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A Fundamental Study of Nanostructured Si Anodes for Rechargeable Lithium Ion
Batteries

Bharat Gattu, Ph.D.

University of Pittsburgh, 2020

Lithium-ion (Li-ion) batteries have emerged as the flagship, ubiquitous energy storage
systems for portable / stationary consumer electronic devices such as video cameras, laptops,
mobile phones including the plug-in hybrid as well as in the current models of all electric vehicles
(EVs). Despite the commercialization of the first prototype Li-ion battery in 1990 by Sony,
commercial Li-ion battery systems currently still employ graphite/carbon having a theoretical
capacity of ~372 mAh/g as the anode system. Silicon exhibits a theoretical capacity of ~4200
mAh/g and is explored as a promising anode to replace graphite in LIBs. However, silicon
undergoes huge volume expansion (>300%) during lithium alloying / de-alloying resulting, in
tremendous crystallographic related phase induced stresses. As a result of these stresses, there is
pulverization of the active material in the electrodes resulting in loss of electronic contact with the
substrate/current collector resulting in drastic and rapid reduction in capacity and subsequently,
the failure of the battery.

In this work, different synthesis approaches (electrodeposition, electroless plating,
hydrothermal synthesis, chemical vapor deposition, high energy mechanical milling) for
generating nanoscale Si and/or Si composite nanostructures, such as (1) silicon-carbon core-shell
(C@Si1@C) hollow nanotubes, (2) silicon nanorods and silicon nanoflakes, (3) electrodeposition
of silicon thin films and (4) Si/VACNTs directly grown on Cu serving as binder-less system, are
discussed. Their electrochemical behavior has been analyzed and correlated to the synthesis

process, ensuing structural changes, related structural and microstructural property, degradation
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mechanism and finally their performance. The Si anodes were characterized for their structure,
microstructure and electrochemical performance (first cycle irreversible loss, specific charge —
discharge capacities, fade rate) in Li/Li+ system. Their behavior was correlated to morphology of
nanostructures before and after electrochemical cycling, and process parameters employed during
the synthesis process. X-Ray diffraction, Raman spectroscopy, SEM/TEM, BET analysis and XPS
have been used to characterize the crystallographic structure and composition of these
nanostructures before and after electrochemical cycling to confirm the evolution, phase and
morphological stability of these nanostructures. Subsequently, effort has been made to analyze and
study the electrochemical response in full cell system using LINMCI111 at critical loadings using

CC-CV mode of testing.
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Preface

Lithium ion batteries over the past five decades have emerged to be the dominant energy
storage systems due to their exceptional gravimetric and volumetric power and energy storage
capability. The market of lithium ion batteries is valued at USD 20 — 30 billion with applications
in portable electronics, medical devices, military accessories and more recently, in automotive
industries (electric vehicles, hybrid electric vehicles, plug — in hybrid electric vehicles) and
residential energy management and storage applications. The success of transition to alternate
energy sources depends on the development of lithium ion batteries into more compact design with
better energy and power capabilities. The major focus of the dissertation is to develop silicon-
based anodes as a replacement to carbon anodes both for current and future lithium ion battery
chemistries. Additionally, from a manufacturing and environmental perspective, the methods have
been focused on existing technologies which can be scaled up and the progression of the work has
been streamlined towards the use of environmentally friendly methods and precursors minimizing
the economics involved in the development of the silicon systems.

The dissertation introduces the history of lithium ion batteries and briefly describes the
evolution of different components over time. Subsequently, the motivation and issues with the
silicon anode system and different methodologies have been described. A framework of research
and development has been described and a study relating process, process parameters, silicon
anode structures, scientific characterization, electrochemical testing and the performance of these
anode systems has been conducted to establish process — material structure — material properties —

performance relationship. One of the motivations of this dissertation is to merge the material
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science and engineering framework of material structure — material property relationship with the
chemical engineering framework of process parameters — material property.

Modification of the processes and well as process parameters result in formation of various
silicon — based structures such as Si nanotubes, nanoflakes, nano rods, thin films as well as
composite Si — vertically aligned carbon nanotubes directly on current collector. The material
properties of the Si anode resulting from the change in these process parameters vary from
amorphous to nano crystalline to single crystal along with the change in morphology, architectural
dimensions (such as the wall thickness), composition of the silicon, etc. These variation in the Si
anode material reflect in the electrochemical performance parameters such as first cycle
irreversible loss, immediate initial fade rate, long term fade rate, gravimetric specific capacities.

Different methodologies for the coin cell testing have been developed and described with
an initial analysis for the performance of full cell system (LiNMC — silicon) has been conducted.
The dissertation ventures into engineering design and full cell testing with a focus on the effect of
areal loading, areal capacity, N/P ratio on the phenomenon of Li reaction with active anode
(silicon, carbon, etc) and Li plating occurring in a full cell under constant current — constant voltage
mode at different current rates. The appendix sections enlist and describe the design, development
and performance of carbon based electrodes for stabilized Li metal plating followed by hybrid
solid state ceramic electrolyte system based on enhanced ionic conductivity of Li ions due to low

activation energy for surface migration making them feasible for room temperature operation.
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1.0 Introduction

1.1 Motivation

Energy is the most essential component for the survival of mankind and has played a vital
role in the development of human civilization and race for centuries. Catering the requirements of
the growing global population and the extensive industrialization of worldwide nations resulting
in the environmental degradation requires tapping energy resources in an efficient,
environmentally favorable, affordable and sustainable manner. For example, approximately four
fifths of the United States energy consumption is derived, maintained and sustained from various
fossil fuels such as natural gas, petroleum and coal. The dependency on these conventional non —
renewable energy sources have resulted in their depletion and near future extinction along with
excessive CO: generation, increased carbon footprint leading to adverse consequences in nature,
such as global warming, climate change, desertification, extinction of different species of flora and
fauna. Alternatively, harnessing renewable clean energy sources similar to wind, solar, water,
oceanogenic and geothermal heat are in great demand which are replenished naturally and can
sustained indefinitely if the infrastructure is deployed in an efficient and prudent way at different
geographical locations based on long term sustainability model. However, majority of these
sources are immobile and geographically constrained within their region of availability, thus,
limiting their direct efficient application in routine activities and hence, the energy is required to
be transported in the form of electricity and stored to result in practical use. Various
electrochemical energy storage devices such as capacitors (super, ultra) and batteries which

convert chemical / electrochemical energy directly to electricity and vice — versa and fuel cells



which convert electrochemical energy directly to electricity, offer practical solution for a wide

range of applications such as electric vehicles, portable electronics, grid energy storage with

potential applications in defense and space exploration. A Ragone plot (Figure 1) comparing the

energy and power performance capabilities of these energy storage systems indicate the ability of

capacitors for use in high power applications while fuel cells to be employed in massive energy

generation devices.!? Batteries, on the other end of spectrum, show intermediate range

performance / characteristics enabling applications in a broader market segments such as portable

electronics and especially, in the transportation sector for both ICE (internal combustion engine)

and electric vehicles.

" Lead Acid
Batteries

Specific Energy [W*hr/kg]

_______________

" Combustion
Engine,
Gas Turbine

ms

_______________

10°

10’ 10
Specific Power [W/kg]

Figure 1 Ragone plot indicating performance domains of different electrochemical energy storage systems

compared to traditional internal combustion gas engine



Lithium-ion batteries (LIBs), due to their high energy density and compact design, have
become the popular choice for portable energy storage products, among the various battery
systems which have been developed since Alessandro Volta invented the first battery in the early
19% century. Sony Corporation has been the front runner of energy storage devices for consumer
electricals / electronics (cell/smart phones, laptops, portable digital assistants (PDAs), camcorders,
digital cameras used in recording and communication industry) since their commercialization of
the first LIB in 1990. Many improvements in terms of storage capacity, long term stability / cycle
life and shelf life and safety, since the market induction has facilitated the use of LIBs in power
tools and more recently, in transportation sector as Electric Vehicles (EVs) and Plug in Hybrid
Electric Vehicles (PHEVs). Currently LIBs employ, LiCoO: / LiMn;Oy4 and their variants (with
theoretical capacity of 150 - 200 mAh/g) as the cathode and graphite (with theoretical capacity of
~372 mAh/g) as the anode, resulting in a full cell level energy densities of 100 - 250 Wh/kg.
Despite the improvements over time, the ever-growing demands of the EV/PHEV transportation
market and the growing Asian economies demands cost — effective material development with
improved rate capabilities, cyclability with high gravimetric / volumetric energy densities along
with meeting the power densities.

Silicon reacts with lithium at electrode potentials (vs. Li*/Li) close to that of graphite to
form a sequence of lithium — silicon alloys leading to the formation of highly lithiated phase of
Li»:Sis, pushing it as a candidate for replacing graphite anode with theoretical charge storage
capacity (~4200 mAh/g) ten times that of graphite / carbon. However, the evolution of lithiated Li
- Si phase with high gravimetric content of lithium induces a huge volumetric expansion (>300%)
of Si lattice, eventually causing pulverization of the material on subsequent de-alloying. This

mechanical failure from continuous charging / discharging results in loss of intra — electrode and



electrode — current collector electrical contact, finally leading to rapid capacity fade followed by
complete cell failure.

Recent research efforts have witnessed development of several approaches to address the
problem of mechanical failure which include the use of nanosized silicon particles (¢ <200 nm),
strain engineered 1-D dimensional nanostructures, amorphous silicon composites and active-

inactive composites. >3

Silicon in amorphous and nanostructured forms sustain mechanical
integrity free of pulverization as a result of the reduced atom to defect ratio within a nano-sized
particle / grain and the ‘free volume’ availability due to disordered nature of amorphous silicon,
resulting in higher cycle life and capacity retention. The constriction of higher atomic density along
grain boundaries results in grain boundary sliding preventing fracture of silicon particles and
subsequent failure of the system. Furthermore, it is predicted that the absence of long range order
and presence of defects in amorphous silicon (a-Si), results in homogeneous distribution of both
the volumetric changes and strain upon lithium alloying and effect of nucleation and growth of
lattice pores and subsequent crack growth and propagation is expected to prevent catastrophic
effects when compared to crystalline silicon ** 1413, Hence, the extent of pulverization of the active
silicon - based material is significantly reduced, thus, giving rise to enhanced performance,
capacity retention and cycling performance.

This dissertation elucidates approaches, studies, methods and analytical techniques to
capitalize on these aspects, thus, leading to the evolution of nanostructures of silicon such as
amorphous silicon thin films, silicon nanoparticles, nanoflakes, nanorods, hollow silicon
nanotubes (h-SiNTs) and Si/vertically aligned carbon nanotube (VACNT) nanostructures from a

fundamental perspective along with utilizing commercially viable cost effective and high

throughput methods instead of currently reported methods for producing silicon



nanoparticles/nanostructures which include laser ablation, laser pyrolysis, high temperature solid
state reduction and gas evaporation.'®?* These nanostructures exhibit good electrochemical
properties such as high specific capacity, coulombic efficiency, good cyclability and rate
capability. The progression of the study and the development of the Si anode systems has been
categorized into different strategies and approaches listed henceforth, which are the specific aims
of this work.

APPROACH - I:

Silicon nanotubes (Si-NTs) and hollow silicon nanotubes (h — SiNTs) form attractive stable
Si based anode system due to their ability to accommodate huge mechanical strain induced during
the discharge - charge mechanism, making them less vulnerable to structural pulverization in LIBs.
13.21-22 However, most of the reported synthesis methods involve electro-spinning and chemical
infiltration which require costly precursors, are characterized by low synthesis yields along the
systems show high FIR loss due to the decomposition of electrolyte '*22. In this work high aspect
ratio (length to radius ratio) nanowires of MgO were synthesized by hydrothermal route (high
pressure reactor) which was used as a substrate/template to uniformly deposit amorphous silicon
using low pressure CVD (LPCVD) reactor on the surface of these nanowires to obtain large
quantities of silicon nanotubes. The MgO nanowires were then leached in acid medium (HCI) to
obtain hollow silicon nanotubes (h-SiNTs) showing a potential for large scale production.
Optimization of the h-SiNTs dimensions was further engineered by modifying the process
parameters of the CVD deposition, resulting in controlled variation of their geometrical
dimensions.

To improve the cyclability, further reduce the FIR loss and to generate a stable SEI layer,

the nanotubes were coated with a thin layer of amorphous carbon by the decomposition of ethylene



in a CVD based reactor to generate core—shell hollow C@Si@C tubular nanostructure. A
understanding of the process/synthesis parameters and their influence on the structural dimensions
of the h-SiNTs were characterized. Furthermore, the impact of the dimensions of h-SiNTs and the
presence of electrolyte — carbon — silicon interface on the ensuing electrochemical response in
Li/Li" system will also be undertaken to optimize the performance of the core—shell hollow
C@Si@C nanotubes.

APPROACH —1II:

The sacrificial template outlined in Approach — I is a major limiting factor for the large-
scale synthesis of Si nanostructures. Sodium Chloride on the other hand, is commercially
abundant, cheap, and environmentally benign material that, when used as a template, provides
several advantages over traditional templates such as silica, anodized alumina oxide (AAO), MgO,
and ZnO by avoiding the use of harsh reagents (HF, NaOH, HCI) and temperature conditions used
to leach the template.

High energy mechanical milling (HEMM) is an industrially used easy and inexpensive
technique when compared to high pressure reactor synthesis which can be used to generate scalable
quantities of various powders and with reduced particle sizes.?® Particle size refinement of NaCl
was obtained by high energy mechanical milling (HEMM) of commercial NaCl which served as
template for chemical vapor deposition of silicon. The effect of the HEMM processing conditions
on NaCl particle size and the development of Si nanostructures of different morphologies was
investigated and characterized. The Si nanostructures were tested as slurry coated electrodes in a
Li/Li+ electrochemical cell and their electrochemical response was analyzed depending on the
morphology of the Si nanostructures.

APPROACH - I1I:




Previously, thin films of amorphous silicon (a-Si) developed on copper substrates by radio
frequency (RF) magnetron sputtering showed stable electrochemical performance with good
capacity retention and high specific capacity >*2°. However, sputtering suffers from unidirectional
deposition / shadow effects which restricts the ability to synthesize nanostructures and has more
compatibility for wafer scale production of a-Si thin films. Hence, electrodeposition and its

variations has been employed to form «-Si thin films on copper substrates .

Electrochemical
reduction of silicon tetrachloride (SiCls) dissolved in organic solvent was conducted to develop
amorphous silicon (a-Si) thin films directly on Cu foil. The system provides binder-less approach
capable of producing amorphous silicon thin films with the possible ability to produce a-Si at a
rate of 1 — 3 mg/cm?/hour to match industrial scale requirements required to generate 3mAhcm™
capacity electrodes 2®. Pulsed current electrodeposition (PED) technique was employed to develop
Si thin films on Cu foil and the effect of various frequencies of the pulsing cycle on the morphology
of a-Si thin film deposits on Cu foil and their performance in LIB are studied. The composition
and morphology of the thin films thereby altered with the change in the frequency which

correspondingly, influenced their performance in the lithium ion batteries.

APPROACH - 1V: Carbon nanotubes (CNTs) due to their exceptional mechanical and electrical

properties serve as good substrate for Li active materials. 2°** Composite nanostructures with
multiwalled carbon nanotubes (MWCNTs) and amorphous silicon have previously been developed
using a floating catalyst chemical vapor deposition (FCCVD) approach 3! with the CNTs acting as
mechanically stable support system to accommodate the mechanical strain arising from silicon and
serve as direct electrical pathway to improve charge transport. However, in an effort to replace the
CVD technique in Approach — I for a much simpler technique, Si electrodeposition was used to

generate this nano composite electrode architecture without the use of binder.



Electroless Ni plating was employed to develop a uniform coating of Ni on Cu foils
following which vertically aligned carbon nanotubes (VACNTSs) were grown in a chemical vapor
deposition (CVD) reactor using a vaporizable liquid-based carbon precursor and an iron - based
catalyst. Silicon was then electrodeposited on these VACNTSs by pulse current electrodeposition
technique outlined in Approach — III to generate Si/CNT core shell nanostructures directly on a
conducting substrate which was used as a binder less electrode without any additives and tested in
a Li/Li" electrochemical cell and their electrochemical performance was systematically analyzed.
Subsequently, a study on the effect of N/P areal capacity ratio on the behavior / performance of
the full cell system has been carried out along with analysis of electrochemical response using
LiNMC cathode system.

In this dissertation, synthesis methods such as HEMM, LPCVD, FCCVD,
electrodeposition, electroless plating and hydrothermal synthesis and a combination of these
processes are utilized to generate different silicon based anode systems along with electrode
architecture, consisting of different morphologies of Si as well as an intrinsic mixture of both
crystalline and amorphous modifications. These systems exhibit a strain-engineered nanostructure
to subside the effects originating from volumetric changes and lattice strains; two major reasons
which usually lead to failure of crystalline silicon-based anodes. These engineered electrode
architectures and nanostructures demonstrated good specific capacity, high coulombic efficiency,
reduced first cycle irreversible loss, along with low fade rate exhibiting possible application in

commercial LIBs as an alternative to graphite-based anodes.



