice increased. However, the integrity of both electrodes was maintained despite the

swelling.

The utilisation of additives such as FEC or VC minimises electrode swelling with organic electrolytes,
however, they did not prevent significant electrode swelling with the ionic liquid (IL) electrolyte as
the lattice increased from 12 to ~51 , ~48 and ~65 nm when 3 wt.% FEC, 3 wt.% VC and 10 wt.%

VC were added to 0.5 M LiTFSI in CampyrTFSI, respectively.

Polymer gel analysis yielded high coulombic efficiencies (>90%), however, electrode capacities (~
56 mAh g- at 0.1 mV s) are obtained due to the inability of the polymer gel to fully penetrate the 10

structure. The combination of liquid and polymer gel electrolytes yielded marginal improvements
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over the liquid only and polymer gel only data, however further work is required to optimise the

IL/TiO2 combination.

6.2 Introduction

With the ever advancing improvements in electronics and electrical engineering, there is a need to
develop nanostructured Li-ion battery electrode materials which are able to meet the growing
demands for miniaturised Li-based microbatteries. Consequently, there has been a tremendous
amount of effort put into developing materials capable of long cycle-life with suitable stability in
capacity, capacity retention, and voltage.[** Currently, there is a growing need to identify eco-
friendly, earth abundant materials which are capable of delivering stable capacities over a large
number of cycles which will enable long-life 10T sensors, instead of materials that offer high initial

capacities and then significantly fade over the course of a relatively low number of cycles.

Low-voltage intercalation materials such as TiO2 have garnered attention due to their ability to yield
fast Li* insertion/removal, in addition to having a low environmental impact and cost. TiO2 exists in
a variety of polymorphs including TiO2(B), anatase, and rutile, where the rutile form is the most
common natural form, as it is the most thermodynamically stable phase under standard conditions.
Various rutile TiO2 nanostructures have been reported for application as anode materials such as

nanoparticles, nanowires, and nanorods.*!

Inverse opal (IO) structures have proven effective as high-performance Li-ion cathode and anode
materials due to advantageous properties such as high porosity, thin walls that allow short
Li* diffusion path lengths, and large surface area.[”*!l The utilisation of a porous, highly-ordered 3D
interconnected network such as an 10 removes the necessity for conductive additives or binders
within the electrode material which is advantageous for microbattery applications due to the

decreased content of inactive materials. Full cell prototypes have been demonstrated in the literature
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where C0304 10 anode and a V20s 10 cathode were utilised with an organic based electrolyte
consisting of EC in DMC and 3 wt.% VC.[*?l The 10 nanostructure can be applied to various materials

which make it an attractive alternative to conventional nanowires, nanorods and core-shell structures.

In this chapter, the electrochemical performance of 10 rutile TiO; electrodes is assessed to determine
the compatibility of CampyrTFSI-based electrolytes with the 10 nanostructure. To the best of our
knowledge, the utilisation of 10 rutile TiO electrodes with ionic liquid electrolytes has not previously

been reported. This work was carried out in collaboration with the O’Dwyer research group in UCC.
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6.3 Experimental

10 TiO; electrodes were obtained from the O’Dwyer group in UCC School of Chemistry. The mass
of the electrode was determined from the weight of the stainless steel electrode before and after TiO>
synthesis. Electrolyte analysis was carried out using the following electrolytes:

1. 1 MLiPFsin1:1v/vEC:DEC

2. 0.5 M LiTFSI in CampyrTFSI

3. 3wt.% FEC in 0.5 M LiTFSI in C4smpyrTFSI

4. 3wt.% VCin 0.5 M LiTFSI in CampyrTFSI

5. 10wt.% VC in 0.5 M LiTFSI in CampyrTFSI

6. lonic liquid-based polymer gel consisting of PVDF-HFP, LiTFSI and CsmpyrTFSI, where

C4mpyrTFSI content is 60% (PG-60)

CV analysis was carried out at various scan rates (0.05, 0.1 and 0.5 mV s) over the potential window
3V to 1V using a Bio-Logic VSP multi-channel potentiostat. SEM images of the electrodes were

obtained before and after cycling using a Carl Zeiss SEM.

The structure and the morphology of the samples were analysed using a Zeiss Supra 40 SEM coupled

with an energy dispersive X-ray (EDX).

Electrochemical measurements of the Li* capacity were assessed by CV and galvanostatic cycling
with potential limitation (GCPL) using a Bio-logic VSP potentiostat. A three electrode pouch cell
setup was utilised where 0.25 mm thick lithium foil (Sigma Aldrich) acted as counter and reference
electrode. 1 cm? of the anode was exposed as the working electrode to the electrolyte solutions as
mentioned in chapter 3. Cell assembly was carried out in an argon-filled glove box (M. Braun

LABstar Glove Box) with Oz and H20 maintained below 0.1 ppm
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6.4 Results and discussion

To investigate both the liquid and polymer gel ionic liquid electrolytes compatibility with
nanostructured electrode materials, they were tested with inverse opal (10) TiO: electrodes and
compared to results obtained with an organic electrolyte. The 10 electrodes were prepared following
the procedure described by McNulty et al.l*1 via infilling of a PS sphere template. The templates
were prepared by drop casting a solution of PS spheres (Polysciences Inc., diameter = 500 nm) in
isopropanol (IPA) on to 1 cm? area of 2 cm x 1 cm pieces of stainless steel; the sphere templates were
then infilled with a 0.1 m solution of titanium(1V) chloride tetrahydrofuran complex (TiCls-2THF) in
IPA. The infilled sphere templates were heated at 450 °C in air for 1 h, to remove the PS templates
and to crystallize the samples. This results in voids of approximately 420 nm diameter, with a TiO>
thickness of ~12 nm around the void as confirmed by SEM analysis. The overall thickness of the TiO>

electrode is approximately 25 pm.

PS spheres

SN === TiO,

_ Stainless steel substrate

Figure 6.1: Cross-sectional image of TiO> electrodes deposited onto stainless steel electrodes with

PS spheres.

SEM micrographs of the electrodes are shown in figure 6.2, and the clearly defined inverse opal
structure can be seen. The TiO2 does not cover the substrate uniformly but rather as islands on the
substrate surface (figure 6.2(a)). As shown in figure 6.2(d) there are lower EDX signals observed for
TiO2 when focusing on the substrate by comparison with the TiO; island, therefore confirming that

TiOz is concentrated to the islands only.
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Figure 6.2: SEM micrographs of 10 TiO- electrodes (a — c) at various magnifications and (d) EDX

analysis of substrate and 10 TiO..

The CV performance of the 10 TiO: electrodes was determined using 0.5 M LiTFSI in CsmpyrTFSI
which was then compared to a conventional organic electrolyte (1 M LiPFs in 1:1 v/v EC:DEC). From
figure 6.3, it can be seen that the current density for both solutions are similar which indicates
compatibility of the ionic liquid electrolyte with nanostructured electrode materials. The current
density was determined by assuming full coverage of the 1 cm? area. The mass loading of the TiO2
electrodes were similar for each sample utilised in this study, therefore, the current densities would
be comparable assuming the same area for each sample. In both instances the initial cycles yielded
high current densities which then reduced and stabilised after 8 cycles. Stable cycling was further
seen in subsequent cycles for both organic and ionic liquid electrolytes as evidenced by the
overlapping CV data at 0.1 mV st and 0.5 mV s™. The peak positions for Li* insertion and removal
is comparable for both the organic and IL electrolyte (insertion: 1.42 V and 1.41 V, removal: 1.63 V
and 1.60 V). As the peak positions are similar in both electrolytes, it indicates that Li-ion diffusivity

is not hindered within the ionic liquid electrolyte, thus Li insertion/removal from the TiO: electrode
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occurs at the same potential for both electrolytes. However, the peaks obtained in the organic
electrolyte are much sharper than those in the IL and result in higher current densities. This indicates
that higher electrode capacities would be expected for the organic electrolyte, which could be
attributed to its lower viscosity (~13 cP vs. 100 cP) and higher ionic conductivity (7.9 mS cm? vs.

1.5mS cm).
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Figure 6.3: CV data for IO TiOz in (a) 1 M LiPFg in (1:1 v/v) EC:DEC and (b) 0.5 M LiTFSI in
CampyrTESI. Scan rates outlined in graphs. Arrows indicate the decrease in current density from

cycle 1 (red) to cycles 9 to 15 (black).

The theoretical capacity of TiO2 is ~180 mAh g when x is 0.5 in LixTiO,. As shown in figure 6.4,

the organic electrolyte 1 M LiPFg in 1:1 v/v EC:DEC, yields high electrode discharge capacities. At
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0.05 mV s, a discharge capacity of ~133 mAh g* is obtained which corresponds to 74% of
theoretical. The discharge capacities obtained at 0.1 mV s* and 0.5 mV s? are 64% and 42% of
theoretical, respectively. Comparing the average charge and discharge capacities for 0.1 mV s*
(cycles 15 to 25 and 45 to 55), there is a capacity drop of 8% and 6% after cycling at 0.5 mV s
respectively. By comparison, the additive free ionic liquid-based electrolyte yields discharge
capacities which are 47%, 36% and 25% of theoretical for the initial 0.05 mV s, 0.1 mV st and 0.5
mV s scans respectively. The lower discharge capacities could be attributed to sluggish Li* diffusion
caused by higher resistivity within the IL electrolyte (lower ionic conductivity), attributed to its higher
viscosity (~100 cP vs. ~13 cP for 1 M LiPF6 in EC:DEC with VCIl). Similarly, to the organic data,
the final 0.1 mV s charge and discharge capacity data is 8% less than the initial 0.1 mV s capacity
after cycling at 0.5 mV s, This highlights the capacity drop experienced after cycling at 0.5 mV s
is attributed to the TiO. electrode rather than the electrolyte. A larger capacity drop (~30%) is

observed for the 0.05 mV s charge and discharge data.
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Figure 6.4: Comparison of the 10 TiO2 CV cycling data obtained in various electrolyte materials,
where blue corresponds to 0.05 mV s, green to 0.1 mV s and red to 0.5 mV s*. The lighter
colours refer to the lithiation process, while the darker colours refer to the delithiation processes.

The black represents the cycle efficiency between the lithiation and delithiation processes.

In order to understand the large capacity drops in both organic and IL electrolytes, SEM analysis was

carried out to determine if morphological changes have occurred, which could be attributed to the

Page | 210



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 6: Evaluation of Inverse Opal TiO2 Anodes with lonic Liquid Based Electrolytes

capacity drops. From figure 6.5, it is evident that morphological changes have occurred during cycling
in both organic and ionic liquid electrolytes. The pristine TiO> lattice is ~12 nm thick, while thicker
lattice parameters are observed for the cycled electrodes. In particular, the electrode cycled in the
organic electrolyte exhibits swelling of the lattice, which was observed in a similar study conducted
by McNulty et al.l'1l. However, in their study, swelling of the TiO lattice was observed at the 1000™
cycle. This mitigation of electrode swelling has been attributed to the addition of 3 wt.% VC to the
electrolyte, as it enables the formation of stable SEI layers as observed in figure 6.5. Comparing the
organic and ionic liquid cycled electrodes, it is evident that less swelling occurred within the ionic
liquid electrolyte, however, the electrode looks less ordered, which may suggest that the TiO> lattice

is breaking down, leading to the ~30% capacity drop between the initial and final 0.05 mV s data.

Figure 6.5: SEM micrographs of 10 TiO> electrodes after cycling in () 1 M LiPFg in 1:1 viv

EC:DEC, (b) 0.5 M LiTFSI in CsmpyrTFSI and (c) pristine 10 TiO2 for comparison.

As mentioned, McNulty et al.l!!! utilise VC additive within their organic electrolyte which mitigates
the effects of electrode swelling and allows for 1000 cycles to be obtained. The addition of additives

such as VC and FEC in CsmpyrTFSI-based IL electrolytes has previously shown to be beneficial in
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chapters 4 and 5, whereby the formation of a stable SEI or CEI layer allowed for stable, long-term
cycling of planar Ge and V20s electrodes. Both FEC and VC additives were investigated with 10
TiO: electrodes to determine if positive effects in terms of cycle stability and capacity can be obtained.
Initially, EIS data was obtained to determine if the presence of the additives changed the ionic
conductivity of the ionic liquid electrolyte. Like the earlier ionic liquid EIS data shown in chapter 3,
there was good agreement between the experimental EIS data and the fit for the chosen equivalent
circuit. The ionic conductivities determined are shown in table 6.1. There is a marginal improvement
when 10 wt.% VC is added to solution, however, the 3 wt.% VC and 3 wt.% FEC solutions are similar
to the blank solution. This suggests that the addition of the additives does not affect the viscosity or
the resistance of the solution.

3wt.% FEC 3wt.% VC 10 wt.% VC

Conductivity

(mS cm)

Table 6.1: lonic conductivity values for additives in 0.5 M LiTFSI in CampyrTFSI as determined

from EIS data.

Similar CV data is observed when FEC or VC is added to the ionic liquid as shown in figure 6.6. The
CV data shape matches those observed in both the organic and additive-free ionic liquid electrolytes
shown in figure 6.3. However, the peak positions for Li* insertion and removal have shifted to more
positive potentials than for the organic or additive-free IL electrolyte (removal: ~2 V versus ~1.6 V
respectively). This shift in the insertion and removal peak positions may suggest that an additional
resistive process may be occurring, such as the formation of an SEI layer. Despite this shift, similar
current densities are obtained in the additive free (~ -0.006 mA cm at 0.05 mV s?) and additive
containing electrolytes (~ -0.005 mA cm to ~ -0.007 mA cm at 0.05 mV s™). As observed in the

additive-free electrolytes, the initial cycles produced large current densities which stabilises with
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increasing cycle numbers thus demonstrating similar electrochemical performances with the additive-
containing electrolytes. At low VC concentrations, a broad pseudocapacitive-like peak is observed,

while sharp, clearly defined peaks are observed at higher VVC concentrations (10 wt.%).

0.01

Current Density / mA cm™
Current Density / mA cm™

o
o
)
.
o
o
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Figure 6.6: CV data for 10 TiO2 in CsmpyrTFSI with (a) 3 wt.% FEC, (b) 3 wt.% VC and (c) 10

w -

2
Potential / V (vs. Li/Li")

wt.% VC. Arrows indicate the decrease in current density from cycle 1 (red) to cycles 9 to 15

(black).

Comparing the electrochemical cycling data of the additive-containing electrolytes yields further
insight into the effect of FEC and VC addition (figure 6.7). Stable cycling was achieved in all
electrolytes, with the exception of the final 0.05 mV s data obtained within 10 wt.% VC-containing
electrolyte. The coulombic efficiencies obtained in figure 6.7, are similar to those obtained in the
additive-free IL electrolyte shown in figure 6.4(b). Both the 3 wt.% FEC and 3 wt.% VC electrolyte
solutions yield high coulombic efficiencies, in excess of 90% for all scan rates. By comparison, the

10 wt.% VC containing electrolyte, reached a maximum coulombic efficiency of 84% at 0.05 mV s
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1 with different coulombic efficiencies obtained at higher scan rates (~90% and ~95% at 0.1 mV s
and 0.5 mV s respectively), which demonstrates that Li insertion and removal is scan rate dependent.
This data is in stark contrast with the organic electrolyte data (figure 6.4(a)) whose coulombic
efficiency is independent of the scan rate (~98% across all scan rates). This difference is attributed to
the higher resistivity, and thus lower ionic conductivity of the ionic liquid-based electrolytes, as the
organic electrolyte exhibits an ionic conductivity 5x greater than the IL as demonstrated in chapter 3

(7.9 mS cm? vs. ~1.5 mS cm?), thus achieves faster Li* diffusion.
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Figure 6.7: Comparison of the 10 TiO2 CV cycling data obtained in various electrolyte materials,
where blue corresponds to 0.05 mV s, green to 0.1 mV s and red to 0.5 mV s*. The lighter
colours refer to the lithiation process, while the darker colours refer to the delithiation processes.

The black represents the cycle efficiency between the lithiation and delithiation processes.

The VC-containing electrolytes yielded higher initial capacity values than FEC-containing
electrolytes as shown in table 6.2. However, comparing the two VC-containing electrolytes, it is
evident that the electrode capacities obtained are similar, which demonstrates that VVC contents above

3 wt.% do not yield higher electrode capacities over the course of 100 cycles. The capacity obtained
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for the initial 0.05 mV s cycle of the VC-containing electrolytes is ~83% of theoretical and is the
highest electrode capacity obtained of all the ionic liquid electrolytes studied. By comparison, the
FEC-containing electrolyte achieved only 43% in the initial 0.05 mV s cycle. Despite demonstrating
lower electrode capacities, the FEC-containing electrolyte exhibited the lowest capacity drop when
comparing the average initial and final 0.1 mV s discharge capacities (~7% vs. 9% and 15% for 3
wt.% VC and 10 wt.% VC respectively). This suggests that a marginally more stable system is
obtained with the FEC-containing additive, however, lower electrode capacities are achieved. These
values are similar to those obtained in the organic (~6%) and additive-free IL (~8%), which suggests

that the addition of additives does not substantially improve the electrochemical performance of

CampyrTFSI with 10 TiO; electrodes.

Scan rate 10 wt.% VC 3wt.% VC 3wt.% FEC
(mV s?t) Electrode capacity (mAh g1)
0.05 149 147 77
0.1 83 78 59
0.5 54 53 45

Table 6.2: Comparison of the 10 TiO2 CV cycling data in the 0.5 M LiTFSI in CampyrTFSI

electrolyte containing either VC or FEC additives.

Post-mortem analysis of the electrodes cycled within the additive-containing electrolytes (figure 6.8)
suggest that the use of additives in 0.5 M LiTFSI in CsmpyrTFSI does not hamper or mitigate
electrode swelling. The higher VC content (10 wt.%) seems to promote electrode swelling as the TiO>
electrode dimensions increased from ~12 nm before cycling to ~65 nm after cycling. This may
account for the unstable final 0.05 mV s cycling data as shown in figure 6.7. When 3 wt.% FEC or
VC is used, electrode swelling is noted, however to a lesser extent than for 10 wt.% VC as TiO>

electrode dimensions were ~51 nm and ~48 nm respectively.
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Figure 6.8: SEM micrographs of 10 TiO> electrodes after cycling in (a) 3 wt.% FEC, (b) 3 wt.% VC

and (c) 10 wt.% VC in 0.5 M LiTFSI in CampyrTFSI.

The swelling of the electrodes may account for the lower than expected electrode capacity values,
therefore the utilisation of a polymer gel electrolyte may prove beneficial as they can buffer expansion
and contraction effects as shown in chapter 4. As the ionic liquid is encapsulated in the PVDF-HFP
matrix, the ionic liquid should have minimal contact with the TiO> electrode, and therefore should
not interfere with lattice structure of TiO>. In addition, polymer gels have been reported to buffer the
expansion effects of various electrode materials,***°! therefore, polymer gel based electrolytes should
mitigate/dampen the TiO2 swelling. Initially the polymer gel was solvent cast into the TiO> electrodes.
From the CV in figure 6.9, sharp well-defined peaks were obtained for all cycles, whereby the peak
positions match those previously observed for the organic and additive-free IL electrolyte. From the
capacity data shown in figure 6.9(c), it is evident that the electrode capacity is lower with the polymer
gel (=60 mAh g1) than for the additive-free IL electrolyte (~ 84 mAh g1) at 0.05 mV s™. Despite the

lower electrode capacity, the coulombic efficiencies obtained in the polymer gel electrolyte (~97%)

Page | 216



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 6: Evaluation of Inverse Opal TiO2 Anodes with lonic Liquid Based Electrolytes

are comparable to the organic electrolyte (~98%). In addition, there is less % capacity drop observed
with PG-60 when the scan rate is increased from 0.05 mV s to 0.1 mV s* than for the liquid
electrolytes as shown in table 6.3. After 30 cycles another peak at ~1 V is observed as seen in figure
6.9(b). The presence of this peak has been observed in the literature and is attributed to the formation
of an SEI layer and amorphous Li,O formation.!518 After 30 cycles, the cycling behaviour
deteriorates and cycling efficiencies greater than 100% were observed, indicative of additional
complicating reactions during cycling (figure 6.9(c)). The cell stopped working after 40 cycles, and
upon investigation with SEM, it is evident that the structure of the TiO. had changed, and the
honeycomb structure was no longer observed. The incorporation of the polymer gel electrolyte within
the TiO2 matrix may have hampered the swelling of the lattice. By preventing the lattice from swelling,
the polymer gel electrolyte may have caused the structure to breakdown more rapidly than was

observed for the liquid-based electrolytes.
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Figure 6.9: CV cycling data obtained at (a) 0.05 mV s and (b) 0.1 m V st with PG-60 as the
electrolyte.