1.2 Background

1.2.1 Lithium-ion Battery (LIB)

A lithium-ion battery (LIB) is a set of electrochemical cells where lithium ions (Li") shuttle
between the positive and negative electrodes as a part of the discharging and charging processes,
respectively, connected either in parallel or in series. LIBs currently dominate the battery market
owing to the high overall cell voltage and specific capacity, with other competitive systems being
primary alkaline (Zn-MnQ;) and lead acid batteries. Lithium was used in primary batteries before
the commercialization and utilization of rechargeable Li-ion systems in the energy storage market.
Primary Li batteries electrolyte consist of lithium perchlorate (LiC/Oy) dissolved in propylene
carbonate (PC) solvent and lithium metal as the anode. The history of lithium-ion batteries started
in 1962. The first battery was a battery that could not be recharged after the initial discharging
(primary battery). The materials were lithium for the negative electrode and manganese dioxide
for the positive electrode. They were first developed in the 1970°s by Sanyo (Li-MnQO>, 1975) and
Matsushita (Li-CFx, 1973) which were employed dominantly in artificial pacemakers, cameras,
LED-fishing boats and portable memory storage applications. Li metal-based batteries (LMBs)
were primary in nature and eventually discarded after single use when the chemical energy was
released complete as electrical energy as a result of the electrochemical reactions. Hence,
considerable attention was focused towards developing battery chemistries and materials with
rechargeable capabilities to extend the life by making them reusable. Mobil Energy developed the
first rechargeable battery (secondary battery) in 1985. This battery was based on lithium (negative
electrode) and molybdenum sulfide (positive electrode). However, its design exhibited safety
problems due to the lithium on the negative electrode and development of Li metal based
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rechargeable systems encountered several hindrances due to the thermal instability upon cycling
resulting in melting of lithium which set forth violent reactions leading to issues with their safe
operation. However, Li-ion based batteries were found to be exhibit more safety during operation,
due to lithium ions (Li") shuttle between and into the positive and negative electrodes during
discharging or charging processes, respectively. LIBs lead the energy storage market, due to this
fundamental difference and safety advantage compared to LMBs, in addition to their high specific
capacity and overall cell voltage compared to other systems such primary alkaline (Zn-MnQO>) and
as lead acid batteries. The primary alkaline batteries contain manganese oxide (MnQO:) and zinc
(Zn) metal as the positive and negative electrodes, respectively and are used in domestic electronics
such as radios, torch lights, portable electronic devices, music players, etc. Oxidation of Zn results
in formation of zinc oxide (Zn0O) and MnO: simultaneously, reduces to form Mn,O3 while the
name, alkaline batteries is derived due to the use of potassium hydroxide as the electrolyte. Lead
acid batteries consist of positive and negative electrodes made of lead oxide (PbO;) and lead (Pb),
respectively. The system is subject to redox reactions leading to the formation of sulfate (PbSOy)
during discharge process on both the electrodes, while the recharge process involves PbSOy
reduction to form elemental lead (Pb) and PhSO; is oxidized to form PbhO: at negative and positive

electrodes, respectively.

1.2.2 Rechargeable/Secondary Lithium-ion Batteries

The first generation rechargeable LIBs consisted of titanium disulfide (7iS>) as cathode
and Li metal anode giving an energy density of ~480 Wh/kg 2. Subsequently, several other
chemistries comprising of different cathodes (MoS,, NbSes conducting polymers and vanadium
oxide) and Li metal as anode were developed **. Various rechargeable LMB systems that were
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developed in late 20" century (1970 — 1990) is provided in Table 1.3 However, pure Li metal
develops dendritic structures on repeated cycling posing safety and fire hazard issues triggered by

internal short circuit and thermal run away.>*

Table 1: Different secondary lithium based batteries developed during late 20th century 3

System Voltage Wh/L Wh/kg Company
Ali/LiAlCl4-SO2/C 3.2 208 63 ’81-85 Duracell
Li/CDMO(LixMnQO:) 3 - - ’89 Sanyo
Li/Lip.3sMnQO; 3 140 50 ’89 Tadiran
Li/MoS> 1.8 140 52 ’97 MoLi
Li/NbSes 2 250 95 ’83-"86 Bell Lab
Li/TiS> 2.1 280 130 ‘78 Exxon
Li/V>0:s 1.5 40 10 ’89 Tohsiba
Li/VOx 3.2 300 200 ’90 HydroQuebec
LiAl/Polyacene 3 - - ’91 Kanebo/Seiko
LiAl/Polyaniline 3 180 - ’87 Bridgestone
LiAl/Polypyrolle 3 180 - ’89 Kanebo
LiAl/TiS> ’79 Hitachi

Efforts to resolve dendrite issue lead to the development of an alloy made from Li and A/
as anode instead of pure Li metal. This alloy improved the safety of battery, but the poor
mechanical properties of this alloy hindered its usage in wound cylindrical type battery. Tadiran
batteries developed another approach using dioxolane based electrolytes with the battery shut
down, as a safety feature, when the cell temperature increased beyond a critical value *°. In this
system, when the cell temperature reached beyond 110°C either due to increase in internal
impedance or short circuit caused by dendrite formation, the dioxolane based electrolyte
polymerized to form an ionically and electrically insulating barrier. The quest for the replacement
of Li metal as anode and a material to store Li as Li* resulted in the concept of lithium-ion (Li-ion)

battery and identification of carbon anode in 1980’°s.Rocking Chair Electrochemical systems
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In 1980°s, graphitic layers were used for Li" intercalation at low electrode potentials,
leading to the development of graphite based anodes to resolve the issue of unstable Li dendrite
during the recharge of LMBs *°. Analogous to graphite, lithium based transition metal oxides
(LiMO>, M=Co, Ni, Mn), especially, LiCoO:>, were identified and developed, which showed the
ability of reversible extraction of Li" at higher potentials giving rise to a higher full cell voltage
37

The graphical representation of a typical LIB with graphite and transition metal oxide as
anode and cathode, respectively, and the reactions during the charge - discharge process is shown
in Figure 2. The electrons generated from the spontaneous oxidation of Li to form Li* from the
intercalated graphite layers (LiCs) during the discharge process, powers the external circuit by
providing energy to the energy sink. Correspondingly, the deficient cathode (Li;.xMO>) consumes
Li" through the electrolyte and the external electrons, forming lithium enriched transitional metal
oxide (LiMO;). On the contrary, electrons driven by an energy source from the cathode cause Li"
to de-intercalate from LiMO: and, simultaneously, intercalate into the graphitic anode system
during the charging process. The reversible Li* ionic motion between the electrode hosts inducing
the intercalation phenomenon lead to ‘rocking chair’ type LIBs with a high overall voltage induced
by the electrochemical potential difference of the anode and cathode materials. The transfer of the
Li" between the cathode and anode in these ‘rocking chair’ cell, is facilitated by an electrically
insulating yet ionically conducting electrolyte acting as a medium of Li" transport. The initial
battery composed of graphite and LiCoO: as anode and cathode, respectively was commercialized
by Sony Corporation, triggering enormous interest in pursuing high energy density cathode and

anode materials in LIBs for various applications.

12



Lithium-ion rechargeable battery
Discharge mechanism
s Load

Separator

Discharge Process
- Li,Ce = xLi* + xe™ + 6C
....... ; e, Lil-xM02+ Li++ XE'% L|M02

Electrolyte
(Polymer battery: gel polymer electrolyte) ©2006 HowStuftWorks

Lithium-ion rechargeable battery

Charge mechanism
Charger
]

| s

Charge Process
LIMO, = Li; MO, + Li* + xe-
xLi* + xe” + 6C = Li,Cq

Electrolyte
(Polymer battery: gel polymer electrolyte) ©2006 HowStuTfWorks.

Figure 2 Graphical representation of a rocking-chair type LIB with LiMO: (M=Metal) cathode and graphite /

carbon anode along with their respective reactions during discharge-charge processes.

1.2.3 Selection Criteria - Theoretical Capacity, Differential Capacity and Energy Density

A thorough characterization and comparison of electrochemical energy storage systems
involves several parameters that need complete understanding with theoretical capacity, energy
density and differential capacity being the most important parameters for selecting the
anode/cathode materials for designing a system for practical applications.

Theoretical Capacity: The total amount of charge (A-h or mA-h or coulombs) that can be

stored as transportable Li" ions per unit weight (grams, kg) of the material is defined as the specific
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capacity. The theoretical capacity of an anode/cathode material (mA-h-g! or mA-h-cm™) defines

the maximum ability of material to store Li" during the discharge/charge process.

, , , N XF (Coulomb N XF (mAh
Gravimetric Capacity = y ( 5 )= vy ( p ) T ¢ e )
Volumetric Capacity = Gravimetric ( Capacity X density) = % X (T:Tig) .. (1-2)

where N = moles of transportable Li* ions (= no. of electrons) per each mole of material
F = Faraday’s constant (= 96487 Coulomb or 26.8 Ah)

M = Formula weight of the material (g/mol)

8= Density of the material (g/cm?)

Energy density: The total energy which can be utilized during the discharging process or

which can be stored during the charging process is defined as the energy density of the battery.
The work done / energy required to move a charge (Q) across the potential gradient / potential
difference (V) inbetween the two electrodes of the battery per unit weight of the system gives
the energy density of the battery. The extent of intercalation (x,) of Li* or the amount of Li
reacted/alloyed (depending on the system) with the material in the electrode determines the

average voltage (V). Hence, the energy density of battery is calculated using the formula below:

Energy Density = % fOme dx (‘;‘:—;) ................. (1-3)
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where x,, = the maximum possible reversible degree of insertion of Li" or the maximum amount
of Li reacting with material.

Differential capacity: During the galvanostatic charge / discharge process of the battery,

the differential capacity with respect to voltage (dQ/dV) provides necessary information on
different reactions and their respective voltage potentials. The electrochemical reactions are
usually controlled by diffusion process of the ions that occur at the electrodes and hence,
potentiostatic and galvanostatic cycling tests are employed to determine the electrochemical

properties by assembling half-cells or full cells.

= (Z_ctz) _ (Z_s) 5 (d_V) .............. (1-4)

dt

In a galvanostatic testing, voltage between electrodes in the cell due to various processes (faradaic
and non-faradaic) is monitored by applying a constant current to the system while in a
potentiostatic testing condition, a constant voltage is applied between the two electrodes and the
current is recorded. Under galvanostatic cycling condition, different voltage plateau are observed
at various electrode potentials which indicate the existence of two phases due to Li intercalation
(or alloying reaction) due to trivial variation in the voltage with time during the respective reactions
following the Gibbs phase rule. Under galvanostatic conditions, change in stored charge with
respect to potential (dQ/dV) shows a significant value especially when the reaction induces a phase
change thus representing the onset potential, peak potential and completion potential of the
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respective, reaction. Accordingly, the reaction peaks obtained from the differential capacity
(dQ/dV) vs. potential provide information on different phenomenon and electrochemical reactions

occuring during the process.

1.2.4 Designing of Materials in Battery for Energy Storage

A rechargeable battery operates on the basic principle of conversion of electrical energy to
chemical energy during the charge process and vice versa during the discharge process. The energy
conversion electrochemical reactions occur at electrode-electrolyte interface with the electrolyte
filtering the flow of electrons and allowing for the transport of Li" inbetween the electrodes.
During the discharge process, oxidization process occurs at the anode leading to generation of
electrons. These generated electrons flow from the anode into external circuit, through the energy
sink and consumed at the cathode for the reduction reaction. Hence, the anode and cathode are
also termed as the negative electrode and positive electrode, respectively. The lithium ions
simultaneously move from anode to cathode through the electrolyte. During the charge process,
the energy sink is replaced with a power source in the electrical circuit which draws the electrons
from the cathode (positive electrode) and drives them to the anode (negative electrode). The anode
consumes the electrons due to the reduction reaction and converts the electrical energy to store as
chemical energy, for the subsequent discharge process.

When the external electrical circuit is open with no current drawn from the battery, the
electrostatic driving force is balanced the opposing chemical driving force on the transportable Li*
species. The chemical driving force, is calculated using the change in standard — state Gibbs free
energy per mole of ions, represented by AG? = p, — W, , where p, and . are the thermodynamic
chemical activity / potentials of the anode and cathode, respectively.
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The electrochemical free energy per mole is given by AGY? = —n X F X E°, wheren is
the number of electrons transferred per mole of reactants/charged species and E° is the standard
potential difference between the anode and cathode in equilibrium. Hence, the voltage of the
system is derived from AG? = —n XF X E° = y, — . and given by the equation E° =

% , indicating that obtaining higher energy densities requires the battery’s overall capacity

and cell voltage to be increased. The overall full cell voltage is an intrinsic material property (u*,
chemical potential) of the cathode and anode materials and difference in the chemical activity
potentials should not have a detrimental affect on the stability of the electrolyte. The Fermi energy
level (Figure 3) of the cathode (E.) is greater than highest occupied molecular orbitals (HOMO)
while that of the anode is lower than lowest unoccupied molecular orbitals (LUMO) of the
electrolyte to prevent instantaneous oxidation and reduction at cathode and anode, respectively.*®
Therefore, the difference in free energies (E4-E. or eV,) of cathode and anode materials selected
or designed are required to be less than the electrolyte band gap (E) for the electrochemical system

to be stable.
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Figure 3 Graphical representation of relative energies of electrolyte, electrodes and interfaces along with

energy gap along with appropriate notation 3%
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The standard potential difference (£°) is expressed as the open circuit voltage (E,c) of cell
at thermodynamic equilibrium when the system is devoid of any electrochemical activity induced
by external sources/sinks of energy. However, the electrolyte resistance to ionic transport both in
bulk and at the electrode-electrolyte interface along with the electrical resistance of the cell
components contribute to internal cell impedance during practical operation. The internal

resistance of the electrochemical system is represented as R..;; given by the equations

Rcell = Rel + Rint + Re ................ (1-5)

where R, is the interfacial charge transfer resistance at the electrode-electrolyte interface,
R, is the contribution of electrical resistances arising cell components such as electrical interfaces,

electrode substrate, additives and active materials,

R, = (L> ............ (1-6)

Oel X Aeffective

represents the electrolyte resistance between the two electrodes and is determined by effective
distance (Lefrective) between the cathode and anode influenced by the thickness of the
anode/cathode/separator, the effective area in between the electrodes (Aeffective) influenced by

the porosity of the anode/cathode/separator and the ionic conductivity of the electrolyte (a,;)
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Figure 4 General voltage polarization curve of a battery system

When a resistance load is connected or energy is withdrawn from a battery, there is a
decrease in the nominal potential due to the internal impedance/resistance given by E = E,. —
I' X Reey-

The polarization of an electrochemical cell is determined by the difference in the voltage
at thermodynamic equilibrium and the voltage output as a function of current. The polarization
curve is given by the voltage-current characteristic curve of the electrochemical cell (Figure 4).
The kinetic limitations of the electrochemical reactions and other parallel parasitic processes
determine the shape of the curve. The slope of the curve can be divided into three distinct regions
based on the current applied during the battery operation.

Region-I referred to as activation polarization is marked by a rapid decrease in voltage with
the impedances determined by the kinetics involved during the charge-transfer reactions occuring
at the electrode/electrolyte interface of the electrodes. Region-I is followed by ohmic polarization
(Region — IT) marked by a slight change in voltage with impedance contribution from all the cell

resistances origination due to various cell components such as current collectors, electrolyte, active
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materials present in the electrode and the interface of electrode coating - current collector foil.
Subsequently, concentration polarization as shown in the region-III induces a rapid decrease in
voltage. The electroactive species consumed by the reaction at the electrode-electrolyte interface
needs to be continuously replenished from the bulk, a process which suffers from limited diffusion
of species at higher current densities. Hence, an electrolyte with good ionic conductivity is required
to facilitate the ion transport to the active interface rapidly to sustain the charge transfer reactions.
Electrode materials with enhanced electrical conductivity also assist this charge transfer process
by facilitating the faster transport of electrons in parallel to ions leading to lower internal

impedances.

1.2.5 Prototype / Commercial Configurations of Lithium-Ion Battery

Lithium ion batteries used in energy storage device or the battery pack are designed
according to certain dimensions and geometry depending on the application constraints and utility.