3 wt.% 3wt% VC | 10wt.%
PG-60 Organic

FECinIL inIL VCinIL

Capacity

drop (%)

Table 6.3: Comparison of the % drop in the average discharge capacity when the scan rate is

increased from 0.05 mV st t0 0.1 mV s

Despite the breakdown in the electrode structure, the coulombic efficiency and stable electrode
capacities suggest that the use of polymer gel electrolytes with 10 TiO2 is promising but optimisation
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is required. One method to circumvent total electrode breakdown is to utilise a hybrid electrolyte
consisting of a liquid component and a polymer gel separator. Due to the enhanced performance when
compared to the additive-free electrolyte, 3 wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI was chosen as
the liquid electrolyte to be coupled with PG-60. This hybrid electrolyte yielded higher electrode
capacities than PG-60 at 0.05 mV s, discharge capacities: 76 mAh gtand 60 mAh g, respectively
(figure 6.10(a)). However, at faster scan rates (0.1 mV s™) similar electrode capacities are obtained
(discharge: ~56 mAh g1). This increase in scan speed resulted in a 26% drop in the electrode capacity
when compared to capacities obtained at 0.05 mV s™. This is a larger % drop when compared to PG-
60 (7%), however, the use of the hybrid electrolyte led to an improvement in the % drop when
compared to the liquid electrolyte only (31%). The coulombic efficiencies obtained for the hybrid
electrolyte are comparable to PG-60 (94% vs. 97%), however, this drop in coulombic efficiency was

expected due to the presence of the liquid electrolyte.

Comparing the hybrid electrolyte performance to the liquid 3 wt.% VC in 0.5 M LIiTFSI in
CampyrTFSI cell which contains a glass fibre separator it is evident that the results are comparable
as shown in figure 6.10(b). Similar coulombic efficiencies are obtained for the cells containing both
polymer gel and glass fibre separators across the scan rates (~95%), however, the polymer gel
electrolyte yields a higher coulombic efficiency for the final 0.05 mV s scans (average: 94% vs.
92%). The electrode capacities obtained for the hybrid electrolyte are approximately 15 to 20 mAh g
1 less than its liquid counterpart, for example at 0.5 mV s the discharge capacities are 38 mAh g
and 53 mAh g* respectively. However, in the final 0.05 mV st analysis, the difference in the electrode
capacities between the hybrid and liquid cells is reduced to 10 mAh g*. In addition, more stable
cycling is obtained by the hybrid electrolyte as 0.09% capacity fade per cycle is observed versus 0.14%

for the liquid electrolyte at 0.05 mV s (cycles 75 to 100).
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Figure 6.10: Comparison of TiO> electrochemical performances with (a) PG-60 (red) and PG-60
plus 3 wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI (green), and (b) 3 wt.% VC in 0.5 M LIiTFSI in

CampyrTFESI (blue), and PG-60 with 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI (green).

A comparison of the different electrolyte systems at 0.1 mV s (cycles 15 to 35 or cycles 15 to 25 for
organic) is shown in table 6.4. From this table it is evident that coulombic efficiencies greater than
90% are achieved by all the electrolytes. The PG-60 electrode capacities are similar to the FEC-
containing electrolyte, however, the hybrid electrolyte offers higher charge capacities. The electrolyte
systems containing PG-60 exhibit the lowest % drop in capacity, which further demonstrates their

promise as an electrolyte material for 10 TiO..
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Table 6.4: Comparison of the average charge and discharge capacities, coulombic efficiency and
capacity fade per cycle (discharge data) obtained at 0.1 mV s (cycles 15 to 35 or cycles 15 to 25

for organic).

These results highlight the compatibility of TiO, with PG-60-based electrolytes, as stable cycling was
obtained over the course of 100 cycles, however, further work is required to obtain higher electrode

capacities for the 25-micron thick deposits.
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6.5 Conclusion

The electrochemical performance of 10 TiO> electrodes demonstrate promise within CsmpyrTFSI-
based ionic liquids as the CV shape is similar to that obtained in organic electrolytes. In addition, the
additive-free IL electrolyte yielded similar Li* insertion and removal peak positions (insertion: ~1.4
V, removal: ~1.6 V). This indicates that similar electrode kinetics are occurring within both
electrolyte systems, however, the electrode capacities for the IL electrolyte were approximately 30
mAh g to 40 mAh g less than the organic cell. This is attributed to the sluggish Li* diffusion that
occurs within the IL as it is a more resistive electrolyte than the organic as demonstrated by the
differences in their ionic conductivities (1.5 mS cm™ vs. 7.9 mS cm™). SEM analysis revealed that
TiO> electrodes exhibit swelling upon cycling with Li. The electrode cycled in IL looks less ordered,
which may suggest that the TiO- lattice is breaking down. The breakdown of the TiO> lattice would

explain the large capacity drop (~30%) between the initial and final 0.05 mV s data.

The addition of additives such as FEC and VVC does not affect the ionic conductivity as values of ~1.5
mS cm™ were obtained which match the value obtained for the additive-free electrolyte. A shift in
the Li" insertion and removal peak positions is observed upon CV analysis, as the peaks are shifted
approximately 300 mV more positive. The VC-containing electrolytes yielded higher initial capacity
values than FEC-containing electrolytes (~147 mAh g* vs. 77 mAh g1), however, the 3 wt.% VC
and 10 wt.% VC electrode capacities are comparable across all scan rates, thus demonstrating that
VC contents above 3 wt.% do not yield higher TiO> electrode capacities over the course of 100 cycles.
The capacity obtained for the initial 0.05 mV s cycle of the VC-containing electrolytes is ~83% of
theoretical and is the highest electrode capacity obtained of all the ionic liquid electrolytes studied.
Post-mortem analysis of the electrodes cycled within the additive-containing electrolytes suggest that
the use of additives in 0.5 M LiTFSI in CampyrTFSI does not hamper or mitigate electrode swelling.

The higher VC content (10 wt.%) seems to promote electrode swelling as the TiO electrode
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dimensions increased from ~12 nm before cycling to ~65 nm after cycling. When 3 wt.% FEC or VC
is used, electrode swelling is noted, however to a lesser extent than for 10 wt.% VC as TiO> electrode

dimensions were ~51 nm and ~48 nm respectively.

Polymer gel analysis was carried out due to the improved electrochemical performances noted in
chapters 4 and 5. Sharp well-defined peaks were obtained for all cycles, whereby the peak positions
match those previously observed for the organic and additive-free IL electrolyte. The electrode
capacity is lower with the polymer gel (~60 mAh g?) than for the additive-free IL electrolyte (~ 84
mAh g?1) at 0.05 mV s?, however, the coulombic efficiencies obtained in PG-60 (~97%) are
comparable to the organic electrolyte (~98%). The cell stopped working after 40 cycles, and upon
investigation with SEM, it is evident that the structure of the TiO2 had changed, and the honeycomb

structure was no longer observed.

Therefore, a hybrid electrolyte was investigated whereby, PG-60 acted as the separator, and 3 wt.%
VC in 0.5 M LIiTFSI in C4mpyrTFSI acted as the liquid electrolyte. This hybrid electrolyte yielded
higher electrode capacities than PG-60 at 0.05 mV s, discharge capacities: 76 mAh g* and 60 mAh
g!, respectively. However, at faster scan rates (0.1 mV s*) similar electrode capacities are obtained
(discharge: ~56 mAh g?). The coulombic efficiencies obtained for the hybrid electrolyte are
comparable to PG-60 (94% vs. 97%), however, this drop in coulombic efficiency was expected due
to the presence of the liquid electrolyte. Comparing the hybrid electrolyte performance to its liquid
counterpart, the polymer gel electrolyte yielded a higher coulombic efficiency for the final 0.05 mV
st scans (average: 94% vs. 92%). In addition, more stable cycling is obtained by the hybrid electrolyte
as 0.09% capacity fade per cycle is observed versus 0.14% for the liquid electrolyte at 0.05 mV s*

(cycles 75 to 100).
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Further analysis is required to optimise the compatibility of the TiO- electrodes with CsmpyrTFSI-

based electrolytes both in liquid and polymer gel form in order to obtain higher electrode capacities

during cycling, with the mitigation of electrode swelling, however, the results obtained are promising

for the use of CampyrTFSI-based electrolytes with nanostructured electrodes.
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Chapter 7:

Preliminary Full Cell Analysis

7.1 Abstract

lonic liquid-based full cells are constructed using V20s cathodes and Ge anodes. Initial analysis
demonstrates that VVC-containing electrolytes require pre-lithiation steps as negligible capacities (<10
mAh g1) are obtained at higher C-rates, while the VC-free cell exhibits a capacity of ~20 mAh g* at
5 C. Pre-lithiating the cells yields a significant increase in the electrochemical performance of the
VC-containing cell as the charge capacity at 0.15 C is ~135 mAh g (~92% of theoretical), while the
VC-free cell exhibits a drop in capacity, for example at 1 C the discharge capacity is ~20 mAh g
versus ~50 mAh g for the non-pre-lithiated cell. Up to 400 cycles was demonstrated with both VC-
free and VC-containing cells, where the maximum capacity fade noted across 50 cycles are 0.5 and
0.9 mAh g respectively for cycles 100 to 150 (0.2 C) charge data, however, little capacity fade is

observed for the higher C-rates.

A reduction in the separator thickness results in more stable cycling across the C-rates as minimal
capacity drop is observed in the VC-containing 260 versus a 900 um thick electrolyte cell ( ~0.3 vs.
~1 mAh g per cycle at 0.5 C, respectively). Up to 700 cycles was achieved for both VC- and VC-
free cells without significant capacity fade or cell failure. These cells are comparable to typical solid-
state microbatteries, as capacities of 5.7 and 3.2 pAh at 0.2 C (cycles 11 to 20) and 1 C (cycles 41 to
50) respectively are demonstrated by the prototype, with an average discharge capacity of 1.3 pAh at

5 C for cycles 600 to 650 being attained after significant C-rate analysis.
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7.2 Introduction

Various cathode and anode materials in the literature have demonstrated compatibility with Casmpyr-
based IL electrolytes as demonstrated in chapter 1. Several prototypes have been investigated by
various research groups, where Li metal anode materials have been utilised. Balducci et al.[*]
investigated Li metal batteries with a polymer gel electrolyte, in addition to a Li-ion batteries utilising
LTP and LTO electrodes. Prototype cells were created by stacking 12 to 14 single bipolar cells to
achieve a theoretical cell capacity of 0.7 Ah to 0.8 Ah. The electrolyte utilised with the Li-ion battery
was a liquid electrolyte: CampyrFSI with LiTFSI salt, while the Li metal battery contained a cross-
linked PEO with Csmpyr TFSI with LiTFSI salt. In both instances, long term cycling was attained as
1000 cycles were obtained for each C-rate, with minimal capacity fade observed. The cell capacity
for both the Li metal and Li-ion batteries at C/20 is close to theoretical. Similarly, Kim et al.[?l utilised
Li/LFP and LTO/LFP cells with CsmpyrFSl-based electrolytes: PEO-LiTFSI-CsmpyrFSI, and
LiTFSI-CampyrFSI electrolyte respectively. In both instances large scale batteries were utilised

where electrode dimensions were ~8 or 10 cm x 5 cm.

Full cells incorporating group IV elements have been reported where Chaudoy et al.¥l constructed a
battery prototype containing LCO cathode, microporous Si anode and a polymer gel electrolyte with
PVDF-HFP, LiTFSI and CsmpyrFSI. Thirty cycles were demonstrated, and the capacity obtained for
it was 28% lower than that where Li metal is utilised. Therefore, further optimisation of the materials
is required in order to ensure high cell capacities. Promising long-term results with group IV elements
were obtained by Elia et al.l*] as more than 2000 cycles were demonstrated with coulombic efficiency
close to 100% for a Sn-C/LFP cell. From the study, they determined that the CsmpyrFSI-based IL
allows for good high rate capabilities, as the cell capacity (w.r.t. LFP) was ~80 mAh g* at a current
density of 500 mA g*. This was maintained over 2000 cycles, as a capacity retention of 98% was

obtained after cycling. The exceptional cycling is due in part to the formation of an SEI layer after 10
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cycles, in addition to low interfacial resistances. These results demonstrate that long-term cycling can

be achieved with minimal capacity fade, or cell failure.

To the best of our knowledge, no full cells containing Ge anodes have been reported with Csmpyr-
based ionic liquids, however, literature is available for Ge-containing full cells with organic
electrolytes.>"! In such studies either nanostructured™ ! or hybrid Ge electrodes!® were employed.
Li et al.l®l investigated full cells containing Ge/carbon hybrid nanoparticles as anodes, and LiCoO2
cathodes. A 2016 coin cell format was utilised, where 1 M LiPFgin EC:DMC:DEC (1:1:1 v/v/v) was
used as the electrolyte. Before full cell construction, the Ge anode underwent pre-lithiation treatment,
and the full cells delivered a capacity of 712 mAh g after 300 cycles, where the capacity drop per
cycle was 0.018%. High C-rate capabilities were also determined, as stable discharge capacities of
606 mAh g?! was attained at 5 C, where the voltage window utilised was 2.7 V to 4.4 V.
Nanostructured Ge materials were investigated by Li et al.[’l whereby Ge was coated onto C0304
nanowires and placed into a 2032 coin cell with LiCoO> cathode and 1 M LiPFgin EC: DEC (1:1 v/v)
electrolyte. In this instance a narrower electrochemical window (2.8 V to 3.9 V) was employed to
prevent the Coz04 from participating in the electrochemical reaction. High capacities have been
reported at C-rates as high as 20 C (~1299 mAh g*), where the capacity corresponds to 98.5 % of
capacities obtained at 0.5 C. Longer-term cycling at 5 C (150 cycles) have yielded final capacities
above 1250 mAh g*. Mesoporous Ge electrodes with broad temperature ranges (-20 °C to 60 °C)
have been utilised in full cells® with LiFePO4 cathodes and 1.3 M LiPFs in EC: DEC (3:7 V/v)
electrolyte with 10 wt.% FEC. These studies have highlighted that full cells containing Ge anodes
can exhibit high electrode capacities at high C-rates, in addition to long cycle life (~300 cycles).

However, full cells with dimensions less than those of coin cells have yet to be demonstrated.

Full cells incorporating V20s have been investigated in both organic and ionic liquid based

electrolytes,®° however, no full cell analysis has been demonstrated with Csmpyr-based ionic liquids.
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Cheah et al.[®l reported a full cell consisting of V.0s nanofibres with LisTisO1, cathodes and 1 M
LiPFsin EC: DMC electrolyte. A 2016 coin cell format was utilised, where a potential range of 1 V
to 2.5 V was utilised to limit the Li* intercalation/deintercalation to 1 mol per Li per formula unit.
Initial electrode capacities of ~120 mAh g and ~110 mAh g were attained at current densities of
20 mA gt and 100 mA g?, respectively. Higher electrode capacities can be obtained if Li*
intercalation/deintercalation is not restricted to 1 mol per Li per formula unit, as each Li+ inserted
yields a theoretical capacity of ~147 mAh g*. Lu et al.l¥l utilised full cells consisting of vertically
aligned carbon nanotubes (CNT) sheathed with V20s as the cathode, and without the V2Os sheath as
the anode. An ionic liquid electrolyte: N-ethyl-N,N-dimethyl-2-methoxyethylammonium
bis(trifluoromethylsulfonyl)imide (EDMMEA TFSI) containing 1 M LiTFSI and 20% EC was
utilised. In this instance, the potential range utilised allowed for the intercalation/deintercalation of
three Li ions per unit formula. Capacities of 150 mAh g were attained at 1 C within the potential
range of ~3.7 V to 1 V. Comparing the two V20s containing full cells, maximum energy densities of
~215 Wh kg and ~847 Wh kg were obtained for the V20s/ LisTisO12 and V20s-CNT/CNT full

cells respectively.

In this chapter, preliminary full cells containing D.C. sputtered Ge anodes, and electrodeposited V205
cathodes with Csmpyr-based ionic liquids are constructed and tested to determine the feasibility of

this particular material combination for use as a Li-ion battery.
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7.3 Experimental

7.3.1 Ge fabrication

A stack of Ti (10 nm) and Cu (250 nm) was deposited on a 4” diameter silicon wafer using metal
sputter targets (Kurt J. Lesker) in a D.C. magnetron (Quorum Q300T D) dual sputter coating system.
The Ti layer acted as an adhesion layer between the SiO> substrate and Cu current collector. Planar
Ge samples were created by direct current (D.C.) sputter deposition in an Ar environment using a
99.99% pure Ge target (Kurt J. Lesker) at a pressure and current of 1 x102 mBar and 90 mA,
respectively. A punched Cu foil template was placed over the samples during sputtering to control

the size of the active electrode area (0.64 cm?).

7.3.2 V.05 fabrication

A stack of Ti (10 nm) and Au (100 nm) was deposited on a 1 um thermal annealed SiO> layer on a 4”
diameter silicon wafer using metal sputter targets (Kurt J. Lesker) in a D.C. magnetron (Quorum
Q300T D) Dual sputter coating system. The Ti layer acted as an adhesion layer between the SiO;
substrate and Au current collector. V.Os was electrodeposited at room temperature using a CH
Instruments 660B potentiostat. A constant potential of 2 V was applied for 10 s to the Ti/Au working
electrode to achieve approximately 220 nm V205 in a three electrode setup with a saturated calomel
electrode (SCE) and platinum (Pt) mesh as the reference and counter electrode, respectively. The
electrochemical bath was made up of a 0.25 M solution of VOSQO4.xH20, (assumed degree of
hydration is 5) purchased from Sigma Aldrich, in a 1:1 (v/v) mixture of deionized water (DI) and
ethanol. After deposition, the samples were heated to 325 °C for 7 hours to crystallise the V20s

deposit.
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7.3.3 Cell construction and characterisation

A pouch cell was constructed as shown in figure 7.1, where the Ge and V20s electrode were placed
opposite each other separated with either a glass fibre separator soaked with Csmpyr-based ionic or

by PG-60 (polymer gel electrolyte).

Glass fibre separator soaked
with C,mpyrTFSI-based
electrolyte

Or
/ Palymer gel electrolyte (PG-

W 60)

Geon Cu
current
collector

Figure 7.1: Schematic of pouch cell utilised for full cell tests.