The commercial Li-ion batteries are available in the formats described as follows:

1.2.5.1 Coin Cell / Button Cell

This format of battery is a small single cell typically 5 to 25 mm (0.197 to 0.984 in) in
diameter and 1 to 6 mm (0.039 to 0.236 in) high shaped as a flat cylinder — resembling a button
with flat compact geometry with the ability to be stacked to obtain higher voltages. IEC 60086-3
defines an alphanumeric coding system (such as CR 2032), wherein, the first and second letters
represent the chemistry (C = Lithium) and geometry (R = round/cylindrical), respectively (Figure
5). The first two numbers describe the cell diameter in millimeter (‘20° = 20mm) followed by the

height of the cell (32°=3.2mm), expressed in one - tenths of millimeter. The button cells are used
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in miniature electrical applications such as wristwatches, biomedical devices, industrial electronic

instruments and for material development phase during initial research.

a) b) Liquid
—— Coincell cap electrolyte
Carbon
——— Washer
_ Separator
'\h ) 4—— Spacer
4——— Lithium
oy — -+ \
— Cell can
Electrolyte

4—— Electrode
4— Coincell can

Liy, Mn,0,

Figure 5 Representation of a) assembly and b) crimped lithium ion coin/button cell 4*-4!

1.2.5.2 Prismatic Battery / Cell

The prismatic cell predominantly used in cell phones, PDAs, laptops and tablets is marked
by flat geometry with thin and lean pack sizes and foil type polymer laminate case with variable
dimensions and product specifications depending on the manufacturer and application without any
universal format/nomenclature (Figure 6). Despite their advantages such as minimal weight,
efficient packaging and elegant design compared to the cylindrical cells, they suffer from lower

energy/power densities and mechanical instability.
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Figure 6 Graphical illustration of a Li-ion prismatic cell !

1.2.5.3 Cylindrical Battery / Cell:

Currently, the cylindrical cell is the popularly used format for LIBs due to good mechanical
stability and ease of assembly (Figure 7). The prevalent cylindrical Li-ion cell in market is 18650,
with the first two digits of nomenclature ‘18’ representing the cell diameter in millimeters while
the subsequent three digits, for example, ‘650’ represents the cell length (in tenths of a millimeter).
These configurations are used in medium sized portable devices, power tools, laptops, wireless

communication devices and more recently in electric vehicles (EV/PHEV/HEV).

a Liquid electrolyte
i
o
i
s < Cell can
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1.5 Ah b
' Carbon Li,, Mn,0,
Separator

Figure 7 Schematic representation of a cylindrical Li-ion battery (18650, 14500, etc) *!
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1.2.5.4 Stacked Pouch cell

In the pouch cell configuration, the electrodes welded to conductive tabs along with
electrolyte are encapsulated in a mechanically flexible and heat sealable foil with the entire system
sealed airtight inside a pouch (Figure 8) offering a flexible, lightweight and simple solution to

battery design.

@ Pasitive Tesminal

L Separator
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Elpctrade

Laminated Film Caso Pasitive Electrode

Figure 8 Schematic illustration of a Li-ion pouch cell*?

These cell configurations are used in military devices, mobile phones and more recently,
manufacturing large format battery modules in auto industry, especially for electric vehicles. Some
stack pressure is recommended but allowance for swelling must be made. The pouch cells can
deliver high load currents, but it performs best under light loading conditions and with moderate
charging. Pouch cells exhibit highest gravimetric energy density; however, still require an external
means of containment for general structural stability of the battery pack and prevent expansion of
the system.

A complete battery pack module used for practical applications consists of different

components such as the separators, electrode materials, current collectors, electrolyte, packaging

material and battery management system (BMS).
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1.2.6 Translational Testing Protocol Development of Lithium-ion Batteries

The development of LIBs from concept to a prototype product requires a translational
testing process along with performance analysis at different stages of the product development.
The high - level translational testing protocol depicting various stages involved developed by
Bharat Gattu at Nanomaterials for Energy Conversion and Storage Technology, Energy Innovation
Center, Pittsburgh is shown in Figure 9. The initial stages (Stage [ and Stage II) of the development
focused on the material development involves half-cell testing of anode and cathode systems
separately to determine the performance of the systems according to the targeted practical
application in a coin cell format. Subsequently, Stage III of the process performed in a single layer
pouch cell format is targeted to establish the performance of the system and validate / record the
performance of the system before moving to the multi-layer pouch cell prototype testing. A general
list of testing scenarios includes rate capability, long term cycling and electrochemical impedance
analysis to determine the specific capacity, columbic efficiency, internal impedance and fade rate
exhibited by the anode / cathode system at different parameters / variables such a gravimetric

current rates, depth of charge / discharge and areal loadings.
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Translational Testing Process Performance Analysis

Coin Cell Testing

Stage I: Half
Cell Testing

* Li—Anode Rate
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* Li—Anode Long
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* Li- Cathode Rate
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* Electrochemical
Impedance Analysis

—

Stage II: Full
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* Electrochemical
Impedance Analysis

)

Pouch / Cylindrical Cell Testing
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* Anode —Cathode
Rate Capability
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* Anode — Cathode
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Impedance Analysis

* Self Discharge

* Variable current /
voltage
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—

Stage I'V: Multi
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* Anode — Cathode
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* Anode — Cathode
Long Term Cycling

* Electrochemical
Impedance Analysis

Figure 9 Translational Testing Process for development of Lithium ion batteries

Each and every stage of this translational testing process involves optimization of different
components of the electrochemical system at various stages of system development (Figure 10).
Stage I and Stage II (coin cell testing) involves optimization of different materials, process
parameters and variables such as active material system/composition, slurry composition, coating
thickness, electrolyte content and formulation, types of binder and additives and areal capacity.
Subsequently, an intermediate single layer testing (Stage I1I) which marks the transition to large
format system involves the optimization of uniformity of coating, porosity and packing of the

cathode/anode material, calendaring and sealing pressure cycle, electrolyte content, formation

cycle, external pressure and performance of the system at different temperatures.
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Figure 10 Process Variables at different stages of translational testing protocol developed at NECST.

The multilayer testing (Stage IV) involves optimization of number of cathode / anode
systems, the sealing pressure (external/internal), electrolyte content and formation cycles targeted
at achieving a desired capacity and voltage of the battery based on application and
gravimetric/volumetric energy density of the battery.

An example of the development of the lithium ion battery from coincell to pouch cell using
commercial graphite and LINMC111 has been shown in Figure 11. The results indicate replicable
transition from coin cell to pouch cell when analyzed in terms of gravimetric capacity when tested
at different rate capabilities matching the areal capacities of the anode and cathodes along with
electrolyte content. The rate capability tests of graphite and LINMCI111 at different current rates
was performed at different stages of the development protocol and finally assembled in a single

layer pouch cell.
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Coincell to Pouch Cell Transition (Graphite— LINMC111)

A
= | enddal ' - 100 200 o |
% = 17malg A Columbic Efficiency " ‘M‘M‘M ' Adndda umﬁ
|- = B . ] ey A~ Columbic Efficiency &
(82 .m_-......- LoomAlg i S LiNMC — Graphite z . '.:_ 25mAJg T
2|z e i S g (Coin Cell) Ewod 4" Toepy  somasg ysmyg |5
< (2, #yl50ma/g £ g [SmAk  Ususeswens 100mae P g
= | 22w —Tiad ., = S [ 5 /
31| Commmm) - {o5 > |: i 1%
| G 100 [ LT - o 2 0 ®— Charge Capacit, £
o2 su‘]m:-g-.. _E c.P\Q 1;& Stage I & Dichares Capneie] | z
- o -4 25
= (2 o Stage I c ) E
2 |& &
- : .
O T - = o s ot “5&% 0 10 20 ) 30 40 50
5 S Cycle No.
Cycle No. ‘o\e &
&9 Replicable transition to pouch cell i
200} .'.A‘ . A Columbic Efficiency | 12 Q-gﬂ 240 = J 128
= L ..::‘A A bk dad - . A Columbic Efficiency
_-— L] 'AAALAAAL - 2 —
E e j"'-"'":'“"““_ ‘!!!mj - < PYLE ; : " A~ 4 a0 0iE
g [smag SimAlz Sueseusess |l g E T 25mA/g =
12" 25malg 100ma’z  S88SREREEY J9s .2 E el S £
S|E 150mA/g £ el s 1
O | £ z z
| & Charge Capacity 508 E_ = Charge Capacity =
'5 ‘; il Stage I . |)J<uh‘;rgr(p‘:|pnlr‘n_\ e :E' S o) @ Discharge Capacity, ‘"ZE
L £ & Stage I1I E
@) E‘ 1= g.;. 425
L= . .
E LiNMC — Graphite o
s ; o . @ % (Pouch Cell) ~15-20mAb| ——F—— 11 '
Cycle No. :
= Cycle No.
Figure 11 Replicable transition of commercial graphite — LINMC111 system following the translational
testing protocol
Voltage vs Specific Capacity 800 Differential Capacity vs Voltage
a d
) as ] Lithiatiow/dicharge (4.2V — 2.7V) b) . - :
s, T - - - -Pouch Cell - Discharge
4.0 B T 600 -4 Pouch Cell - Charge
3 q_- o I PR CE Coincell - Charge
] £ - 1 - - - -Coincell - Discharge
= 3,0-_ ccC. PC T 4004
= ,:] . = ]
B o = Delithiation/Charge (2.7V — 4.2V)
£ 20 E 20 S
= 15 S = L i
| & - g o O ST
1.0 .SPouch Cell = PC -Coin Cell - Discharge == (O
1 ,§ Coin Cell = CC = 1 Lithiation/dicharge (4.2V —2.7V) o |-
0.5 & Coin Cell= CC Al S
0.0 4 PC
T T T T 1
0 50 100 150 200 400 ' . . r .
Specific Capacity (mAh/g) 15 2.0 2.5 3.0 3.5 4.0 4.5

Voltage (V)

Cathode: LINMC Anode: Graphite (Gr) Voltage Range:
Charging (2.4V — 4.2V): LINMC + Gr to NMC + Li-Gr

OCV —-42V-27V

Electrolvte: 1M LiPF; EC:DEC:FEC(45:45:10)%vol.

Discharging (4.2V — 2.4V) : NMC + Li-Gr to LiNMC + Gr

Figure 12 Comparison of electrochemical signal of Stage II and Stage III testing a) Voltage vs Specific

capacity plot and b) differential capacity vs voltage profiles indicating the reaction peaks of LINMC111 —

Graphite system

A comparative analysis of the pouch cell and coin cell electrochemical testing (Figure 12)

indicates overlap of the voltage vs specific capacity curves as well as the differential capacity vs
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voltage profile between Stage II and Stage III of the development process. Major reactions are
observed between 3.5 — 4V in both pouch cell and coin cell with the pouch cell showing three
distinct peaks corresponding to that of graphite intercalation / deintercalation overlapping with
LiNMCI111 deintercalation / intercalation during the charging / discharging process. The complete
initial presentations and data results are available at NECST LAB, Energy Innovation Center at

University of Pittsburgh.

1.2.7 Cathode materials for Lithium-ion Batteries

Commercial LIBs consist of layered oxide compounds such as LiNiO., LiCoO: and their
variations; manganese based spinel oxides — LiMn>Oy; olivine oxide based LiFePO, materials as
cathode materials. which act as a host to accommodate energy in the form of intercalated Li" ion
species. However, for practical applications requiring high energy density a material must meet
the below list of conditions:

1.Increased Gibbs free energy for the lithiation or discharge reaction to exhibit higher full

cell voltage to provide more energy stroage density.

11.Good reversibility and efficient oxidation / reduction ability during electrochemical
reaction between Li" and transition metal (M"") ion for high coulombic efficiency.

iii.Reversible intercalation of maximum Li" with the material exhibiting improved specific
capacity.

iv.Higher coupled diffusion and transport of Li" in the host material and optimum electrical
conductivity of the host material to exhibit good rate capability.

v.Good structural stability within the operational voltage range along with good chemical
stability in different electrolytes used in LIBs.
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vi.Lower production cost, environmentally benign, low toxicity and have good recyclability.
The cathode materials developed initially for rechargeable Li-batteries consisted of di and
tri chalcogenides such as vanadium diselenide (VSe:), titanium disulfide (7iS2), molybdenum
disulfide (MoS>) and niobium triselenide (NbSes). The crystal lattice of these materials consist of
a hexagonal closed pack (HCP) structure with metallic ions (Ti, V, Nb, Mo) occupying the
octahedral sites and the sulfur sheets alternating these layers, forming an ABAB stacking sequence.
The weak van der Waals forces hold the individual metal sulfide (77S>) sheets together separated
by a vacant gallery space, which can be occupied by active guest species such as Li". This space
between the alternating metal sulfide sheets can be occupied by Li*, enabling reversible
intercalation forming a single phase Li7iS: structure (0<x<1), with good cyclability. Exxon
employed and commercialized this technology in the form of button cells consisting of 7iS>
cathode and LiAl anodes which were used in small electronic devices and wrist watches, during
1977-79. Similar, VSe; also exhibits electrochemical activity as cathode material, however,
undergoing a two-phase transition behavior forming Li>VSe> **. The initial intercalation leads to
formation VSe> / LiVSe> two-phase region which are in equilibrium with another two — phase
transition region consisting of LiVSe, and Li,VSe;. This process finally results in a two-phase
region consisting of LiVSe> and Li>VSe; as the final reaction product. Despite the formation of
multi-phase regions, the octahedral structure of the formed phases undergoes minimum crystal
deformation enabling reversible cycling of VSe; based cathodes.
MoliEnergy in 1980 commercialized , Group VI sulfides such as MoS> which were
expected to be inactive for electrochemical insertion, however, have the ability to act as an active
cathode material by conversion of molybdenum coordination to octahedral coordination from

trigonal prismatic enabling one mole Li insertion per mole of MoS,. The Bell Laboratories
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identified trichalcogenides (such as NbSes) as another class of materials, which could be used as
cathode materials which reversibly react with lithium to form electrochemically active Li;NbSes.**
However, it was found that NbSe;s, exhibited lower operating voltages, lower rate capability and

suffered from major degradation problems®.

1.2.7.1 Lithium Cobalt Oxide (LiC002)
The use of LiCoO: as a potential cathode material in LIBs was first reported by

Goodenough in 1980, which was identified to have a layered structure similar to the earlier

developed chalcogenide based cathodes.’” LiCoO: exhibits R3m structure with the ability to
reversibly cycle 0.5 Li per Co could in Li;..CoO>, giving rise to a theoretical capacity of ~130
mAh/g 3. The material exhibits a smaller change in the discharge/charge voltage and high
operating voltage (3.1-4.2V) associated with high chemical potential of lithium u** that is

associated with the Co®>™#*

redox couple during the lithium extraction/insertion, establishing it as
a potential candidate for practical high energy density cathodes®’. However, the layered structure
of LiCoO: undergoes crystallographic distortion from hexagonal to monoclinic due to the collapse
of the layered stacking along with cobalt dissolution when extracting more lithium (x>0.5) by
charging it beyond 4.2 V as shown in Figure 13 4 4

Several approaches have been developed to overcome the challenges of capacity fade and
capacity limitation of only half of Li ions to be extracted per mole of LiCoO; caused by the
structural degradation and chemical instability. Coating the LiCoO: surface with a protective layer
of oxides such as 41:03, ZrO: and TiO: prevents the dissolution of Co, arising from its interaction
with acidic species such as HF present in the electrolyte. 4! Furthermore, limited natural cobalt

sources, high cost and toxicity of cobalt has triggered exploration of other alternative cathode

materials exhibiting higher capacity, lower cost and ecological nature.
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Figure 13 Graphical representation of a) layered LiCoO2 and b) unit cell with atomic arrangement. ¢) unit
cell parameters, constants, cell volume variation along with the phase diagram resulting from
electrochemical characterization of Li.Co0., d) simulated unit cell parameters of LiNiO3, LiC00;

and LiMnO; with respect to extent of intercalation. 5“5 %

1.2.7.2 Lithium Nickel Oxide (LiNiO2)

The discovery of LiCoQ:, lead to extensive study of several other transition metal oxides

as potential cathode systems. LiNiO>, another layered compound from the same family of
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materials, generated great interest as a replacement for LiCoO:> due to its better reversible capacity,
lower toxicity and cost compared to Co analogue. °*>°> However, the tendency of Ni** ions to inter
migrate and diffuse from the Ni plane to Li plane poses a great challenge for synthesizing defect
free LiNiO causing non-stoichiometry and pinning of NiO: layers.’® Hence, the system suffers
from poor lithium ion diffusion coefficient reflecting in large capacity fade, large polarization
leading and poor rate capability in the electrochemical system. Additionally, LiNiO: is susceptible

to undergo tetragonal structural distortion (Jahn-Teller distortion) due to the high energy of the
low spin electron in the degenerate orbital of Ni**:d 7(tfge;,)ion inducing irreversible phase

transformations occurring during electrochemical cycling >’?. Substitutional replacement of Ni
with other cations such as Co, suppresses Jahn-Teller distortion®, while induction of Mg in the
rhombohedral site of crystal lattice results in Li;+:NiMg:O2+x) phase preventing the phase
distortion and transformation inducing better thermal stability and increase in the retention of

electrochemical capacity®.