N,

Electrochemical measurements of the Li* capacity were assessed by CV and galvanostatic cycling
with potential limitation (GCPL) using a Bio-logic VSP potentiostat at various scan rates and
discharge/charge currents, respectively. A two electrode pouch cell setup was utilised where the D.C.
sputtered Ge on Cu current collector acted as counter and reference electrode, with V205 on Au
current collector acting as the working electrode. The electrodes were separated by either a glass fibre
separator soaked in 0.5 M LiTFSI in CampyrTFSI, or 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI,
or separated with a polymer gel electrolyte (PG-60). Cell assembly was carried out in an argon-filled

glove box (M. Braun LABstar Glove Box) with Oz and H20 maintained below 0.1 ppm.
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7.4 Results and discussion

CV analysis was carried out whereby the Ge anode acted as both the counter and reference electrode.
Due to the multiple Li insertion phases observed for V20s, only the voltage range which exhibited
the €/6 and o/e intercalation peaks was considered. From the analysis, the appropriate voltage range
was determined to be between 0.1 V and 3.3 V as the €/0 and o/e intercalation peaks are observed
within this region. The initial tests carried out were on liquid-based cells which had not undergone
pre-lithiation. These tests were utilised to determine the effects pre-lithiation would have on the cell’s
performance. As shown in figure 7.2, the coulombic efficiencies for both electrolytes is below 40%
for the initial 30 cycles. This is indicative of SEI layer formation at both cathode and anode interfaces.
The coulombic efficiency for the 3 wt.% VC increases incrementally over the following cycles until
an efficiency of 99.9% is achieved at cycle 70. By comparison, the additive-free cell exhibited a jump
in the coulombic efficiency from ~40% to >90% from cycle 40 onwards, with electrode capacities of
~50 mAh gt at 1 C. This shows that the additive-free cell is more capable of cell stabilisation the
electrodes have not been pre-lithiated. The 3 wt.% VC cell does not perform as well as the electrode
discharge capacity reaches a maximum of 40 mAh g at 0.2 C, with negligible capacities (<10 mAh
g1) being obtained at higher C-rates. This may suggest that the superior film forming abilities of VC
hinders the lithiation of electrode materials as the SEI layer formation rapidly consumes the Li present
in the electrolyte, thus resulting in the low electrode capacities. As evidenced in chapters 4 and 5, the
additive-free electrolyte required greater than 30 cycles to achieve a stable cell with coulombic
efficiencies in excess of 90%, therefore the sluggish SEI layer formation allowed for the electrodes

to become sufficiently lithiated to yield electrode capacities in excess of 10 mAh g
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Figure 7.2: Full cell tests carried out in (a) 0.5 M LiTFSI in CsmpyrTFSI and (b) 3 wt.% VC in 0.5

M LiTFSI in CsmpyrTFSI.

When the electrodes are pre-lithiated, an enhanced electrochemical performance is observed for the
additive-containing cell as shown in figure 7.3(b). In this instance, the charge capacity at 0.15 C is
~135 mAh g?! (~92% of theoretical) with a coulombic efficiency >60% which suggests that a
sufficient SEI layer was formed at both interfaces during pre-lithiation. The additive-free cell,
however, still undergoes SEI layer formation as evidenced by the low coulombic efficiency (<50%)
for the first 20 cycles. This is expected as only 10 pre-lithiation cycles were carried out, and at least
30 cycles are required for cell stabilisation. However, even after cell stabilisation, the capacities
obtained are significantly lower than for the cell without pre-lithiation (figure 7.2(a)), for example at
1 C the discharge capacity is ~20 mAh g* versus ~50 mAh g*. This suggests that the Li consumption
during the CV pre-lithiation stage is more extensive than for the galvanostatically charged cells,
resulting in lower capacities. The VC-containing cell exhibited an improved electrochemical
performance after pre-lithiation as higher electrode capacities are obtained, for example, at 1 C the
average discharge capacity is ~50 mAh g for the pre-lithiated cells, while the capacity was <10 mAh
gt at 1 C for the non-lithiated cell (figure 7.2(b)). In addition, the coulombic efficiency of the pre-
lithiated cell was above 60% for all C-rates, which is a significant improvement as 40 cycles was

required to achieve a similar efficiency in the non-lithiated cell.
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Comparing the performances of the lithiated cells it is clear that the VC-containing electrolyte yields
an improved performance across the C-rates, particularly at lower C-rates. At 0.15 C, the VC-
containing cell exhibited a discharge capacity of ~90 mAh g (61% of theoretical), while ~75 mAh
g (51% of theoretical) was obtained for the additive-free cell. A similar trend is observed at 1 C.
However, despite the increased capacity, a higher drop is noted across the 10 cycles for the VC-
containing cell (~0.6 vs. ~0.05 mAh g per cycle). At 10 C, similar capacities are obtained (~3% of
theoretical), which demonstrates that the cell is incapable of sustaining practical capacities at high C-

rates, regardless of the electrolyte utilised.

Long-term cycling analysis (up to 400 cycles) was carried with both cells to determine if the cell is
capable of sustaining a cycle life beyond 100 cycles. As mentioned in chapter 4, Ge undergoes
expansion and contraction during cycling with Li, leading to delamination of Ge from the current
collector. As shown in figure 7.3, both full cells are capable of sustaining 400 cycles, with stable
cycling being maintained across all C-rates. The maximum capacity fade noted across 50 cycles for
the VC-free and VC-containing cells are 0.5 and 0.9 mAh g respectively for cycles 100 to 150 (0.2
C) charge data, however, little capacity fade is observed for the higher C-rates. An improvement in
the 0.5 C capacity is observed for the 0.5 M LIiTFSI cell as cycles 150 to 200 yielded an average
discharge capacity of 35 mAh g, while cycles 20 to 30 exhibited 22 mAh g. In addition, the
coulombic efficiency is improved from 71% to 85%. At higher C-rates such as 5 C, the capacities
obtained are similar to the initial values, ~9 mAh g, which despite being low, demonstrate that
electrode integrity is maintained up to 350 cycles. This is further compounded by the final 0.2 C data,

~52 mAh g, which matches cycles 100 to 150.

The VC-containing cell experiences a decrease in its electrode capacity with increased cycle number
as capacities less than 40 mAh g™ are achieved across the C-rates. The capacities are similar or less

than those for the additive-free cell as shown in table 7.1. The final 0.2 C data (cycles 350 to 400)
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yield a capacity lower than cycles 100 to 150 which suggest that long diffusion pathways (thick

separators) are not suited for VC-containing electrolytes.
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Figure 7.3: Full cell tests carried out in (a) 0.5 M LiTFSI in CampyrTFSI and (b) 3 wt.% VC in 0.5

M LIiTFSI in CsmpyrTFSI. Separator: 900 xm glass fibre.

Page | 235



Nanomaterial-based Devices for Advanced Energy Storage and Delivery
Chapter 7: Preliminary Full Cell Analysis

Average discharge capacity (mAh g?)

3wt.% VCin 0.5 M LiTFSI in
0.5 M LiTFSI in CsmpyrTFSI
CampyrTFSI

0.2

0.5

1

2

5

0.2 (final)

Table 7.1: Comparison of the average discharge capacities obtained during the long-term analysis

of the full cells at different C-rates.

However, the need to miniaturise energy storage devices requires higher volumetric density, therefore
the reduction of inactive components such as electrode binders and separators is required. The cells
mentioned above utilised a 900 um glass fibre separator, and a reduction in this thickness would allow
for higher volumetric densities. A 260 um separator was utilised in the cells, and they underwent the
same pre-lithiation steps and analysis as above, with the results shown in figure 7.4. Higher capacities
are obtained with the thinner separator are higher than those obtained for the 900 um cell, particularly
in the case of 0.5 M LiTFSI in CsmpyrTFSI as shown in table 7.2. The capacity obtained for the 260
um VC-containing cell is similar to those obtained with the 900 um separator, as shown in table 7.2,
however, more stable cycling is observed across the C-rates as minimal capacity drop is observed in
the 260 um cell versus the 900 um cell ( ~0.3 vs. ~1 mAh g* per cycle at 0.5 C, respectively). Like
the 900 um cells, the 260 um VC-containing cell outperformed the VVC-free cell at low C-rates (<2

C) as shown in table 7.4, with similar capacities obtained at high C-rates ( >2 C).
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Figure 7.4: Full cell tests carried out in (a) 0.5 M LiTFSI in CampyrTFSI and (b) 3 wt.% VC in 0.5

M LITFSI in CsmpyrTFSI. Separator: 260 uxm glass fibre.

Average discharge capacity (mAh g?)

3wt.% VCin 0.5 M LiTFSI in
0.5 M LiTFSI in CsmpyrTESI

CampyrTFSI

0.5

1

3.5

10

0.15 (final)

Table 7.2: Comparison of the average discharge capacities obtained for the 900 zm and 260 zm

full cells at different C-rates.

The long-term performance of the 260 um cells were investigated up to 700 cycles, with similar
analysis being carried out for the initial 100 cycles as shown in figure 7.4. For the VVC-free cell, there

is a decrease in the capacity observed between the initial 100 cycles and the subsequent 300 cycles
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as 15 to 20 mAh g capacity drop is experienced for 0.5, 1, 2 and 5 C. In the following 300 cycles,
the capacity is maintained which suggests that the cell has stabilised as 16 mAh g was maintained
at 1 C for cycles 201 to 250 and 501 to 550. Minimal capacity fade is observed for the cell even at
cycles 601 to 650 (5 C), where a drop of only 0.001 mAh g* was noted per cycle. Unlike the VC-free
cell, the VC-containing cell experienced minimal capacity drop between the initial 100 cycles and its
subsequent 300 as a 1 to 6 mAh g drop is observed for all investigated C-rates. This demonstrates
the VC-cell’s ability to stabilise the electrode/electrolyte interface, which ensures stable cycling.
Overall, the VC-cell yields higher capacities across the C-rates than for the VC-free cell, however, a
significant drop in the capacity (from ~96 to 56 mAh g) is observed in the last number of cycles.
This may be indicative of cell failure or could suggest that a significant event such as partial electrode
delamination or cracking has occurred within the cell. Due to the current restrictions and equipment
issues, the reason for this drop in capacity is currently unknown but will be investigated when

appropriate.
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Figure 7.5: Long-term cycling tests carried out in (a) 0.5 M LiTFSI in CampyrTFSI and (b) 3 wt.%

VC in 0.5 M LiTFSI in CsmpyrTFSI. Separator thickness: 260 pm.

The results obtained for the liquid IL electrolytes yield promising results as they demonstrate long-
term stability (600 to 700 cycles) for binder-free planar Ge containing cells. The theoretical capacity

of the full cells is 10.5 pAh. Figure 7.6 demonstrates the capability of the 260 um full cells. For the
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additive-free cell (figure 7.6(a)) capacities between 1 and 5 pAh are attained in the initial 100 cycles,
whereby the average discharge capacity at 0.2 C was 4 pAh (~38% of theoretical). A similar trend is
observed for the VVC-containing cell, as the average capacity for the VC-cell is 5.7 and 3.2 pAh at 0.2
C (cycles 11 to 20) and 1 C (cycles 41 to 50) respectively. Even at a high C-rate of 10 C (cycles 81
to 90), 0.9 pAh is obtained. The VC-containing cell maintains an average discharge capacity of 1.3
MAh at 5 C for cycles 600 to 650, which show that the prototypes are competitive with commercial
microbatteries provided further optimisation take place. In addition, the electrode thicknesses utilised
within the full cells account for 300 nm (220 nm and 80 nm for V205 and Ge respectively), while

typical microbatteries utilise micron scale electrodes.
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Figure 7.6: Full data demonstrating the capacity of the prototype batteries for (a) 0.5 M LiTFSI in

CampyrTFSI and (b) 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI.
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However, in order to be truly competitive with commercial microbatteries, a solid-state electrolyte
must be utilised. A full cell test incorporating 312 um PG-60 electrolyte was carried out. As the
literature utilise slow C-rates such as C/20,[*-2l the analysis was carried out using 0.01 C to 0.1 C. The
results are shown in figure 7.7. The galvanostatic profiles suggest that 0.01 C is too slow a scan rate
to utilise for the cell as it appears that complicated side reactions occur which prevent the cell from
charging. When 0.1 C is applied, the cell charges and discharges with no issues, hence careful
consideration of the C-rate is required. From the capacity data, it is evident that low electrode
capacities (< 14% of theoretical) are obtained at these slow C-rates. If faster rates are applied, then
negligible capacities are obtained which may indicate that there is poor interfacial contact between
the electrodes and the electrolyte or else the diffusion pathway for Li is too long, thus resulting in

lower capacities.

100

140'(3) . 30 (b) ——0.01C -cycle 1
amamyg BUREEEE : ——0.1C-cycle 29
120 4 (L F80 ¢ ——0.01C -cycle 35
1 ..II-.. L] 3\- 25 l ’
A [ ~7
o100 . g >
E r60 2 = 2.0
= 801 E 2
2 o 2
S B0 L o 1.51
g i. a 40 -g o
S a0l v, % 1.0 ——
1 =20 O
201 waiaiia: 0.5
EEEREEEEES
0 T - T T T T —0 0.0+ T T T T T T T
0 5 10 15 20 25 30 35 0 20 40 60 80 100 120 140
Cycle number Capacity / mAh g

Figure 7.7: (a) Capacity versus cycle number at 0.01 C (blue), 0.05 C (red), 0.075 C (green) and
0.1 C (orange), where black refers to the coulombic efficiency and (b) galvanostatic profiles

obtained for the full cell. Electrolyte: 312 um PG-60

Further work is required to fully analyse the interfacial kinetics as good performances are expected
with PG-60 as both Ge and V20s exhibited high electrode capacities and coulombic efficiencies in
the half-cell tests. However, one method to try and improve the capacity per unit volume of the PG-

60 cell is to reduce the electrolyte thickness. In order to reduce the thickness of PG-60, spin coating
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is an option as it allows the electrolyte to be spun directly onto the electrode surface which ensures
good interfacial contact. In order to optimise the parameters for spin coating, a variety of spin speeds
were selected and analysed. The polymer was spin coated onto a 4 inch wafer, and the resultant
thickness and corresponding ionic conductivities are shown in table 7.3. As the spin speed increases,
the thickness decreases which is expected, however, the ionic conductivity also decreases with
increased spin speed. As shown in table 7.3, high spin speeds such as 150 rpm vyield ionic
conductivities similar to the drop-cast PG-50, which consists of 50% ionic liquid. This decrease in
conductivity could be attributed to the loss of ionic liquid and LiTFSI salt from the polymer when
high spin speeds are utilised.

lonic conductivity Similar to drop cast

Spin speed (rpm) Thickness (um)

(mS cm?t) polymer (chapter 3)

55 . ~0.3t00.8 mScm™?

75 83 2.27 higher than PG-60
91 1.39 ~0.5t0 0.8 mS cm™*
63 1.1 less than PG-60
55 0.61 PG-50

Table 7.3: Comparing the thickness and ionic conductivity of the polymer gels at different rpms.

A relationship between the spin speed and ionic conductivity was investigated and a linear
relationship was identified as shown in figure 7.8. From the graph it was determined that spin speeds
of ~89 rpm would yield a similar ionic conductivity as that observed for the drop casted polymer gel
electrolyte PG-60. Both spin speeds were investigated and ionic conductivities of 1.5 and 1.7 mS cm’
1 were obtained for 89 and 88 rpm, respectively. These results demonstrate that a prediction can be
made from the spin speed to determine the ionic conductivity of PG-60, which will enable easy

fabrication and tailoring of the electrolyte to suit any application.
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Figure 7.8: Relationship between spin speed and ionic conductivity of the polymer gel electrolytes,

where the right image depicts the rpm which should produce film conductivities of ~1.9 mS cm™.

These results show the promise of V20s/Ge cells, however, in order to realise their potential for 10T
sensors, further optimisation is required, particularly with the polymer gel electrolyte in order to
achieve a balanced cell with minimal loss of Ge active material. This may require the utilisation of
thicker electrodes (um-scale) which will compensate the loss of Ge during cycling. Due to the
ongoing COVID-19 restrictions, the timescale for optimisation is longer than originally anticipated.
Therefore, we have focused our research efforts on the alternative V2Os/Li full cell realised in chapter
5, where a 220 nm V20Os/Li cell exhibited over 400 cycles without the occurrence of short-circuiting,
while maintaining high electrode capacities with minimal capacity fade (0.4% over 50 cycles at 5 C).
Due to its compatibility with both liquid and polymer gel electrolytes, it is a suitable alternative to
expedite the creation of a microbattery for 10T sensors. Comparing its performance with 0.5 M
LiTFSI in CampyrTFSI with the V20s/Ge cell, it is evident that the 220 nm V,Os/Li cell performance

is superior as capacities of ~6 LAh were obtained at 1 C (< 3 pAh for Ge-containing cell).
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7.5 Conclusion

Pre-lithiation of V20s/Ge cells is essential when utilising CampyrTFSI-based electrolyte containing
VC, while VC-free cells exhibit stable cycling after 40 cycles with capacities of ~60 pAh g being
obtained at 1 C. The performance of the VVC-free cells is not greatly enhanced upon pre-lithiation as
similar capacities are obtained when compared to its non-lithiated counterpart. However, a significant
improvement occurs in the VC-cell as a capacity >30 mAh g is obtained at 2 C, while the non-
lithiated cell exhibited a capacity <1 mAh g*. Both the VC-free and \VC-containing pre-lithiated cells
exhibited long-term cycling capabilities as the maximum capacity fade noted across 50 cycles for the
VC-free and VC-containing cells are 0.5 and 0.9 mAh g respectively for cycles 100 to 150 (0.2 C)

charge data, however, little capacity fade is observed for the higher C-rates.

The utilisation of a 260 um separator leads to further improvements in the electrochemical
performance of the cells as more stable cycling is observed across the C-rates as minimal capacity
drop is observed in the VC-containing 260 pm cell versus the 900 pm cell (~0.3 vs. ~1 mAh g per
cycle at 0.5 C, respectively). This is further demonstrated with in the long-term cycling tests as
minimal capacity fade is observed for the cell even at cycles 601 to 650 (5 C), where a drop of only
0.001 mAh g* was noted per cycle for the VC-free cell. The cells demonstrate long-term cyclability
which has not been previously mentioned in the literature for a binder-free planar Ge thin film-

containing battery.

It is evident to see that the prototype is a competitor to typical solid-state microbatteries as VC-cell
exhibits 5.7 and 3.2 pAh at 0.2 C (cycles 11 to 20) and 1 C (cycles 41 to 50) respectively. Even at a
high C-rate of 10 C (cycles 81 to 90), 0.9 pAh is obtained. Remarkably, the VC-containing cell
manages to maintain an average discharge capacity of 1.3 pAh at 5 C for cycles 600 to 650, which

show that the prototypes are capable of being competitive with commercial microbatteries provided
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further optimisation take place. In addition, the electrode thickness utilised within the full cells
account for 300 nm (220 nm and 80 nm for V20s and Ge respectively), while typical microbatteries

utilise micron scale electrodes.

Solid-state prototype tests were carried out using slow C-rates, however, the capacities obtained are
too low to be competitive with commercial cells. A method to reduce the thickness of the polymer is
to spin coat the polymer gel. This would allow for greater interfacial contact to be attained, in addition
to thinner electrolytes and higher volumetric energy density. A reliable fabrication method has been
identified which utilises a relationship between spin speed and ionic conductivity, which can allow

for tailored solutions to be obtained.

Due to COVID-19 lockdown and restrictions, further tests to optimise the full cells could not be
carried out, however, the results shown demonstrate promise for ionic liquid-based batteries

containing Ge and V20s electrodes.
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Summary

General Introduction

A brief discussion of the Internet of Things (loT), and the requirements required for its wide scale
application is given. Various types of energy harvesters are discussed, where their typical power is
outlined in addition to their requirements for operation. Their shortcomings are addressed, and the
need for a combination of energy harvesters and microbatteries is outlined in order to ensure

autonomy of 10T sensors.

The most recent advances in solid-state microbatteries is briefly mentioned, where references to
microbatteries containing LiCoO: is initially addressed, followed by doped LiCoO: electrodes, and
then Co-free electrodes such as LiFePO4. The issues associated with solid-state electrolytes such as
sluggish Li* are addressed as high temperatures are required in order to get enough power from the
microbattery. As this reduces the applicability of the all-solid-state microbatteries, the need for an

alternative material is highlighted.