1.2.7.3 Spinel Structure Based Cathodes
Lithiated manganese spinel, LiMn,O4 based compounds as a cathode material were
developed by Thackeray et al. and showing advantages such as economical, environmentally

favorable in nature and better handling safety compared to LiCoQ: %52, These spinels belongs to

the Fd3m structure with Mn and Li engaged in the 16d ( octahedral ) and 8a ( tetrahedral ) sites,
respectively, resulting in a three dimensional channel for Li* diffusion occurring in lattice structure
compared to a two dimensional diffusion path occuring in the case of the layered compounds. This
phenomenon makes it an attractive system for LIB requiring high power capability especially in

electric vehicles, however, with limitations such as specific capacity fade associated with the
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system’s non-stoichiometry, structural and chemical instability . The discharge/charge reaction
is categorized into two different regions / steps (Figure 14) with the lithium extraction from the 8a
tetrahedral sites initiating at 4V to form the A-MnO: structure preserving the initial cubic symmetry
however, with a decrease in lattice parameter due to the oxidation of Mn>* to Mn?*.%%*" The second
reaction of delithiation during charging commences at 3V from Li:Mn>O4 with the Li occupying

the empty 16¢ octahedral sites and 8a tetrahedral sites.
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Figure 14 The electrochemical charge / discharge profile of LiMn,0, with respect to Li/Li* (0<x<2)

67-68

The second step causes the Li, existing in the 8a sites (tetrahedral) to occupy the /6¢ sites
(octahedral) during the diffusion process to minimize the electrostatic repulsion and the free energy
of the system along with the increase in oxidation state of Mn ion > 3.5. This leads to the formation
of a distorted tetragonal structure from the initial cubic crystal structure, a phenomenon
characteristic to the Jahn-Teller distortion due to the high spin of Mn’" in the degenerate orbitals
of the coordinate crystal structure resulting in the increase in lattice strain causing rapid capacity
fade in the electrochemical system.

Doping different elements such as Ni, Co, Fe, Cr, Mg stabilizes the crystal structure 7!

and employing metal oxide coatings such as V>Os and 4/:0; prevents the dissolution of Mn ions
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from the cathode material into the liquid electrolyte leading to improved performance and

cyclability in the electrochemical system. 3% 7% 7
1.2.7.4 Other Derivatives of Layered Oxide

Layered oxides based on Mn have high capacity from the layered structures and attracted
interest as materials for cathode owing to the advantages of manganese chemistry. LiMnO: forms
a layered structure similar to LiCoO: and LiNiO: with a theoretical specific capacity of ~285
mAh-g!. This metastable layered crystal structure is formed using low temperature synthesis
method (ion exchange/ hydrothermal processes), while the thermodynamically stable
orthorhombic analogue is synthesized at high temperature. Bruce et al’®, synthesized LiMnO: by
ion exchange process from NaMnO: which despite its higher capacity suffered from large capacity
fade due to the irreversible layered — spinel phase transition during the charging process. 7*7> On
formation of LipsMn, the Mn and Li ions due to the stabilization obtained by charge
disproportionation of Mn*" to Mn’" (tetrahedral) and Mn*" (octahedral) move to the tetrahedral
sites surrounded by Li vacancies’®’”’. Many studies involving doping with different atoms ( Co,
Ni, Cr etc ) have been conducted to stabilize the layered metastable structure of LiMnO: 77-80,
Equivalent amounts of the three transition metals (Ni, Mn and Co) form Li(Ni;3Mn;3Coy3), Li-

NMC111 exhibit high capacity (~ 160 mAh-g') 7 and better rate capability 3!*? and more recently

Ni:Mn:Co = 8:1:1 exhibits a specific capacity of ~200 mAh-g’'.

1.2.7.5 Olivine Structure-Based Cathodes
Cathodes consisting of LiFePO,based olivine compounds exhibit good attributes such as
reversible Li" extraction to form FePOy, high capacity, environmentally benign and lower cost *.

These olivine structure have one dimensional (1-D) channels, which enable easy diffusion of Li"
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during the de-intercalation / intercalation processes. During charging process (Figure 15), the
orthorhombic structure LiFePQOy4 converts into FePOy having a trigonal quartz like structure %,
This transformation occurs by the formation of a two - phase transition region (LiFePOy/ FePOy)
exhibiting a plateau at ~3.4 V in the discharge profile. When compared to LiCoO: based LIBs,
LiFePOy cathode exhibits higher capacities of ~170 mAh/g with a discharge potential of ~3.4 V.
Owing to minimal crystal structural distortion during the LiFePO4 - FePO, transition provides
better cycling stability. However, LiFePOy exhibits lower Li* diffusivity (~1.8 x 10 cm? - s7)
and lower electrical conductivity (in the range of 10% - 1071° S - cm™) due to small polaron hopping,
which restricts the use in high power applications %°. Different methods were explored to improve
the electrical conductivity and Li* diffusivity by particle size reduction ’® 3% doping of metallic

t 389 and conductive coatings °'**. Doping LiFePO4 with aliovalent metallic ions and

elemen
coating with conducting materials such as carbon have shown to improve the conductivity and

hence, the ability to successfully intercalate / de-intercalate Li* at high charge - dicharge rates 5

91, 94-95

Figure 15 Crystallographic structures of olivine based materials (orthorhombic LiFePO4 and trigonal

quartz-like FePO4) 3
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1.2.8 Lithium-ion Battery Electrolytes

An important component of a lithium-ion battery is the electrolyte which acts as the
medium for the Li" ion transfer during the discharge-charge process and contains one or more
lithium salts, which serve as the source of mobile Li* species along with mixtures of solvent. *%%7
The electrolyte present in between the cathode - anode of the electrochemical system is in constant
contact with the electrodes filling in the porosity of the electrode. *® Therefore, selection of the
electrolyte which is compatible with the working conditions, power requirements and electrode
materials for the required application is very important. **!%! Electrolyte used in LIBs should
fullfill the below list of operational / fundamental criteria and properties:

1. They should be electronically insulating ( to prevent cell short circuiting and / or self-
discharge) however, have high Li* conduction (reduces the internal cell resistance).!%2-1%
ii.Ability to exhibit broad electrochemical stability window to prevent decomposition at
beyond the operating voltages (>4 V). 104105
iii.Exhibit good electrochemical / chemical stability to prevent parasitic side reactions on
electrode surfaces.
iv.Should be inert to other battery components (current collectors / separators / other
packaging materials).
v.Have high and low boiling and melting points, respectively.
vi.Low toxicity towards life forms for industrial production, recycling and handling.
vii.Have low production / manufacturing costs with longer shelf life.

Electrolytes for LIBs are sub - categorized as liquid electrolytes (non-aqueous),
polymer/gel based electrolytes and solid electrolytes based on the nature and fundamental
operating principle!06-108109-121,
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1.2.8.1 Liquid Electrolytes (Non-Aqueous)

Different salts of lithium used in commercial LIBs, their physical properties, conductivities
and compatilbility are shown in Table 2 °°. Di atomic lithium salts with simpler molecular
structure (for example, LiCl and LiF) cannot be used as dominant salt in LIB electrolyte due to
poor solubility in organic solvents resulting from smaller ionic radius of Li".

The current LIBs consist of complex anionic salts (such as LiPFs) where a stabilizing
Lewis acid and an anion core are usually employed. The resonance effect causes the negative
charge of F~ to be well distributed in the Lewis acid complex (- PF’), thus, resulting in lower
melting point/ good solubility. ° Table 3 gives the list of solvents used for lithium ion batteries

along with their electrochemical stability window in different lithium salts.

Table 2: Different salts of lithium used in electrolyte *°

Salt Structure M. Wt Tl '€ Tiscompss! Al- ¢ /mSem™
°Cin corrosion (1.0M,25°C)
solution in PC in EC/DMC
LiBF, FT w 939 293 (d) > 100 N 34° 49°
F/Fj'B\F
LiPFs P 151.9 200 (d) ~ 80 N 5.8° 10.79
Fo | F
F/F“\F (EC/DMC)
F
LiAsFg F\T /F-| Li* 195.9 340 > 100 N 57° 11.1
LN
F7|F
F
LiClO, cl’ T oLt 106.4 236 >100 N 567 8.4¢
/cl\
o’/ "o
o
Li Li " CF3805 155.9 >300 >100 Y 1.7°
Triflate
Li Imide Li " [N(SO,CF3):]" 286.9 234" >100 Y 51°% 90°
Li Beti Li " [N(SO.CF>CF3);]" N
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Table 3: Stability of electrolyte systems/solvents in electrochemical system: Non active electrodes

Solvent Salt/Conc (M) | Working Electrode ES E?
DEC GC Et4NBF4/0.65 6.7
Au, Pt LiClO4/0.1 1.32
Pt LiAsFs 4.2
2-Me-THF Pt LiClO4 4.1
GC LiAsFe/1.0 4.15(0.1)
GC LiAsFe/1.0 4.2
Pt LiAsFs 4.1
DMC GC Et4NBF4/0.65 6.7
Au, Pt LiClO4/0.1 1.32
GC LiPF¢/1.0 6.3
GC LiF 5
THF GC Et4NBF4/0.65 5.2
Pt LiClO4 4.2
GC LiAsFe/1.0 4.25(0.1)
EC GC EtsNBF4/0.65 6.2
Ni BusNPFs 0.9
Au, Pt LiClO4/0.1 1.36
EMC GC Et4NBF4/0.65 6.7
GC LiPF¢/1.0 6.7
yBL Au, Ag LiAsFe¢/0.5 1.25
PC GC Et4NBF4/0.65 6.6
Ni BusNPFs 0.5
Au, Pt LiClO4/0.1 1.0-1.2
Porous Pt LiClO4/0.5 4
Pt LiClO4 4.7
Au LiClO4 5.5
Pt LiAsFe 4.8
DME GC Et4NBF4/0.65 5.1
Pt LiClO4 4.5
Pt LiAsFe 4.5

“Anodic and °cathodic limits, potential referred to Li'/Li. ¢ Ultramicroelectrode technique was

employed for the salt-free condition.

1.2.8.2 Solid Electrolyte Systems

There are two major classification of solid electrolytes (SE) are mainly based on their
structure: crystalline/ceramic electrolytes and glassy/amorphous electrolytes. Glassy/amorphous

electrolytes (Table 4) have generated interest owing to their strategic advantages related to ease of
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production, isotropic uniform ionic conductivity and absence of grain boundaries. The lack of
grains / grain boundaries in a SE is important for the safety of battery operation since they resist
ionic (Li") mobility while improving the motion of other ions thus, reducing the chances of
undesirable dendrite growth and short circuiting of LIBs. Oxide based glasses which were initially
used as glass based electrolytes were later doped/mixed with Boron / Selenium to enhance their
conductivity ''7. The next class of materials containing glasses based on phosphorus oxynitride
(LIPON), were developed by Oak Ridge National Laboratory (ORNL) which attracted attention
due to their feasible practical applications, strategically in thin film LIBs ''®. The LIPON films
made by nitrogen ion beam based thermal evaporation or by sputtering in nitrogen plasma from
Li3POy target 19120 show excellent chemical/electrochemical stability allowing for minimal self-

discharge under fully charged/ discharged state for extended periods of time. 2!

Table 4: Ionic conductivities of lithium oxide (Liz0) based glasses at respective temperatures

Materials Conductivity | Measurement
(Composition) (S/cm) Temperature (°C)
Li,0- B>03 (63-37) 6.3x 10" 25.0
LiPOs-LiF (60-40) 6.7x 107 25.0
Li,0-Si0O> (40-60) 1.0x 106 100.0
LiPOs-Lil (67-33) 1.0x 107 194.0
Li,B7012C1 25x 10" 200.0
Li1,0-LiF-B203 (20-36-44) 3.1x10* 200.0
Li,0-Nb2O3 6.1 x10* 200.0
LiNbO>-Si10; 1.0x 10 200.0
LiPOs-LiCI (70-30) 1.0x 107 220.0
LiPOs-LiBr (67-33) 1.3x 107 220.0
Li,0-LiF-Al(PO3); (15-70-15) 1.3x 107 220.0
Li1,0-A1,03-S10> (25-25-50) 6.1x10* 250.0
LiPO;3-LixSO4 (67-33) 3.5x 107 250.0
Li,B40O7 1.0x 10* 300.0
LiBO> 40x103 300.0
Li,B7012C1 8.0x 107 300.0
L1,0-Li2C>-B20;5 (31.8-12.3-55.9) 1.7x 1072 300.0
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Li20-Li,S04-B03 (0.71-1.1-1) 2.1x10? 300.0
Li>AlLSiq 40x10* 300.0
Li20-Y2053-Si0: (40-6-54) 1.4x 103 300.0
B203-0.56Li>-0.08LiF 6.3x10* 300.0
B103-0.56Li-0.08Lil 3.2x 1073 300.0
Li>O-LiF-Al(PO3); (30-50-20) 1.0 x 102 300.0
Li>0-Li3P04-B,03 (25-10-65) 1.0x 107 330.0
Li>0-B>0; (42.5-57.5) 6.1 x 107 350.0
Li>0-Li,Cl-Li>S04-Si02-B203 (35-10-30-12.5-12.5) 9.7x 10?2 350.0
Li>0-Li,Clh-B203-A105 (29-24-3-44) 1.5x 102 350.0
Li20-Li,S04-B,03 (0.5-0.15-1) 24x103 350.0
Li2Si,05 1.9x 107 350.0
Li>0-B,03-LiNbOs (40-35-25) 8.0x 10% 350.0
Li>0-B203-Si0; (39-13-48) 1.5x 10 350.0
Li2Si,05-Li>SO04 (71.5-28.5) 8.7x10% 350.0
Nb,0s- Li>O; (50-50) 53x103 350.0
Ta20s- Li>202 (50-50) 6.4x 107 350.0
Li>O- B,0s (63-37) 6.3x 10! 25.0

Ceramic materials of halides, oxides, nitrides, sulfides and similar polyanions comprise the
category of crystalline solid electrolytes. Perovskite structures (4B0;) are attractive candidates as
crystalline solid ion conductors because of their tolerance to ionic substitution and atomic
misarrangement, resulting in open and organized lattice structures for Li" conduction,

Single crystals of LisxLaz;-Ti03 (x=0.11) due to large number of Li site vacancies exhibit
good conductivity of Li* (10 - 10* mS/cm).'?> However, on establishing interfacial contact with
negative anode containing active lithium or lithium metal, results in the reduction of 7i** ion in
the oxide. '!! This leads to the precipitation of metallic elements and increase in the electrical
conductivity of the electrolyte, thus, restricting their application in commercial LIBs. NASICON
(Na Super Ion Conductors) type Li analogues having a general formula of Li;+.M>(PO4); (M =
Zr, Ti, Ge) have been developed as Li" electrolytes, where, the polyhedral corners of MOs and PO
are interconnected to form three dimensional (3D) channels for Li* conduction *8. The metallic

cation, M (usually the 7i*") also suffers from problems similar to that of perovskite structure due
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to the increase in electronic conductivity triggered by the reduction of 77 by lithium intercalation.
The doping of these electrolytes with trivalent ions (such as A4/) results in improvement of ionic
conductivity by approximately two — three orders of magnitude.***
1.2.8.3 Polymer Based Electrolyte Systems for LIB

The discovery of Li" conductivity in polyethylene oxide (PEO) resulted in the proposition
of concept of polymer electrolytes in LIBs*. Enormous interest has been generated in this polymer
electrolyte field and the developed systems have the trade name of, LiPo or Li-Poly batteries in
commercial applications. Solid polymer based electrolytes can categorized as: solvent containing
gel polymer systems or solvent free systems with ionic coupling. PEO based electrolyte systems
are the commonly employed solvent-free polymer-based electrolytes with the lithium salt
dissolution occurring and facilitated through the formation of complex between the ether oxygen
in the PEO chain and Li*. However, with the increase in size of anion, as in the case of lithium salt
of bis (trifluoromethylsulfonyl) imide [(CF3SO2)N'], charge delocalization results in detrimental

properties such as poor binding strength and dissociation of Li* ions.*’

1.2.8.4 Additives for Electrolytes in LIB

Additives form a special distinct set of compounds which are dissolved into the electrolyte
(especially in liquid based non-aqueous) to induce advanced and precise property such as enhanced
ionic conduction, stable SEI layer formation, flame retardation, etc. More recently, electrolyte
additives composed of vinylene carbonate (VC) and fluoroethylene carbonate (FEC) and their
analogues have shown improved performance in terms of cycling stability, stable solid electrolyte

interface (SEI) and first cycle irreversible loss.” 1%
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1.2.9 Anode Systems for Lithium-ion Batteries

A LIB anode during the discharge process, undergoes oxidation to produce electrons and
is also termed as negative electrode. The initial anode in the first-generation lithium based batteries
consisted of elemental Li due to low molecular weight and high electro-positivity, however,
suffered from severe safety problems due to internal short circuiting of the cell due to dendritic Li
growth upon recharging the battery. Researchers explored an substitute material to Li metal; an
anodic host structure to accommodate reversible insertion of the Li " ions thus, preventing dendrite
formation during the discharge - charge processes. Sony® commercialized the first LIB with
LiCoQ: / graphite (C) serving as the cathode/anode hosts for Li*, respectively, with an operating
nominal discharge voltage of ~3.6 V and energy storage densities between 120 - 150 Wh - kg™\.
While C/LiCoO: is the popularly used commercial LIB in portable systems such as laptops, cell
phones, PDAs, and cameras etc, major efforts are being focused continuously to develop new
anode materials with better stability. The anode materials selection for LIB are based on the below
listed behavior/criteria:

i. Alloying/reaction with lithium at lower electrode potentials (close to metallic Li) with Li"
ions, to improve the overall cell voltage.
11.Exhibit capacity retention and good cyclability for long electrochemical cycle life.
iii.Exhibit chemical stability to electrolyte/solvent in a wide potential window.
iv.Inexpensive, safe and good shelf life to handle and for commercialization.
1.2.9.1 Carbon Based (Carbonaceous) Materials

Before they found application as anode hosts in Li-ion battery, the existence of graphite -

lithium intercalated compounds was well known / studied for several decades'?*'?*. Efforts to

intercalate Li" into graphite electrochemically from Li salt electrolytes (dissolved in DME and
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DMSO) was conducted by Besenhard et al '2*'?’. Their first use in LIBs was reported by Basu et
al wherein, graphite intercalated compounds with lithium (GIC) were used as anodes in a LiCl-
KCI molten salt electrolyte in 1980!%%. Subsequently, patents for the use of GIC based anodes in
room temperature LIBs were applied by Basu and Ikeda in 1981'% and 1982!%, respectively.

Extensive research in developing carbon based anode was done eventually resulting in the
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commercialization by Sony® in 1990 of the first LIB with a carbon anode
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Figure 16 Schematic showing a) atomic arrangement and crystal structure of graphite unit cell (hexagonal)
indicating the stacking sequence (AB layer) with prismatic surfaces and basal plane, b (SW Isometric) and c)

basal plane view of graphite, Crystal Maker>®

The carbonaceous anodes in LIBs consist of sp® hybridized carbon atoms arranged in a
continuous hexagonal network (graphene layers), often termed as honeycomb structure. These
networked sheets are stacked over each other and held together by weak low energy van der Waals
forces to form different ordered structures: the 2H or a-phase ABAB stacking sequence with
hexagonal symmetry and the ABCABC type stacking, showing a 3R or B-phase rhombohedral

symmetry. Naturally and readily available carbons contain B-phase carbons (up to 30%), formed
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by mechanical treatments (during processing or handling) such as milling, shearing and ultrasonic
treatments which can be converted a-phase by heating at high temperatures.®*%> The graphitic
structure of carbon induces two different surfaces, termed as the prismatic (edge) and the basal
plane surfaces (Figure 16 ) 78.

The smooth homogenous basal planes consist of only the carbon atoms, while, the rough
and heterogeneous prismatic surface can consist of other atoms (such as hydrogen/oxygen/) as
functional groups on the surface (— COOH and — COH). Intercalation of lithium into graphite
structure occurs through the prismatic planes while the basal planes and its constituent carbon
atoms facilitate only the diffusion and are inert to any intercalation / reaction.’® 3¢ Hence,
understanding and controlling the quantities of the basal and prismatic planes along with their
relative amounts in the carbon containing materials for making LIB anodes is very critical.

Lilayer

0.430 nm graphene layer

a
i

Figure 17 : Pictorial representation of Li intercalation into graphitic structure along with a view

perpendicular to basal plane in LiC6 7 132

The internal van der Waals forces generated by interaction of I - electrons enable gliding

of graphene layers over one another by rotational / translational modes inducing stacking faults
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and distortion in the carbon matrix!¥-134 This triggers loss of periodic atomic arrangement in
between the stacking layers, forming turbostratic structure. The inter-planar and interatomic
distances in the disordered carbon-based structures are diffused, variable and greater than that of
graphitic carbon on an average. In general, the disordered carbon materials are of two types: hard
and soft carbons. The turbostratic disorder in soft carbon materials can be removed by heating
them in an inert atmosphere to very high temperatures (>3000°C). However, it is difficult to
remove the turbostratic order in the case of hard carbons by annealing due to the presence of stable
sp’ bonding in between the layers and hence, they retain the disorder. Disordered and ordered
carbons differ drastically in their electrochemical performance and properties such as gravimetric
capacity, intercalation potential with respect to lithium, quality of the SEI layer, first cycle
irreversible loss and rate capability.

The lithium intercalation into the prismatic graphite layers occurs in a periodic sequence
(stages) involving formation of different intercalant layers, a phenomenon termed as “the staging
mechanism™!3*. The structure containing ‘n’ number of graphene layers between two intercalated
layers (layers containing Li" ion) is defined as the nth stage compound. In a well-ordered graphitic
structure, a maximum of one Li can be accommodated for 6 carbon atoms. Therefore, stage-I
results in a compound with the stoichiometric formula LiCs with the intercalant layer consisting
Li" separated by single graphene layer (Figure 17) while the sites in adjacent neighboring plane
for Li intercalation are avoided, causing an in-plane lithium density of LiCs. The ABAB graphene
layer sequence after intercalation, is transformed to an energetically favorable AA type stacking
order. The intercalation of external ion (Li") results in an increase in average distance (10.3%) in
between the graphene layers . The mechanism of staging is observed from the voltage vs. time

plot obtained by electrochemical intercalation of graphite with lithium in a galvanostatic mode
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(Figure 18). The voltage plateaus (Figure 18) indicate the formation and presence of two phases
or two different stage compounds, namely the stage-I and stage-II compounds, which co-exist

when the voltage remains constant at ~0.1 V during the presence of two phase regime *°.
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Figure 18 a) Potential vs intercalation at various stages (staged mechanism) and b) schematic of lithium

intercalation into graphite during electrochemical reaction

78,136

The irreversible capacity arising due to the formation of solid electrolyte interphase (SEI)

layer on graphitic surfaces is another important feature of the carbonaceous compounds

89,93, 137

This phenomenon arises from the decomposition of the solvent that occurs at around above 0.5 V

(~0.8V) and also, in parallel to the Li intercalation reaction, a very damaging phenomenon,
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especially when employing propylene carbonate (PC) based electrolyte in LIBs. In PC based non
— aqueous LIB electrolytes, the co — intercalation of solvent molecules occurs in the form of Li"-
(solv)y to form Li*- (solv), - C, along with the Li* into graphite layers °2. The solvated intercalation
phenomenon causes expansion in the layered graphitic structure (~150%) resulting in exfoliation
of layers due to loss in interplanar interactions and subsequently, loss in capacity (Figure 19). To
tackle this problem, carbonate based solvents (ethylene carbonate - EC, diethyl carbonate - DEC,
etc.) are employed since the Li" interaction and their stability energy prevents the solvated
intercalation reaction, instead, forming a protective SEI layer on the graphite surface!*®. Due to the
viscosity of EC being very high because of its high permittivity, it is mixed with other linear
carbonates, for example, diethyl carbonate (DEC) / dimethyl carbonate (DMC) enhancing the
fluidity and is thus widely used in current commercial LIBs. '3
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decomposition products

Figure 19 Exfoliation / flaking of graphitic layers from co-intercalation of solvent %13
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1.2.9.2 Intermetallic / Alloy-based Lithium-ion Battery Anodes
The good cycle/ low cost of carbon-based anode has enabled the system to be used widely
in commercial portable and well as large scale applications. The increase in demand for energy
storage for emerging applications such as grid storage and automotive industry, has resulted in
grave need for LIBs with better energy storage densities. Alloy / metallic - based anodes have
generated attention as carbonaceous electrode alternatives owing to their higher gravimetric /
volumetric energy storage densities. Pure metallic elements such as Sn, A/, Si and Bi have the
ability of alloying with copious amounts of Li at low electrode potentials with respect to Li/Li"
providing in higher energy storage densities according to the below reaction:
M +nLi*+ne” - Li,M
M = 5n,Si,Al,Bi,Sh,Zn
The theoretical specific capacity of these alloys / elements are calculated from the molar
quantity of Li which can be alloyed electrochemically during lithiation reaction, the values of

which are as provided in Table 5.

Table 5: Specific charge storage capacities and molar volumetric changes exhibited by the different anode

elements during electrochemical cycling with lithium

Element C Bi Sn Al Si
Maximum Lithiated phase LiCs | Li3Bi1 | LigaSn | LigAls | Li4.451
Gravimetric capacity (mAh/g) 372 385 1992 2235 14200
Volumetric Capacity (mAh/cm?) | 833 | 3773 | 7247 | 6035 | 9784
Volume change (%) 12 115 | 257 238 297

The work on lithium based alloys and intermetallic was triggered and conducted on the
systems: Li-Al %89% 105 [j_-Sp 190102 1 pfg93 | [i-Sh107-10%8 and Li-Si 1'°112 by employing high
temperature molten salt electrolytes (~400°C). The metallic alloy anodes undergo huge volume

changes as a part of the alloying and de-alloying processes. The colossal volumetric /
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crystallographic changes induce large mechanical stresses, eventually triggering the fracture of the
active material, which is usually referred to as ‘crumbling’ or ‘pulverization’ of the electrode. The
resulting fine secondary particles from pulverization phenomenon lack the initial inter connectivity
and remain electrically insulated from the substrate / current collector, resulting in active material
/ capacity loss. Several approaches were designed and explored to resolve the issue of mechanical
failure in the metallic alloy anode systems as listed below:

eUse of amorphous and nanostructured materials.

eMixed conductor composite matrices: active-active and active-inactive matrix
composites.

Fuji® commercialized a metallic alloy anode, in 1995, based on Li-ion battery with the

trade name - Stallion® lithium-ion cell '4°

which exhibited higher capacities when compared to
those that use graphite based anode. The Stallion® cell employed an amorphous oxide of tin
composite anode, SnO, dispersed within a glass matrix of A/>03;, B203 and tin phosphate. The

electrochemically active Sn which undergoes de-lithiation and lithiation during the charge —

discharge processes was formed electrochemically by the following reactions:

Sn0, + 2xLi* +2xe~ — xLi,0 + Sn (irreversible Li,0 formation)

xLi,0 + Sn + yLi* +ye~ < xLi,0 + Li,Sn (reversible alloying of Sn)

The electrochemically inactive matrix consisting of borate-alumina-phosphate glass acts
like a supporting medium / matrix for the metallic tin nanodomains which are formed during the

first in-situ reduction of SnO.. There is an irreversible loss of capacity during the first cycle due to
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loss of lithium atoms as well as lithium ion as a result of the permanent reduction of the parent
SnOx phase to form Li>O and Sn.

Another electrode system termed as the active-active concept was developed and proposed
by Besenhard where SnSbh alloy was employed as the starting material '3, The alloying / dealloying
reactions for this system with lithium are as follows:

SnSb  + 3Li* +3e” < Li3Sh + Sn (reversible reaction)

Sn + yLi* +ye~ < Li,Sn (reversible reaction)

=]
N

Critical size / micrometers

Dilation strain parameter

e R

Figure 20 a) Effect of dilation strain parameter on critical geometric size to prevent fracture of materials with

different fracture toughness (MPa) and b) in-situ TEM of silicon particle cracking under lithiation 41142

The lithium alloying phenomenon occurs in a sequential fashion, where, lithtum initially
alloys at higher potential with Sb to form Li3Sh with dispersed Sn domains ''*!15 following which
the remaining S» domains further alloy with Li to form Li,Sn phases. As a part of the de-lithiation
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process, after the entire Li is de-alloyed from Sn / Sb, the initial SnSb phase is restored. This process
of phase separation and restoration phenomenon during the discharge - charge process results in a
critical morphology which induces the aggregation and coalition of finely dispersed Sn thus,
forming bigger Sn grains which is immediately responsible for the failure of mechanical integrity
arising from large volume changes. Intermetallic phases between Sn and Fe, especially SnFe,
SnyFe, Sn2Fes and SnsFes were synthesized and studied by Dahn et al where active Sn alloys with
Li forming Li.Sn alloys and Fe domains '!'""'?!. The inactive electrochemically formed Fe is very
fine (~10 nm) and surrounds the Li alloyed Sn particles forming a conductive matrix improving
the inter-particle conductivity. Several research studies found that reduction in the particle size of
the active materials resulted in alleviation of the mechanical stresses '“*1%3. Using a theoretical
model, Huggins et al calculated the electrochemical and material conditions which results in
fracture of particles due to specific volume mismatch in a two-phase structure 42, Accordingly, a
critical terminal particle size can be computed from this model, (Figure 20) below which,
continued and further fracture does not happen and this value is independent of the magnitude of
the volume mismatch, material, and fracture toughness of the lower specific volume phase.
Additionally, the material systems with particle sizes in the sub-nanometer and nanometer range
are able to undergo superplastic deformation during the de-alloying / alloying processes to

accommodate the huge volumetric changes. The relationship between the applied stress (), strain

rate (&) and grain size (d) is computed by the following equation '**:

e=Aoc"d"D,exp(-Q/RT) e (1-7)
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where A is a pre exponential constant

n = stress exponential constant (n=2)

p = the grain size exponential constant (p=2-3)
Q = activation energy for flow / diffusion and
R = Universal gas constant.

The strain rates computed from the equation are very low for micron sized grain sizes (~10
um) and only high temperature super plasticity can be observed and obtained. However, reducing
the particle size triggers and enables the superplastic behavior even at room and cryogenic
temperatures. In addition, nanostructured materials and systems have higher fraction of atoms
located at the grain boundaries and surface when compared to micro materials resulting in
improved mechanical performance and properties such as fracture toughness, ductility and

mechanical hardness. '%

1.2.10 Silicon Based Anodes for Lithium-ion Battery

The rise in portable electronics, miniature devices and increased demand for longer driving
range / charge mileage in electric vehicles has commanded the battery research community and
manufacturers to develop LIBs with the capability to store higher amount of energy without
increasing the weight of the overall battery pack. Batteries with higher density of energy can be
obtained by enhancing the specific capacity and/or output voltage of the individual constituent
electrochemical cells. The equation for computing the total specific capacity of an individual
electrochemical cell is as below:

C: CaXCb
C,+C,
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where C, is the specific capacity of anode and C. is the specific capacity of cathode.

The total capacity of the battery that can be obtained, plotted against anode capacity for
two different cathodes: LiCoO: and LiMnO:> (140 mAh/g, LiCoO: and 200 mAh/g, LiMnO:
derivative) is shown in Figure 21.1% A higher cathode capacity is essential for an overall high
specific capacity of the battery. However, it can be noted that when a cathode with a large capacity
of ~200 mAh/g is employed, there is a rapid increase in overall capacity initially with the capacity
of anode approaching values of ~1200 mAh/g, after which there is only a marginal improvement
in total full cell capacity with further increase in the capacity of anode. Hence, while selecting
anode materials to develop and design future generation of high energy density batteries, it is
critical that their theoretical / operational capacity is higher than 1200 mAh/g for obtaining and

maximizing the attainable capacity for a given cathode.
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Figure 21 Total specific capacity of LIB calculated as a function of anode specific capacity for cathodes

having two different capacities ( 140 mAh/g & 200 mAh/g) 145146

Graphite with a theoretical capacity of only ~372 mAh/g which is currently used as anode

in all commercial Li-ion batteries thus, is certainly not a preferred candidate for designing /

53



developing high energy density LIBs. As previously discussed, metal alloy anode systems are
suitable materials for achieving higher gravimetric capacities, among which, silicon is highly
attractive because of its low cost, elemental abundance in earth’s crust and high theoretical
capacity of ~3500 — 4200 mAh/g, which is attributed to its ability to form the highest lithiated
phase, Li»,Sis. These attractive characteristics enable silicon - based materials to potentially replace

graphite as an anode with high specific capacity.