Chapter 1: Literature Review

lonic liquids (IL) are offered as an alternative electrolyte, and their advantages are outlined such as
wide electrochemical windows, high ionic conductivity and negligible vapour pressure. The
combination of the cation and anion can have a significant effect on the electrochemical and

physiochemical properties of the IL.
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A comprehensive discussion on pyrrolidinium-based ionic liquid electrolytes is carried out, where
the electrolytes are separated based on their cations. In each section a thorough discussion of the
recent advances are outlined. Different electrode materials are discussed where cathodes are
thoroughly  discussed initially focusing on cobalt containing electrodes (LiCoOy,
Li(Nio.sCoo.15Al0.05)Oz, etc.) and transitioning into cobalt-free electrodes such as LiFePO4, V20s, etc.
Finally, the anode materials are discussed where conventional materials such as graphite and Li metal
are initially discussed, followed by various other anode materials such as Ge, Sn and Si. Polymer gel
electrolytes and full cell tests were discussed in the relevant sections where applicable and in thorough

detail which outline the feasibility of ionic liquid electrolytes for use in Li-ion batteries.

Chapter 2: Electrochemical and Physical Characterisation Techniques

A discussion of the fundamental principles of the electrochemical and physical characterisation
techniques are discussed in this chapter, in addition to physical vapour deposition techniques. The
electrochemical techniques discussed are cyclic voltammetry, chronopotentiometry,
chronoamperometry and electrochemical impedance spectroscopy as they are typical techniques used
in electrodeposition and battery studies. Physical characterisation techniques such as scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX) are efficient
instruments to study the surface morphology and microstructure changes during Li+ insertion and de-
insertion and can yield quantitative material analysis. Techniques such as Raman spectroscopy and
Fourier transform infrared spectroscopy (FT-IR) are common non-destructive techniques that give
information on the chemical structure of the material, particularly useful for polymer gel materials.
A profilometer was mostly used to measure the electrodeposited and direct current (D.C.) magnetron
sputtered materials/thin  film dimensions. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) techniques were discussed in order to characterise polymer gel

electrolytes by determining the degree of crystallisation and decomposition temperatures respectively.
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Finally, D.C. magnetron sputtering was discussed as the physical vapour deposition technique used

to deposit substrates, current collectors and electrode materials utilised in this thesis.

Chapter 3: lonic Liquid Analysis

In this chapter, an extensive analysis of ionic liquid electrolytes was carried out. CV analysis was
initially  utilised in order to determine the electrochemical window of both
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide (P14666 TFSI) and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (CsmpyrTFSI) and compared to a standard
organic electrolyte 1:1 v/v solution of ethylene carbonate (EC):diethyl carbonate (DEC). CampyrTFSI
yielded the largest electrochemical window of the three electrolytes and was the IL electrolyte chosen
to be studied further. The effect of LiTFSI salt concentration was investigated to determine its
compatibility, its Li-ion mobility within the ionic liquid and ultimately its optimum concentration.
This was carried out in a two-fold investigation, CV and electrochemical impedance spectroscopy
(EIS) to determine the optimum LiTFSI salt content for CampyrTFSI electrolytes. Initially CV
analysis was carried out to determine the lithium deposition and stripping mechanisms within the
ionic liquid. Its performance was compared to 1 M LiPFg ina 1:1 v/v solution of EC:DEC to compare
the efficiency of Li* mobility within the IL with conventional organic electrolytes. EIS analysis was
utilised to determine the optimum LiTFSI salt concentration based on the ionic conductivity of the
electrolyte. Initially the blank ionic liquid was investigated, and this was compared to the salt in ionic

liquid data.

After a thorough investigation of the liquid ionic liquid, a polymer gel version was synthesised, which
was comprised of LiTFSI salt, PVDF-HFP and CsmpyrTFSI. A series of polymer gels were
synthesized via drop casting, where the C4smpyrTFSI content was varied between 10% and 60%.

Flexible, free-standing films were obtained which demonstrated different surface morphologies
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which was attributed to the CampyrTFSI content. FT-IR and Raman spectroscopy was carried out to
determine if the crystalline structure of the polymer gel is affected by increasing CampyrTFSI
concentrations. The crystalline structure was determined to be affected by the CasmpyrTFSI
concentration as high CsmpyrTFSI concentrations (>40%) yielded more amorphous polymer gel

films as evidenced by FT-IR and Raman spectroscopy analysis.

The effect of crystallinity on the melting point and thermal stability of the polymer gels were
investigated by both DSC and TGA. Comparisons between the PVDF-HFP, PVDF-HFP with LiTFSI
and PVDF-HFP with LiTFSI and various CsmpyrTFSI concentrations were compared. The degree of
crystallinity was affected upon addition of LiTFSI salt and CsmpyrTFSI as determined by DSC
analysis. TGA analysis in N2 and air environments is discussed over temperature ranges of ~25 °C to
~800 °C, where different ramp rates were utilised, to determine the decomposition temperatures of
the polymer gels. Comparing the results obtained for both N2 and air environments demonstrate the
effect the packaging environment of the battery could have on the operational temperature of the

polymer gel.

EIS analysis of the polymer gel electrolytes was discussed as the ionic conductivities varied
depending on the CsmpyrTFSI concentration. The results were compared to solid-state electrolytes,
to highlight the improved ionic conductivity when compared to solid-state electrolytes (23x to 600x
greater). lonic conductivities of similar magnitude were obtained when compared to conventional

organic electrolyte, thus highlighting the feasibility of the polymer gel electrolytes.

Chapter 4: Evaluation of Ge Anodes with lonic Liquid Based Electrolytes

Following on from chapter 3, further anode material analysis was discussed with D.C. magnetron
sputtered Ge. The films were investigated initially using Raman analysis to determine if amorphous

or crystalline films were obtained when sputter deposited onto a Si substrate. Characteristic
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amorphous Ge Raman peaks were obtained. Investigation with SEM and EDX analysis yielded the
expected results where Ge was detected in addition to the Cu current collector and Si substrate.
Initially, CV analysis was carried out to determine the compatibility of Ge anodes with CsmpyrTFSI-
based electrolytes. Their performance was compared to Ge anodes within a conventional organic
electrolyte (1 M LiPFe in 1:1 v/v EC:DEC). Solid-electrolyte interphase (SEI) layers formed more
readily within the organic electrolyte due to its narrower electrochemical window as highlighted in
chapter 3, thus demonstrating more stable cycling then the IL counterpart. Despite this, the capacities

obtained at various scan rates were greater than 800 mAh g1,

EIS analysis was carried out to determine if the addition of additives has an effect on the ionic
conductivity of the ionic liquid electrolyte. The ionic conductivities of the additives in 0.5 M LiTFSI
in CsmpyrTFSI are similar to the ionic conductivity of 0.5 M LiTFSI in CampyrTFSI without
additives (1.5 mS cm™). An investigation into VC and FEC additives was carried and discussed as
the formation of an SEI layer within IL electrolytes is sluggish when compared to the organic
carbonate containing electrolytes, therefore the utilisation of carbonate based additives whose
breakdown occurs at potentials higher than 0 V vs. Li/Li*, will allow for faster SEI layer formation
within the IL electrolyte. Discharge capacities of ~1200 mAh g* were attained at 0.1 mV s with 3
wt.% VC in 0.5 M LiTFSI in CsmpyrTFSI which demonstrated higher capacities than the additive

free electrolyte.

Post-mortem SEM analysis of the cycled Ge electrolytes was carried out after 100 cycles with various
scan rates in the IL-based electrolytes to determine if a change in the morphological features occurred.
All electrode exhibited delamination from the current collector as evidenced by the SEM and EDX

data.
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CV analysis of the Ge electrode with the polymer gel electrolyte PG-60 was carried out and
comparisons between its performance and the liquid counterparts were drawn. A comparison of thick
(~400 pm) versus thin (~42 pm) PG-60 was discussed. Despite the lower capacities exhibited by the
400 pm PG-60 film, the coulombic efficiencies were close to 100%, while lower coulombic

efficiencies were obtained with the thinner film (~80%).

As galvanostatic cycling replicates the charging and discharging cycling that would occur in batteries,
this analysis was carried out on the liquid and polymer gel electrolytes. Typical galvanostatic profiles
were observed for the 3 wt.% VC in 0.5 M LiTFSI in CampyrTFSI and PG-60 cells, where the 3 wt.%
VC in 0.5 M LIiTFSI in CampyrTFSI results have demonstrated better electrochemical rate
performances than those in literature where similar IL electrolytes were used: 1 M LiTFSI in
CampyrTFSI and 1 M LIiTFSI in CampyrFSI. The results are comparable to nanoarchitectured Ge-
based anodes in organic electrolytes as capacities of <1200 mAh g have been demonstrated at 1 C
in 1 M LiPFs in 1:1:2 v/viv of ethylene carbonate (EC):propylene carbonate (PC):diethyl carbonate
(DEC) with 10 wt.% FEC. Galvanostatic cycling with PG-60 further demonstrated its compatibility
with Ge, as coulombic efficiencies of >99% were obtained at various C-rates. Therefore, this polymer
gel electrolyte is capable of buffering the expansion effects experienced by Ge and is suitable for use

as a flexible, high conductivity, thermally stable electrolyte for application in Li-ion microbatteries.

Chapter 5: Evaluation of Electrodeposited V,Os as Li-ion Cathodes with CympyrTFSI

ionic liquid electrolytes

In this chapter, the electrochemical analysis of an electrodeposited nanoscale film of V2Os is reported.
Current additive-free electrodes are typically deposited via physical vapour deposition. Utilisation of
this line-of-sight technique is suitable for thin films, however, it makes it difficult to achieve uniform

deposition onto micron tall 3D nanoarchitectures. To make the fabrication of 3D core-shell
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nanoarchitectures a reality, electrode materials need to be easily deposited uniformly, which is
achieved in this chapter as V20s is a cathode material that can be easily electrodeposited thus

demonstrating its potential to be used to fabricate 3D core-shell nanoarchitectures.

V205 thin films were electrodeposited onto substrates, where some samples underwent annealing at
325 °C for 7 hours to crystallise the V.05 deposit, while other samples were dried using a N2 gun.
Both films were investigated using SEM and EDX, where a porous structure was observed in both
films. Raman analysis confirmed that the annealed V20s thin films exhibited a crystalline structure,

while the unannealed films exhibited an amorphous structure.

CV analysis for the a/e and /6 phases was carried out on the crystalline V20s films in 0.5 M LiTFSI
in C4mpyrTFSI, where CV cycling revealed the well-defined characteristics peaks for the crystal o/
and &/8 phases at scan rates 0.05 mV s, 0.1 mV st and 0.5 mV s™. The contributing kinetics were
investigated and revealed that the a/e phase is primarily diffusion controlled and that there is a
significant intercalation pseudocapacitance (non-diffusion controlled) contribution in the &/4 phases.
A comparison of two different thicknesses (600 nm and 300 nm) was carried out, whereby faster
electrode kinetics occurred in the thinner film as evidenced by the reduced peak separation and
sharper peaks. Similar CV analysis was carried out on the amorphous films, however, due to the lack
of long-range order in amorphous materials, no preferred ion diffusion channels exist, causing
isotropic lithium diffusion. Unlike the crystalline material, no sharp peaks are observed, but rather
broad peaks, which are more indicative of pseudo-capacitive storage, where pseudo-capacitance
occurs either at the particle surface or within the interlayer spacing of the material. A comparison of
the crystalline and amorphous data show that the crystalline V205 films offer higher electrode

capacities and coulombic efficiencies than the amorphous electrodes.
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As full cell prototypes were planned using Ge and V:0s electrodes, investigations into the
electrochemical performance of V.Os electrodes with additive containing electrolytes were
performed. Analysis of the electrode kinetics determined that the 3 wt.% VC containing electrolyte
offered the highest peak separation of the additive containing electrolytes (/6 peaks VC: 131 vs. FEC:
110 at 0.5 mV s?), thus demonstrating that a higher resistance to electrolyte charge transport and
transfer at the electrode/electrolyte interface is present. This could be indicative of the formation of
an SEI layer, which would increase the resistance to charge transfer, however, the peak separation
and b-value values are similar to the additive free electrolyte. All three electrolytes yielded coulombic
efficiencies close to 100% which demonstrates the compatibility of the ionic liquid with V20s

electrodes.

In order to determine the electrochemical performance of the V20s electrodes both in amorphous and
crystalline forms at different C-rates, galvanostatic cycling was employed. Differences in the
galvanostatic profiles were observed as the crystalline film exhibits the typical step profile indicative
of the various phase changes V205 undergoes during cycling with Li*, while no plateaus are observed
in the amorphous films, indicative of the system behaving like a pseudo-capacitor. Various
electrolytes were analysed including PG-60. The crystalline V20s films exhibited better galvanostatic
performance than the amorphous counterparts in each electrolyte, for example ~131 mAh g* and ~81

mAh g at 0.3 C with PG-60 electrolyte.

The addition of 3 wt.% VC to the electrolyte yielded better performances than for 0.5 M LiTFSI in
CampyrTFSI as higher electrode capacities were obtained at each C-rate (e.g. discharge capacity ~119
mAh g vs. ~101 mAh gtat 1 C). In addition, the coulombic efficiencies were greater than 90% for
all C-rates. A similar trend was observed for both crystalline and amorphous V205 films with PG-60

as an electrolyte. For all electrolytes, stable cycling was obtained for both amorphous and crystalline
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films, however, at high C-rates a larger capacity drop is observed for the amorphous films (~5 mAh

g versus ~80 mAh g at 10 C in PG-60).

Long-term cycling was carried out in three electrolytes, 0.5 M LiTFSI in CampyrTFSI, 3 wt.% VC in
0.5 M LiTFSI in CampyrTFSI and PG-60. All three electrode systems exhibited stable cycling over
a further 300 cycles, and the electrode capacities were recovered after fast cycling (5 C) when 0.2 C
was applied to the cell. The high coulombic efficiencies that were observed in the initial 100 cycles
(>80%), were observed for the subsequent cycles which show the compatibility of the V.Os electrodes
with both Li* cycling and ionic liquid based electrolytes. The best performance was obtained for the

PG-60 where minimal capacity drop was observed (0.4% over 50 cycles at 5 C)

Chapter 6: Evaluation of Inverse Opal TiO, Anodes with lonic Liquid Based

Electrolytes

Before investigating a prototype full cell, both the liquid and polymer gel ionic liquid electrolytes
compatibility with nanostructured electrode materials was investigated with inverse opal (10) TiO>
electrodes which were prepared in collaboration with the Applied Nanoscience Group in University
College Cork headed by Prof. Colm O’Dwyer. CV analysis of the TiO> electrodes were carried out
with 1 M LiPFs in 1:1 v/iv EC:DEC, and various CampyrTFSI-based electrolytes. Swelling of the
TiO> lattice was observed in both 1 M LiPFe in 1:1 v/iv EC:DEC, and 0.5 M LiTFSI in CsmpyrTFSI
after 100 cycles, and in order to reduce this, electrolytes containing additives were discussed.

CV analysis determined that wt.% of VVC additive should be less than 3 wt.% as contents above 3 wt.%
do not yield higher electrode capacities over the course of 100 cycles. Polymer gel analysis was
carried out with the TiO> electrodes to determine if the electrochemical performance can be enhanced.
The polymer gel was drop casted into the TiO- electrode and did not penetrate the entirety of the TiO-

porous network, therefore did not vastly improve the electrochemical performance.
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Chapter 7: Preliminary Full Cell Analysis

Following on from the previous chapters, ionic liquid-based full cells are constructed using V20s
cathodes and Ge anodes. Pre-lithiation of the electrode materials is desirable for VC-containing
electrolytes (900 um separator) as a significant increase in the electrochemical performance of the
VC-containing cell. Up to 400 cycles was demonstrated with both VC-free and VC-containing cells,
where the maximum capacity fade noted across 50 cycles are 0.5 and 0.9 mAh g respectively for

cycles 100 to 150 (0.2 C) charge data, however, little capacity fade is observed for the higher C-rates.

A reduction in the separator thickness results in more stable cycling across the C-rates as minimal
capacity drop is observed in the VC-containing 260 versus a 900 um thick electrolyte cell ( ~0.3 vs.
~1 mAh g* per cycle at 0.5 C, respectively). Up to 700 cycles was achieved for both VC- and VC-
free cells without significant capacity fade or cell failure. These cells are comparable to typical solid-
state microbatteries, as capacities of 5.7 and 3.2 pAh at 0.2 C (cycles 11 to 20) and 1 C (cycles 41 to
50) respectively are demonstrated by the prototype, with an average discharge capacity of 1.3 pAh at
5 C for cycles 600 to 650 being attained after significant C-rate analysis. Despite the promising results,
the optimisation time-scale is severely impacted due to COVID-19 (much longer than originally
anticipated), hence the research focus shifted to the alternative VV2Os/Li full cell realised in chapter 5.
Comparing its performance with 0.5 M LiTFSI in CsampyrTFSI with the V20s/Ge cell, it is evident
that the 220 nm V>0s/Li cell performance is superior as capacities of ~6 pAh were obtained at 1 C
(< 3 pAh for Ge-containing cell). Therefore, demonstrating its promise as a prototype microbattery

for 10T sensors.
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Conclusion

In this thesis, the creation of new free-standing and flexible polymer gel electrolytes was
demonstrated in chapter 3. They can be readily synthesised from ionic liquid precursors with no need
for heat or vacuum during the drying process or no need for further processing once dry. The polymer
gels exhibit ionic conductivities comparable to typical organic electrolytes, and 23x to 600x greater
than for conventional solid-state electrolytes. The ionic liquid content affected the crystallinity of the
polymer gel electrolyte, and thus differences in the physiochemical properties were observed. For
liquid ionic liquids, the optimum salt concentration must be determined as increased salt
concentrations led to increased viscosity and lower ionic conductivities, thus demonstrating the
importance for optimisation. Chapters 4 demonstrated the need for thorough investigation of electrode
materials with ionic liquid electrolytes as SEI layer formation within the IL is slower than for typical
organic electrolytes, therefore the use of additives such as VC and FEC can enhance the SEI layer
formation within the IL electrolyte, and improve the electrochemical performance of the Ge electrode.
Chapter 5 demonstrated that the crystallinity of the electrode can affect its performance within ionic
liquid-based electrolytes. In the case of V2Os, crystalline films exhibited better CV and galvanostatic
cycling performances in both liquid and polymer gel electrolytes. Chapter 6 highlighted the
electrochemical performance of the ionic-liquid based electrolytes with an inverse opal TiO>
electrode. This analysis highlighted the importance of additive concentrations in addition to their
combined use with polymer gel electrolytes. Finally, chapter 7 highlights promising V20s/Ge
preliminary full cell data, which is competitive with typical solid-state microbatteries, however,

further optimisation of the cells are required.
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Future Work

Future work based on these findings should focus on developing a deeper understanding of the
materials and ionic liquid relationship and the development and optimisation of fabrication processes.
Analysis of crystalline Ge materials could be investigated to determine if its crystalline form will
perform better in CsmpyrTFSI-based electrolytes as was observed for V.Os. Investigations into the
use of CasmpyrTFSl-based ILs as electrodeposition mediums can be carried out to realise
nanostructured electrode materials which will enable higher electrode capacities to be obtained. In
addition, its utilisation as the electrolyte for these nanostructured materials will ensure thorough
wettability of the electrode material. Improving the understanding between the form and function of
nanomaterials and their processing is a very important field, which undoubtedly will experience

significant growth in the coming years, particularly where IL electrolytes are concerned.

In the course of this thesis, two full cell configurations have been identified and analysed: V20s/Ge
and V20s/Li. Both offer promising results which are competitive with typical solid-state
microbatteries. Currently further research is being carried out in our lab to utilise these full cells
within implantable medical devices. In addition, the polymer gel synthesis outlined in both chapter 3
and chapter 7 are being utilised in various research projects in different fields such as gas sensing.
The results offered within this thesis have created a steppingstone for further advancements in the

field of energy storage, particularly when pyrrolidinium-based IL electrolytes are utilised.
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