1.2.10.1 Electrochemical Lithiation/De-lithiation Reactions in Silicon

The formation of electrochemical Li-Si alloys was initially demonstrated in high
temperature reactor cells operating inbetween voltage range of 400°C - 500°C by Sharma and
Seefurth in 1976 ' and then followed by Huggins et a/ in 1981 '*2, The phase diagram of Li-Si
(Figure 22) indicates the formation of different Li-Si phases as follows: Li;2Si7 (Li;.715i), Li;4Sis
(Li>33Si), Li;3Sis (Li325Si) and LizsSis (Lis4Si) 7. The formation of the highest lithiated possible

phase, Li,2Sis, therefore determined the theoretical capacity of Si to be 4200 mAh/g.
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Figure 22 Phase diagram of Li — Si system 4

The different alloys which bulk crystalline silicon forms with lithium containing various
Li-Si phases during the discharging process are listed in Table 6 '*2. A large change in volume
upon lithiation is often associated with the formation of these phases. The complete lithiation of
silicon leading to the formation of the Li>2Sis phase results in a 400% change or four-fold increase
in volume. This huge volumetric expansion is catastrophic triggering the formation of large
amount of mechanical stresses in the active material leading to pulverization or cracking of the

electrode.
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Table 6: Unit cell volume, unit cell formula, crystallographic unit cell volume per Si atom and theoretical

density of different crystal structures in the Li-Si system 12

Compound / crystal structure Unit cell volume | Volume per silicon atom
A) A)
Silicon cubic 160.2 20.00
Li12Si7, (Li1.71S1) orthorhombic 243.6 58.00
Li14Sie, (Li1.71S1) rhombohedral 308.9 51.50
Li13S14, (Li3.25S1) orthorhombic 538.4 67.30
Li2,Sis, (Li4.4Si) cubic 659.2 82.40
05 3 2 1 b
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Figure 23 Discharge - charge profiles for a) micro-Si (10um) and b) Si with areal loading > 1.0mg/cm2 under

galvanostatic conditions in a voltage window of 0.0-2.0V (vs. Li/Li+) 14150

However, observations made through in-situ X-ray diffraction measurements by Dahn et
al indicated that the electrochemical alloying of Li with crystalline Si at very low current rates
initially resulted in the amorphization of Si forming Li.Si alloys followed by recystallization to
form Li;sSis, the highest lithiated phase having a theoretical capacity of 3579 mAh/g '**. During
the first cycle, Li alloys with Si by solid state diffusion to form a new Li.Si phase which is
amorphous in nature along with the unreacted Si phase. The presence of this dual phases results in

a horizontal flat voltage profile during the discharge reaction, where the available free energy is
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consumed in the nucleation and growth of this new amorphous phase. A typical voltage profile of
crystalline silicon observed during cycling at a current density of 100 mA/g is shown in Figure 23
150 The presence of the flattened voltage profile at ~0.2 V during the lithiation/alloying reaction
in first discharge cycle indicates the presence of crystalline silicon and Li.Si phases. A very high
initial first discharge capacity of ~3700 mAh/g was observed followed by a huge initial irreversible
loss of ~75%, resulting in a lower charge capacity of only ~880 mAh/g. Furthermore, the specific
capacity decreases to less than ~500 mAh/g by the end of 5" cycle resulting in a poor
electrochemical cycling performance of crystalline Si, ruling out its potential to replace graphite
as a higher capacity anode.Mechanism of failure in silicon anodes

As mentioned in the previous section, bulk crystalline Si exhibits a huge first cycle
irreversible (FIR) loss during the initial discharge — charge cycle followed by rapid fade in
capacity, thus, limiting its use in major commercial applications. Initial studies performed to
understand the failure mechanism observed that the huge first cycle irreversible loss was induced
due to the material pulverization and loss of material electrical conductivity '*°. However, other

operating phenomenon such as presence of surface oxides " !

and solid electrolyte interphase
(SEI) films '*? were also found to be responsible for the poor electrochemical performance of the

bulk crystalline Si based anodes which are described in the following sections.

1.2.10.2 Loss of Active Silicon Material in Anode

The huge volumetric changes during the alloying / de-alloying reactions result in build -
up of the mechanical stresses which lead to pulverization and loss of inter-particle
conductivity/contact. The loss in electronic conductivity is demonstrated by measuring the internal
impedance / resistance of the electrochemical cell. Galvanostatic intermittent titration technique

(GITT) experiment, was conducted by Ryu et al by applying a current density of ~100 mA/g for

57



10 minutes to allow the de-lithiation / lithiation reactions to occur following which the current was
switched off for the next 20 minutes '*°. Quasi open circuit voltage (QOCV) and closed circuit
voltage (CCV) were monitored and measured when the system was subject to electrochemical
agitation under galvanostatic conditions and at rest, and the difference between the two recorded

potentials was used to calculate the internal resistance.
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Figure 24 Variation of internal impedance with voltage in a) silicon based anode and b) Si — FLG during

lithiation and delithiation 25133

The variations in internal resistance (shown in Figure 24) indicates a decrease in the
internal impedance / resistance due to improvement of inter-particle electrical contact induced by
the volumetric expansion of the silicon particles. The Li.Si alloys that are usually formed during
the lithiation process may also influence the decrease in internal resistance.'”> However, the
internal resistance increased rapidly beyond ~0.4V during the de-alloying cycle which is due to
the near completion of extraction of Li from the Li.Si alloys which is almost complete during the
de-lithiation process. This phenomenon subjects the active material to huge tensile forces due to
volume contraction. The Si particle in the anode undergoes cracking, resulting in a loss of
conductivity or capacity due to the ease of micro-crack generation and propagation, under these
tensile force fields. The formation and propagation of cracks / pulverization of the active Si
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material during the electrochemical charge / discharge cycling has been observed and confirmed

by using in-situ AFM and SEM methods. 126-127 143

1.2.10.3 Formation and Effect of Solid Electrolyte Interphase (SEI):

Solid electrolyte interphase layer (commonly referred to as SEI layer) is an
electrochemically generated protective film that forms / deposits on the surface of the negative
electrode during the initial cycle because of electrolyte decomposition. In the case of Si, the
components of the SEI layers are mainly composed of lithium alkyl carbonates such as LiF,
LixPOyF:, Li>COs3, SiFy, Li;O etc 377 The formation of SEI layer is a dynamic process which
continues to progress, especially in the case of Li alloying based anodes, as a result of which, new
surfaces are formed continuously. Further electrolyte decomposition or SEI formation is triggered
on the fresh surfaces as a result of material cracking and pulverization. The lithium lost during the
formation of the SEI layer products is irreversible, and hence, results in the first cycle irreversible
(FIR) loss, lower coulombic efficiency and capacity fade’®. Additives such as vinylene carbonate
(VC) 8%-15% and fluoroethylene carbonate (FEC) 7% are usually added to the electrolyte to suppress
and stabilize the formation of SEI which has indicated to lower the first cycle irreversible loss and
improve the cyclability of the electrode. Though there are considerable controversies concerning
the mechanism of SEI formation, several mechanisms are proposed and the major models to
explain SEI formation are as listed below: 10% 155157
The Peled model (Figure 25a)

This is the primary mechanism to describe the SEI film established via a surface reaction.

The surface reaction is stepwise and preferential reduction of certain electrolyte components. The

formed layer is with integral structure except for several Schottky defects for Li ions migration.
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The potential difference A¢y s, contains three components Ay 51 = Guyse + ¢Psg +
¢sk/so1- The deposition-dissolution process of an electrode covered by an SEI involves three
consecutive steps, which are described schematically as follows:
a) Electron transfer at the metal/SEI interface:
M° —ne” - Mn+M/SEI
On cathodic polarization a metallic cation sheds its solvent molecules, crosses the solution
/ SE interface, and enters inside a vacancy in the SEI.

* = 1 (or migration of anions

b) Migration of cations from one interface to the other when t,

when ty~ = 1)

Mn+M/SEI - Mn+SEI/Sol

The metallic cation migrates through the bulk of the SEI by Schottky vacancies

mechanism.
¢) Ion transfer at the solid-electrolyte interphase/solution (SEI/sol). For ty,* = 1
m(solv) + M™ gp;/500 = M™ m(solv)

Finally, it reaches the active surface and accepts an electron from the conducting material
and becomes a member of the lattice of the anode material. All the above reactions are qualified
to be the rate-determining step (r.d.s.) however, it was found that ionic migration through the SEI
is the rate-determining step for many systems due to the thickness of the SEI layer and poor ionic
conductivity of pure solid crystals at room temperature. In addition, it was found that the rate of
reaction with anode material or the nucleation of the lithium is affected by the interfacial resistance.
The Mosaic Model (Figure 25b)!3%1%

The SEI formation involves several reductive decompositions on the surface

simultaneously forming a mixture of insoluble multiphase products which deposit on the anode.

60



The formed SEI has a mosaic morphology and the diffusion of Li ions contributed by both the
defects and the grain boundaries of the products. The transport of ions through the SEI, which
consists mainly of polycrystalline material, takes place by mobile point (Schottky or Frenkel)
defects. As a result, the contribution of the grain boundaries of these organic/inorganic

microphases must be taken into account which was absent in the initial Peled model '°.

Different
components

Vacancy

»

Figure 25 Schematic representation of SEI layer and its formation. a) The Peled’s model, b) Mosaic model

and c) Coulombic interaction mechanism

In the mosaic model, as a part of the electrical impedance studies (EIS), one layer of SEI
is characterized by at least four RC elements in series combination and a Warburg impedance to
the first approximation. These RC elements represent two interfaces: electrode/SE and
SE/solution, SEI ionic resistance and capacitance, and grain-boundaries resistance and
capacitance. Each additional sublayer adds an additional three RC elements. In some cases, the
grain-boundary resistance may be larger than the ionic (bulk) resistance of the SEI.

The Coulombic interaction mechanism (Figure 25¢) !°7- 160

After the surface reaction, the decomposition products are lined up with positively charged

Li ion as a “head” and the partially positively charged carbons as a “foot”. The unique double

electric layer allows the products to attach themselves to the existing film. Compared to the other
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two models, the SEI layer constructed by Coulombic interaction mechanism can have superior

stability due to the stronger adhesion induced by the ion pairs.

1.2.10.4 Presence of Silicon Surface Oxide Layer

Bare silicon surface depending on the synthesis method and origin usually has a surface
oxide layer (SiO: or SiOy) with the thickness of this oxygen containing layer dependent on the
particle size. With the reduction of particle size, there is an increase in specific surface area (SSA),
which results in an increase in the coverage of surface oxide. Commercial nanoparticle silicon may
contain upto ~26 wt% of SiO: which is electrochemically inactive, resulting in low overall specific
capacity of Si electrode.” Etching of these Si nanoparticles with hydrofluoric acid for around 30
minutes have the ability dissolve the surface oxide and the oxide-free silicon particles thus

obtained have shown a significant improvement in specific capacity (Figure 26)>.
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Silicon sub oxides such as SiO: , unlike SiO>, are electrochemically active and can
contribute to first cycle irreversible capacity loss when present on the surface of the active Si, due
to the reduction by Li to form Li>O and Si during the lithiation process ">74. However, the use of
HF acid both in the laboratory and large-scale industry (especially for batteries in EV) poses issues
with health, equipment degradation, handling, and costs (installation / running). The effect of
surface oxide is highly prominent in nano particles due to high specific surface area associated
with nano particles. Additionally, different synthesis methods result in different amounts of silicon
suboxides and silicon surface oxide, with different surface group termination and different SEI

layer thus, exhibiting different performance.

1.2.11 Approaches to Address Issues with Silicon Based Anode

To address the huge first cycle irreversible loss and rapid capacity fade associated with
silicon-based anodes, several different approaches have been developed as discussed in the

subsequent sections.

1.2.11.1 Nano/Sub Micro and Nanocrystalline Silicon

Several reports indicate that the reduction in the particle size or the crystallite size of the
active material significantly improves the retention of specific capacity 4*14% 162164 Huggins er al
suggested the existence of and determined a critical radius of Si below which, the fracture of the
particle would not occur and this value depends on the fracture toughness and the lithiation extent
of the lower specific volume phase 42. Consequently, the percentage of volume expansion or the
amount of strain generated in the anode material was established to be directly proportional to the

amount of lithiation in the Si material. The use of silicon nanoparticles as anode was first reported
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by Liang et al and obtained a reversible specific capacity of ~1700 mAh/g by the end of the 10"
cycle.'®® Although inferior to the cyclability performance of graphite-based anode systems, there
was a major improvement when compared to bulk crystalline Si based electrodes. Over the years,
many attempts have been made to synthesize nanosized silicon using different techniques and
routes all of which have demonstrated better capacity retention 32 150-166-167 /A recent study reported
a strong particle size dependence on the cyclability, where, silicon particles below 150 nm in
diameter did not fracture while surface cracks developed in particles of larger sizes resulted in the
fracture of material upon lithiation demonstrating the influence of reduced particle size on the
electrochemical response minimizing or even eliminating the adverse catastrophic effects of the
colossal volume expansion related stresses 4.
1.2.11.2 Si Composites Based on Active-Inactive Matrices

The formation and generation of the inactive phase in the electrode using in situ
electrochemical reaction with Li", (for example in the case of SnO>) results in the generation of
Li>O by irreversible consumption of Li*, which nevertheless, serves as glassy Li* conductor as
well as a binding matrix serving as a spectator / inactive ‘glue’ phase holding the active electrode
material thus, accommodating the huge volume expansion of Sn '*°. The sub-oxides of Si (SiOx)
are also studied similar to Sn, where in the lower suboxides of silicon (SiOy.s) exhibited higher
capacity (~1600 mAh/g) however, with poor cyclability. Higher suboxides of Si (such as — SiO;.;)
however, exhibited lower capacity of ~800 mAh/g and as expected, a better capacity retention %,
These Si suboxide based anode materials still had a huge first cycle irreversible loss of ~50%,
arising from the formation of electrochemically stable Li>O on the anode by the irreversible

reaction of SiO, by Li in the first discharge cycle 6.
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However, the direct generation and synthesis of ‘active-inactive’ component materials via
ex situ approaches that are non — electrochemical in nature thus, preventing the extraneous
consumption of Lithium to form inactive species that serve to bind and hold the lithiated phase.
The ex situ generation method of electrochemically active - inactive thermodynamically stable
electrode phases serve to directly expose the active phase for Li reaction thus, significantly
reducing the FIR losses to values considerably lesser than 50% as observed in the Fuji® tin oxide
systems wherein the oxide is electrochemically reduced to active-inactive phases thus absorbing a
large amount of Li that is irreversibly lost. The thermodynamic Li — inactive phase, in the ex situ
approach, is homogenously distributed in the thermodynamic Li-active phase. This eliminates the
irreversible consumption of Lithium leading to the FIR loss of Li. Accordingly, TiB., SiC, TiN,
and C have been researched and studied as potential inactive matrices for silicon based anodes by
the Kumta et. al. '*1% 2% 16 Here, mechanical milling of bulk crystalline Si with the above-
mentioned matrices was conducted to synthesize a homogenous phase, with Si dispersed uniformly
in the inactive electrochemical matrix. These conducting matrices are electronically conducting
and assist in the charge transfer mechanism associated with lithium alloying / de-alloying with
silicon. Silicon obtained from these milling approached was either amorphous or nano — crystalline
with very low capacities of ~350-400 mAh/g however, with a better and improved electrochemical

cyclability when compared to commercial microcrystalline silicon.

1.2.11.3 Si Composites Based on Active-Active Matrices

While improving the cyclability of the anode compared to the bulk crystalline silicon using
the active — inactive matrix approaches was attained reversible capacities were significantly lower
compared to silicon’s theoretical capacity since, the inactive — material was heavier decreasing the

overall capacity of the electrode. A matrix that is soft, ductile and lightweight is required to

65



overcome this problem and to alleviate the internal electrode stresses generated during the
electrochemical reaction. Carbon being much lighter than previously explored nitrides or borides;
and mechanically soft, thus, serving as a good secondary matrix.

Composites of silicon and carbon were first developed in 1990s by Dahn et al by the
decomposition of polymers of silicon / carbon such as polyphenylsesquisiloxane (PPSSO) and
polymethylphenylsiloxane (PMPS) in the temperature range of 900°C - 1300°C '®°. The
composites obtained at temperatures of ~1000°C showed a capacity of ~500 mAh/g and the
capacity dropped to ~250 mAh/g when higher decomposition temperatures (~1300°C) were used.
The electrochemical formation of inactive SiC at higher temperatures (~1300°C) resulted in lower

capacity and composites with required Si/C composition was difficult to achieve using Si / C

170-173 174

systems. Other precursors use pitch polysilanes and epoxy silanes also used higher
decomposition temperatures to synthesize the Si/C composite. The obtained capacities from these
materials, were low (<500 mAh/g) exhibiting huge, large first cycle irreversible loss, possibly due
to oxygen presence and formation of silicon carbide species at high temperatures. Hence, research
was directed utilizing silane gas (SiHs) as the silicon precursor with a low temperature
decomposition of ~500°C and below. For example, nanosized silicon particles of ~10-20 nm were
deposited on carbon (KS6 graphite) by the decomposition of silane gas in a thermal chemical vapor
deposition (TCVD) showed a reversible capacity of ~1000 mAh/g, with a low first cycle
irreversible loss of ~26% and fade rate of only ~2% !"°. The excellent cycling performance of this
Si/C composite was due to better adhesion of the silicon nano particles (~50 nm) to the surface of
KS6 graphite. Even though the system showed better capacity, higher capacity retention, the TVD

process of Si precursor gases to control the particle size, structure and composition was difficult.

Ball milling is a simple and high throughput approach, where Si is milled with carbon and an
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organic polymer serving as diffusion barrier thus, preventing the diffusive reaction between Si and
Cinduced during the process( which usually forms inactive SiC), resulting in a homogenous Si/C
anodic composite. 2% 16% 176
1.2.11.4 Amorphous and Disordered Silicon

Amorphous silicon (a-Si) is devoid of any long-range order (similar to bulk metallic glassy
materials) and consists of a large number of defects and free volume. The presence of this
disordered structure distributes the volumetric expansion more homogenously upon lithium
insertion, and the phenomenon of crack formation and propagation is considerably less
catastrophic when compared to crystalline silicon '4!% 177 Hence, the mechanical decrepitation
and pulverization of the active material is reduced giving rise to better capacity
cyclability/retention. In LIB applications, a-Si thin films are grown on metallic substrates using
physical vapor deposition (PVD) techniques following which they are directly assembled in coin
cells without the addition of any material such conductive additives and binders !% 2326178 4_g;
film of ~100 nm thickness was deposited on a Ni foil by vacuum evaporation and it exhibited a
high 1* discharge capacity of ~2500 mAh/g with a reversible capacity of ~2000 mAh/g stable upto
50 cycles.!™

Maranchi et al developed and studied a-Si films (~250 nm thick) sputtered on Cu foil using
RF magnetron sputtering system which exhibited very high first and second discharge capacities
of ~4100 mAh/g and ~3800 mAh/g, respectively 2°. The films exhibited excellent capacity
retention for ~29 cycles, after which there was a rapid capacity fade, resulting in a capacity of only
~1800 mAh/g at the end of 40 cycles. The good cycling stability of amorphous silicon even for a

few cycles in this system was due to the efficient binding of silicon atoms to the current collector

and structural integrity of the films ?°. a-Si can also be synthesized using a low pressure chemical
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vapor deposition reactor (LPCVD) by thermal cracking of silane gas (SiHy) in the temperature
range of 485°C - 500°C % ' which was utilized in developing 3-D heterostructures, nanowires,
nanotubes and core-shell structures, and will be discussed in the subsequent sections. Despite
displaying better electrochemical performance in LIBs compared to bulk / micro / nano crystalline
silicon, a-Si films generated by PVD methods (like evaporation and sputtering) are usually
expensive and characterized by low synthesis and manufacturing outputs, thus, preventing them

from being implemented for large scale production.

1.2.11.5 Silicon - Based Nano/Micro Scale Architectures

Over the past years of Si anode development, interest was shown on anodes consisting of
silicon architectures by engineering the morphology of the material to achieve desired
improvement in the electrochemical performance of LIBs. The architectural parameters played
important role in reducing the stresses developed during the volume expansion process, thus,
preventing / delaying the onset of crack formation, which eventually leads to capacity fade and
pulverization. These architectures are either single phase, containing only silicon such as
nanowires, nanotubes, porous silicon, or multicomponent heterostructures such as core-shells and
bio-inspired structures. These nanostructures are comprised of either the amorphous or
nanocrystalline state. Among many reported literatures on Si architectures, few relevant and

analogous representative systems have been selected and discussed in the subsequent sections:

1.2.11.6 Silicon Nanowire Based Electrodes

The use of Si nanowires as anode material in LIB demonstrating good gravimetric
capacities along with good cyclability was initially reported by Chan et al > and immense interest
to explore one dimensional (1 — D) nanostructures was generated due to their ability to offer strain
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relaxation as to resolve the issue of mechanical failure in Si anodes. The growth of Si — nanowires
is typically guided by vapor — liquid — solid (VLS) mechanism during the decomposition of silane
on various substrates (stainless steel) which were employed directly without the use of any
additional binder or conductive additives (Figure 27). An initial low first cycle irreversible loss of
~27% and reversible capacities >3000 mAh/g were obtained during initial 10 cycles. In the case
of Si nanowires, an increase in overall length and diameter resulted from the volumetric expansion
and the internal stresses generated due to this were less damaging and facile, leading to superior

cycling stability.

Nanowires

. Facile strain
Efficient 1D relaxation

electron transport

Good contact with current collector

Figure 27: Pictorial representation of Si nanowires developed directly on substrate and SEM image of SINWs

3
Additionally, the strong adhesion of these nanowires to the underlying current collector
contributed to a good electronic transport and hence, good rate characteristics. The FIR loss of
these nanowires (~27%) is still higher when compared to the carbon based anodes, possibly due
to SEI layer formation® which could be lowered by coating the nanowire surface with carbon '8*-
81 or copper '¥!, leading to decrease in electrolyte decomposition thus, improving charge transfer
kinetics. The long - term stability, sustained coulombic efficiency and areal loading are issues that

still need to be addressed.
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1.2.11.7 Silicon Based Heterostructures

Silicon based heterostructures are multi-component electrode systems containing
crystalline or amorphous silicon along with other electrochemically active/inactive phase(s). These
electrode structures are usually designed employing a bottom up approach, which result in a
morphology mitigating the stresses developed due to the volumetric expansion induced in silicon
by lithiation. Silicon heterostructures when carefully designed are electronically conductive and
offer advantages in terms of enhanced charge transfer kinetics, reduced internal impedance and
better rate capability when compared to pure silicon - based nanostructures.

Over the past decades, carbon nanotubes (CNTs) due to their chemical stability,
mechanical and electrical properties have generated immense interest and specialized applications.
29-30. 182 Thys, CNTs exhibit the potential to be employed as an secondary component in the
electrode serving as a support (inactive matrix) for silicon. The use of Si/CNT heterostructures as
high capacity Li-ion anodes was first demonstrated by Wang ef al by using a 2-step CVD approach
to generate these electrodes.® The method involved growth of long vertically aligned multiwall
carbon nanotubes (MWCNTs) on quartz substrates followed by growth of silicon droplets by the
low temperature decomposition of silane (SiH,) (Figure 28). An initial low FIR loss of ~20% with
reversible charge / discharge capacities > 2050 mAh/g (@ current rate of ~100 mA/g for 25 cycles)
were exhibited by these structures. The development of carbon coating on similar systems by other

groups improved the cyclability and coulombic efficiency of these CNT/Si heterostructures %3,
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Figure 28: Left: SEM, TEM & HRTEM images of Si droplets coated on vertically aligned carbon nanotubes
(VACNTs); Right- Specific Capacity plot of heterostructures cycled galvanostatically at ~100 mA/g in the

voltage range of 0.02 to 1.2 V vs. Li+/Li ¢

Another study developed silicon coated as droplets on annealed carbon black particles
which was later coated with carbon using CVD '#, This slurry-based electrode resulted in a system
with self-assembled hierarchical rigid sphere with open interconnected diffusion channels,
delivering specific capacities close to ~2000 mAh/g (at C/20 rate) for 100 cycles. The good
interface development between C and Si in these electrode structures is assumed to be critical in
maintaining the mechanical integrity of the silicon droplets to the inactive system, by minimizing
the strain mismatch induced by the volume changes °. However, the interface may fail to maintain
its integrity in the heterostructure at higher current rates due to high Li flux and variation in the
diffusion pathways. Krishnan et a/ developed a strain-engineered structure consisting of
aluminum, silicon and carbon exhibiting good rate characteristics, to address this issue's’.
Carbonaceous nanorods were deposited on stainless steel substrates by employing oblique angle
deposition (OAD) technique in a sputtering system. Subsequently, a layer of aluminum was
deposited on these carbon nanorods followed by silicon to form a composite electrode with a

nanoscoop like morphology, exhibiting a reversible specific capacity of ~412 mAh/g at high
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current rates of ~51.2 A/g for over ~100 cycles. Implementing aluminum as an interlayer at C/Si
interface facilitated the transition of strain from silicon to carbon, thus, resulting in the
minimization of lattice and crystallographic strain mismatch at the interfaces. In a different study,
TiSi> nanonets were selected as a strong and conductive core and decorated with CVD derived
silicon droplets. ' These TiSi> — Si heterostructures cycled at a current density of ~8.4 A/g in the
voltage window 0.15 V — 3 V vs. Li"/Li, displayed specific capacities >1000 mAh/g with a low
capacity fade of ~0.1% between 20" and 100 cycles. However, the cyclability was adversely
affected when the voltage window was increased by reducing the lithiation (lower) cut-off voltage
to ~0.03 V. Lower voltages may result in the lithiation of the 7iSi> core along with additional
lithiation of Si, resulting in the disintegration of the heterostructure. Similar study on
heterostructures of 7iC/C/Si indicated that 7iC/C served as a mechanically stable and electrically
conducting support core resulting in reversible specific capacities of ~3000 mAh/g (cycled at
current density of ~0.84 A/g) with specific capacity retention of ~92% by the end of 100 - 120
cycles. 187

In the more recent years, egg-yolk shell and pomegranate based electrode nanostructures
inspired by nature, were developed that exhibited higher specific charge / discharge capacities and
better capacity retention for over more than 1000 cycles.!®® The egg-yolk shell structure was
achieved using commercial silicon nanoparticles which were sealed inside a conformal, self-
supporting thin amorphous carbon shell with a void space which was designed to allow free
expansion of silicon without breaking the outer shell. The system exhibited reversible specific
capacity of ~2800 mAh/g (at a charge — discharge rate of C/10) for over 1000 cycles with a specific
capacity retention of ~74% and a coulombic efficiency of ~99.84% in the stable region '*®, Using

similar approach, these carbon encapsulated silicon hollow core shells were self-assembled to form
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a pomegranate type structure with hierarchical arrangement, resulting in a capacity retention of
~97% after 1000 cycles. The stabilization of SEI layer formation on the carbon and the
accommodation of volumetric expansion during Si lithiation in the intra particle void spaces were
inferred to be the main reasons for the improved cycling stability pomegranate and of the egg-yolk

structures.

1.2.11.8 Pure Silicon Based Nanotubes

Silicon nanotubes (Si-NT) have attracted immense interest among strain engineered pure
Si based structures, as Li-ion anodes, due to their good cyclability and long cycle life. The
nanotubes are tubular structures / hollow cylinders of Si (based on architectural dimensions),
synthesized using a sacrificial template by different methods. One-dimensional structure such as
silicon nanowires exhibit facile strain relaxation, however, the nanotube structure exhibit large
amount of unoccupied volume that allow the silicon to expand freely without cracking and
pulverization. Park et al reported the use of silicon nanotubes as Li-ion anodes where nanotubes
were synthesized by initially infiltrating porous alumina membranes with silicon napthalide,
followed by their reductive decomposition to form silicon and etching of the alumina membranes
to form hollow silicon nano tubes. '* These Si nanotubes exhibited a reversible specific capacity
of ~3200 mAh/g (at charge — discharge current of ~0.2C rate), a FIR loss of ~11%, good current
rate characteristics with specific capacities approaching ~2800 mAh/g at higher current rates of
~5C (~15 A/g) and good cycling performance. The formation of a thin amorphous carbon layer on
the surface of these silicon nanotube during the reductive decomposition of silicon napthalide was
perceived to prevent continual electrolyte decomposition and promote the formation of a stable
SEI layer.'* A recent finding showed that double-walled silicon nanotubes consisting of a hollow

inner tube composed of pure Si and an outer silicon — oxide layer (SiO,) exhibited good cycling
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stability for over 6000 cycles(Figure 29).> The SiO; layer on the exterior served as a robust
mechanical layer clamping the inner tube directing the silicon to expand towards the interior,

preventing the dilating surface from coming in contact with electrolyte.

<)

800 ' ﬂwwmwwm%nv»vmmmw 100

600 o= | p———" EERRR e e e o N I %0

[ —s— Charge

400

Capacity (mAhg™")

| ) - 80
200 - == D:scharge_

(%) Aauaidiya diquiojno)

: ; ; . ' : : : ; ; . L70
0 1,000 2,000 3,000 4,000 5,000 6,000

Figure 29: a) SEM and b) HRTEM images of the double walled SiNTs; c) long term cycling of double walled

SiNTs at 12C %

Arrays of sealed vertically aligned silicon nanotubes were developed using a ZnO nanorod
template (acting as a sacrificial system) on current collector followed by CVD deposition of
silicon.?! These free standing aligned closed end arrays of Si nanotube were directly tested in half
cell configuration without employing any binders and showed good cycling, rate characteristics
with an FIR loss of ~10-13% and capacity retention of ~80% after 50 cycles.

While silicon nanotubes seem to be apparent attractive choice, they suffer from major
disadvantages such as the synthesis methods of these nanotubes, result in low experimental and

commercial yields of the active electrode material. Furthermore, these methods employ the use of
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non-recyclable templating precursors and highly expensive reagents thus, increasing the overall
production / manufacturing costs which may result in roadblocks and high cost of energy storage
when used for actual implementation. Another major drawback is the low areal loadings obtained
in these systems (<1 mg/cm?) resulting in an overall low areal capacity (<1 mAh/cm?) of these
electrodes. In a lithium ion battery, an areal capacity in the range of 2-3 mAh/cm? is desired to
sustain the lithium influx originating from the capacity of cathodes in full cell assembly. Hence,
during the development of anode material in a LIB, it is significant to obtain a low first cycle
irreversible (FIR) loss along with good cyclability and rate capability with an emphasis on
obtaining high areal loading/ specific capacities and developing a synthesis approach suitable for

commercial and practical production in terms of scalability and cost.

1.2.12 Effect, Importance and Impact of Synthesis Methods

Other factors playing an important role during the selection of materials for anode/cathode
other than the material and its electrochemical properties, are, the cost of the raw materials /
precursors, recycling costs, synthesis techniques and the environmental effects of by-products
obtained on the production platform. From a commercialization perspective, significant attention
is diverted towards the synthesis technique for generating electrochemically stable materials
involved in the battery production since, it affects various factors such as manufacturing cost
(direct, indirect, running, purchasing, maintenance, etc), availability of raw materials and
subsequent environmental effects. A brief description of the synthesis methods, procedure and
their respective operational principle employed in this study to generate different silicon - based

anode systems are described in the subsequent sections.
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1.2.12.1 High Energy Mechanical Milling

High energy mechanical milling (HEMM) is a metallurgical powder processing method
which used mechanical energy of collisions to synthesize both equilibrium and metastable phases
of various materials. It is primarily a top to down approach with its origin in powder metallurgy
and is used for carrying out processes such as particle size reduction, alloying, solid state reactions
(mechanochemical reduction reaction), amorphization (introduction of / increasing the
crystallographic disorder) and mixing of materials. HEMM has become attractive technique for
large-scale processing and production of materials / variety of powders due to the lower costs and
faster processing times associated with it.

In this process, the initial materials (charge) are added to a milling vial (stainless steel or
other hardened materials) along with a suitable grinding media (hardened steel balls, zirconia, etc)
followed by sealing in an ambient or protective atmosphere. Subsequently, the vial is then subject
to milling action for a desired amount of time during which the powder particles are clenched in
between the milling balls and between the hardened surface of vial and the ball, thus, undergoing
plastic flow under various stresses arising from the absorption of energy arising from the milling
action. The stresses comprise of shear (attrition), impact (collision), impact (stroke) and
compression which often result in cold welding, continuous flattening, rewelding and fracture of
the particles depending on the mechanical behavior of the material. The fracturing of particles
occurs due to two distinct processes: (a) the continuous action of mechanical forces resulting in
work hardening and plastic deformation of the material leading to fracture by fatigue assisted
failure; and/or (b) fracturing due to the development of brittle/fragile structures by work hardening.
Furthermore, the secondary particles resulting from fracture process undergo rewelding to form

bigger particles. Subsequently, due to the absence of driving force to form agglomerates on
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continuation of the process, a steady state equilibrium emerges between agglomeration and
fragmentation, resulting in a decrease in average particle size due to the energy input. The milling
process is also affected by other variables such as milling speed, ball to powder ratio, milling time,
milling atmosphere, extent of filling the vial, etc. Hence, controlling and tailoring these process
variables results in the desired reaction along with particle size and distribution.

HEMM is an inexpensive and rapid process capable of generating huge yields of the final
desired material along with large scale production capability thus offering strategic advantages
over conventional processing techniques. Since, HEMM is a complete solid — state processing
technique which may not limited by the phase diagram stability and thus, may be utilized to
synthesize alloys comprising of various immiscible elements. However, a major drawback of this
process is that, longer milling times may result in the contamination of the product by the materials

in the vial or milling media, influencing the properties and purity of the final product.

1.2.12.2 Electrodeposition / Electroplating

Electrodeposition / electroplating is an apparently simple technique developed and used
over decades to make metal / alloy / composite coatings for decorative, protective as well as for
other specific functional engineering applications (corrosion inhibition, tribological properties).
The deposition process is usually conducted in an electrolytic cell by subjecting the substrate to an
electric current or a voltage with respect to reference/ current collector. The electrodeposition cell
is comprised of three main components distinguished by the phenomenon occurring at that
component, namely, a) working electrode (where the deposition occurs); b) counter electrode,
(serves as an inert or sacrificial electrode); and c) electrolyte, (serves as the medium for ionic
conduction). Often a third electrode, termed as the reference electrode with a fixed potential

(standard potential) is connected in the cell to accurately record the voltage of the working
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electrode. The deposition methods can be broadly classified into potentiostatic and galvanostatic
mode. Under potentiostatic conditions, the working electrode serving as the surface for deposition,
is maintained at a constant voltage with respect to the reference/sacrificial electrode; while, under
galvanostatic conditions, the working electrode is subject to a constant current density resulting in
the deposition. In both deposition modes, there is continuous supply of electrons to the substrate
(working electrode) and the cations / positively charged species in the electrolyte deposit as a
metallic / alloy / composite coating on the surface of the substrate by accepting these electrons.
Variation in the deposition variables such as applied voltage, electrolyte composition, time of
deposition and current density result in different morphologies of coating such as thick/thin films,
nanowires, nanoparticles, nanotubes islands and core-cell structures, with the properties and nature
of the deposit governed by Faraday’s laws of electrolysis and electrochemical principles. Faraday’s
law of electrolysis was developed for the electrodeposition / electroplating system and is as
follows: the amount of the material/coating deposited on the electrode is determined by the
chemical change in the system which is directly proportional to the amount of electrons (measured
in Coulombs, C) consumed during the process. Electroplating being a highly energy efficient, rapid
and inexpensive process, has the ability to develop thin film material deposition on conducting
substrates on a large scale.

Many of the electrodeposition processes developed in the industry employ aqueous based
electrolytes, where ionic species are dissolved in water (solvent). They suffer from different
drawbacks due to narrow electrochemical window (~1.2 to 1.8V) and thermal window (100C) due
to the electrochemical instability and higher vapor pressure of water. This results in generation of
unwanted hydrogen / oxygen gas (other species) during electrolysis, rapid evaporation and thermal

instability restricting the operational conditions. The use of non-aqueous electrolytes such as
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organic solvent-based electrolytes, molten salts and ionic liquids mitigates these issues. The
molten salts are usually eutectic mixtures and consist of a mixture of salts melted at high
temperatures consisting the electro-active species forming the electrolyte and exhibit higher
thermal stability window and good ionic conductivities. The molten salts used for plating
experiments and extraction industry consist of eutectic systems (LiCI-KCI, KCI-NaCl, Na3AIlFs -
Al>O3) with an operating temperature range of 400°C to 1200°C based on the system and
application. On the other hand, ionic liquid based molten salt electrolytes (also termed as ionic
melts, fused salts, liquid salts, ionic fluids or ionic glasses) have lower melting points and are
liquid at room temperature (or in the range of -50C - 200C). Ionic liquid electrolytes are usually
made of quaternary ammonium salts of linear hydrocarbons (for example tetraalkylammonium
[R4N]") or cyclic amines which can be either saturated (pyrrolidinium, piperidinium) and aromatic
(imidazolium, pyridinium). Organic solvent — based electrolyte systems consist of electroactive
species solvated in an organic medium (such as Propylene carbonate (PC), tetrahydrofuran (THF),
acetonitrile, dimethyl sulfoxide (DMSO) and N, N dimethylformamide (DMF)) with appropriate
dielectric strength. However, the ionic conductivity of electrolytes is lower than that of aqueous
systems due to lower disassociation constants, lower mobility of solvated pair and a supporting

electrolyte is often added to improve their conductivity.

1.2.12.3 Chemical Vapor Deposition (Low Pressure / Thermal) Method

Chemical vapor deposition (CVD) is employed to deposit discontinuous particle coatings
or uniform thin films of different materials on a substrate (conducting or insulating) for products
in data storage, microelectronics components, cutting tools, solar products, medical equipment,
and other end-use applications. The CVD process generally involves, introduction of one or more

volatile precursors into a batch / continuous reactor to decompose and/or achieve a reaction on the
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substrate to obtain the desired material. The reactions occurring inside the reactor are governed by
chemical thermodynamic laws, (which determine the free energy change and the driving force of
the reaction), as well as, by kinetic theory of reactions, which influence the diffusion and transport
(or rate-control mechanism) phenomenon in the reactor. Modification of this technique as well as
the process parameters results in a more uniform / desired coating on the substrate when compared
to other physical vapor deposition methods such as thermal evaporation, e-Beam evaporation or
DC/RF sputtering which usually from a non-conformal coverage due to low atomic migration
distances and impurities. The flow rate of the carrier gases, substrate temperature, reactor pressure,
etc. are different operational process parameters which influence the CVD process and different
morphologies such as particles, continuous thin films, one dimensional structures (such as
nanowires/nanofibers) and other complex architectures can be obtained.

Carbon nanotubes 2% 132 have been used in various applications such as catalyst supports

189-191 5-6, 192-195 196-198

, energy storage systems , chemical / bio sensors etc. due to their superior
electrical, mechanical and corrosion resistant properties. CVD presents an economical and simple
method for producing CNTs at controlled temperatures and pressures (both localized and ambient
conditions) along with higher yields and purity when compared to other processes (such as laser
ablation, arc discharge, etc.) used for synthesizing CNTs '**. CNTs can be synthesized in multiple
architectures, morphology and forms such as thick/thin films on substrates, powder form, coils,
springs, straight or entangled and vertically aligned structures.

Better control of process as well as fundamental parameters for the growth and
development of these architectures is offered by CVD, thus, making it a coveted technique for the

production of CNTs. In energy storage research especially in Li-ion batteries, Si/CNT based anode

nanostructures synthesized by injection of vaporized liquid or gaseous precursors using CVD
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method exhibited high specific capacities and better rate capabilities >% 1>, The CVD process
assists the CNTs to develop an architecture that is long (high aspect ratio), dense and vertically
aligned on a substrate, playing a significant role in the improvement of electrochemical

performance of the CNT/Si composite anode structures.
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2.0 Objectives

2.1 Limitations of Silicon-Based Anodes

Although silicon has a very high theoretical specific capacity of ~4200 mAh/g, it still
suffers from huge volumetric changes which occur during charge/discharge (or alloying/de-
alloying) processes of the bulk crystalline silicon leading to the pulverization of the material. This
phenomenon subsequently, results in the loss of intra — particle and inter — particle electrical
contact along with the failure of anode / substrate interface, adversely, affecting the performance
in lithium based electrochemical system such as:

»Huge first cycle irreversible loss (>80%) resulting from the loss of active material due to
pulverization

»Increase and huge capacity fade (>5% capacity loss/cycle) in subsequent cycles from
continuous breakage of the active material, restricting the long cycle life

»Continuous formation of solid electrolyte interphase (SEI) layer on freshly formed
surfaces of pulverized particles resulting in the irreversible consumption of lithium, leading to poor
coulombic efficiency and capacity fade

Due to these drawbacks and disadvantages, the specific capacity of macro crystalline
silicon-based anodes decreases to less than ~100 mAh/g in 20 - 25 cycles, preventing commercially

available crystalline Si to replace graphite as the anode for high energy density anodes.
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2.2 Hypothesis and Approach

The huge first cycle irreversible (FIR) loss followed by rapid capacity fade in Si based
anode systems can be reduced by avoiding the pulverization of materials during electrochemical
cycling. It is possible to minimize the mechanical strain and stresses resulting due to the volumetric
changes during the lithiation and de — lithiation reactions by controlling the morphology, particle
size and microstructure along with using different supporting active/inactive matrices etc. Few of
the fundamental and basic principles for the different approaches and electrode designs which were
developed and used in this dissertation are as follows:

»Reduction of particle and crystallize size: The decrease in the crystallite / particle size

to less than 200 nm diminishes the stresses / strain responsible for onset and propagation of
microcracks which often lead to the fracture of bulk silicon. The dislocations generated during
crystallographic transformation have shorter migration distances to the surface which result in
relaxation of the internal stresses. Additionally, decreasing the particle size results in shorter Li"
ion diffusion distances in the particle as well as in the electrode ( electrolyte to silicon) suppressing
the long migration of Li" thus, stabilizing the system as well as improving the rate characteristics
of the battery.

»Decreasing crystallographic ordering: Amorphous silicon has a high extent of

disordered structure consisting of defects with a crystallite size of less than 10nm. The volume
expansion of silicon occurs in an isotropic fashion in a-Si compared to that of crystalline silicon,
resulting in a homogenous distribution of mechanical stresses. Additionally, the highly disordered
phase suppresses the preferential migration of Li” in the particle thus, reducing crystallographic

transformation interface.
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»Supporting Matrix: Designing and providing a supporting system with strong and

robust mechanical properties along with continuous, long range electrical conductivity helps to
accommodate the mechanical strain induced in silicon based electrode to help minimize the
capacity fade contributing and improve charge transfer kinetics.

»The design and development of strain engineered morphology and structures based on Si
to withstand the volumetric expansion and maintain structural morphology without fracture upon

repeated cycling.

2.3 Overall Objectives

The lithiation of silicon at low electrode potentials with respect to lithium metal forms an
intermetallic alloy phase (Li22Sis) with the highest possible molar composition of Li. The
theoretical specific capacity of this intermetallic (Li/Si = 4.4) is ~4200 mAh/g, leading to
consideration of silicon as a promising anode material replace graphite for LIBs. The huge
volumetric changes in the crystalline silicon as a result of de-alloying/ alloying (charge/discharge)
processes cause pulverization of the electrodes from crystallographic level till macroscopic
electrode level. This results in the loss of electronic continuity of the electrode along with the
current collector resulting in significantly large capacity fade. The objectives of the work is to
develop and study strategies to make silicon based anode nanostructures so that the anode
performance improves in lithium ion battery by providing higher capacities (>1000 mAhg™), lower
FIR loss (<15%), better capacity retention of ~80% for 300 — 1000 cycles and better rate capability
delivering stable capacities @ 0.5Ag! — 2Ag™!; with manufacturing cost less than $125 per Wh to

meet the demands of the energy storage market*” along with obtaining a fundamental scientific
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and engineering understanding of the electrochemical process and material related phenomena
occurring from the microstructural, structural and compositional perspective. Based on this, the
work is directed towards achieving the above-mentioned goals by developing novel silicon based
nanostructured composites using cost effective and scalable approaches and investigating their
compositional, structural, and electrochemical characteristics.

The objectives of this dissertation are to develop cost effective strategies along with
demonstrating the control to synthesize silicon — based nanostructures with an ability to deliver:

»Lower first cycle irreversible loss (FIR) (<15%)

»Higher coulombic efficiency (>99%)

»Good retention of capacity, rate capability and cyclability

»Improved specific capacity greater (~1000 mAh/g)

Additionally, efforts are made to develop scientific understanding, establish confidence in
the ability of electrode design and further the knowledge about design and evolution of full cell.
Based on these high-level design and requirements, the dissertation study and work are directed
towards synthesizing Si based nanoparticle, nanocrystalline and amorphous composite electrodes
trying to minimize the cost and improve the scalability. The specific research goals are thus

outlined in the subsequent sections.
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2.4 Specific Aims

The objectives of the proposal crafted in terms of the following specific aims as discussed

under:

1._Specific Aim 1: To study the effect of process parameters and electrode — electrolyte

interface coatings on the electrochemical performance of hollow silicon nanotubes.

MgO nanowires with high aspect ratio are synthesized by a simple hydrothermal route
which are used as a template to uniformly coat amorphous silicon on the surface of the nanowires
to obtain large quantities of silicon nanotubes. The MgO nanowires are leached in a mineral acid
(HC) to obtain hollow silicon nanotubes (h-SiNTs) that can potentially be extended for large scale
production. Optimization of the h-SiNTs dimensions are further engineered by modifying the
process parameters, resulting in controlled variation of their geometrical dimensions.

To improve the cyclability, reduce the FIR loss and to generate a stable SEI layer, the
nanotubes are coated with a thin layer of amorphous carbon by the decomposition of ethylene in a
CVD based reactor to generate core—shell hollow C@Si@C tubular nanostructure. The SiNTs and
carbon coated SiNTs are mixed with binder and conductive additives and tested using conventional
slurry-based electrodes in a Li/Li" electrochemical cell. A scientific understanding of the synthesis
parameters and their influence on the structural dimensions of the h-SiNTs are studied and
characterized. Furthermore, the impact of the dimensions of h-SiNTs and the presence of
electrolyte — carbon — silicon interface on the ensuing electrochemical response in Li/Li* system

is undertaken to optimize the performance of the core—shell hollow C@Si@C nanotubes.
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2. Specific Aim 2: Synthesize and characterize silicon nanostructures from water

soluble NaCl template and understand their electrochemical performance in LIBs.

The sacrificial template outlined in Specific Aim 1 is a major limiting factor for the large-
scale synthesis of Si nanostructures. Sodium Chloride on the other hand, is identified as a
commercially abundant, cheap, and environmentally benign material that, when used as a template,
provides several advantages over traditional templates such as silica, anodized alumina oxide
(AAO), MgO, and ZnO by avoiding the use of harsh reagents (HF, NaOH, HCl) and temperature
conditions used to leach the template.

Particle size refinement will be obtained by high energy mechanical milling of commercial
NaCl which will serve as template for chemical vapor deposition of silicon. The effect of the
HEMM processing conditions on NaCl particle size and the development of Si nanostructures of
different morphologies will be investigated and characterized. The Si nanostructures will be tested
as slurry coated electrodes in a Li/Li" electrochemical cell and their electrochemical response will

be analyzed depending on the morphology of the Si nanostructures.

3. Specific Aim 3: To synthesize amorphous silicon thin films using electrodeposition

and study the effect of pulse current electrodeposition parameters on the morphology and
electrochemical performance.

Electrochemical reduction of SiCls from an organic solvent is conducted to obtain thin
films of amorphous silicon (a-Si). These films are directly deposited on copper foil and assembled
in the battery serving as a binder-less approach capable of producing thin films of amorphous

silicon and easily scaled up to produce a-Si at a rate of 1-3mg/cm?*/hour to match industrial scale

2 28

requirements required to generate 3mAh - cm™ capacity electrodes “°. Pulsed current
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electrodeposition (PED) technique will be employed to develop Si thin films on Cu foil. The effect
of various frequencies of the pulsing cycle on the morphology of a-Si thin film deposits on Cu foil
and their performance in LIB will be studied. The composition and morphology of the thin films
will be thereby altered with the change in the frequency which correspondingly, will influence
their performance in the lithium ion batteries.

4. Specific Aim 4: To synthesize vertically aligned carbon nanotube (VACNT) on

copper electrode (VACNT-Cu) as versatile binder-less electrode platforms and characterize
their structure, morphology and electrochemical performance for Li-ion batteries.

Electroless Ni plating is used to develop a uniform coating of Ni on Cu foils following
which vertically aligned carbon nanotubes (VACNTSs) are grown from a liquid-based carbon
precursor and a floating iron-based catalyst. Silicon is then electrodeposited on these VACNTSs by
pulse current electrodeposition techniques outlined in Specific Aim 3 to generate Si/CNT core
shell nanostructures. The system is used as a binderless electrode without any additives and tested
in a Li/Li" electrochemical cell and their electrochemical performance will be systematically
analyzed. Subsequently, modifications are made to the electrode to reduce the FIR loss and tested
with LINMCI11 in a modified coin cell system to study the full cell performance at different
negative / positive (N/P) ratio under constant current — constant voltage (CC- CV) mode resulting
in modification of their electrochemical cycling performance.

Characterization of the Si based nanocomposites

eX-Ray diffraction and Raman spectroscopy is used to investigate the presence and nature
of various phases present and also study the structure of silicon obtained by the various synthesis

techniques outlined earlier.
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e High resolution scanning electron microscopy (HRSEM) and transmission electron
microscopy (HRTEM) is used to study the morphology of the interface structure of the
nanocomposites developed. Specifically, the interface between the electrochemically active Si and
the interface control agent (ICA) will be studied in detail.

oThe electrochemical characteristics of the nanocomposites is investigated in detail and the
structure-property correlation relating to the morphology and microstructure of the
nanocomposites; the interface between the electrochemically active and the electrolyte interphase
as well as the silicon and the interface control agent (ICA) and their electrochemical performance
is established using a variety of galvanostatic , potentiostatic and impedance techniques with the
vision to develop strategies for optimizing the synthesis parameters to develop nanoscale structures
that exhibit the desired optimal performance characteristics of high capacity of (1000mAh/g),
reduced FIR of (<15%) and good capacity retention of 80% at low (~25mAg™ — 100 mAg™') and
high (500 mAg™ - 2000 mAg™') current rates as per the requirements of EV Everywhere project of

Vehicle Technology Office - US Department of Energy. 201203
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3.0 Silicon—Carbon Core—Shell Hollow Nanotubular Configuration

In recent years many approaches have been developed to address the challenges furnished
by silicon anodes, few of which include reduction in particle size, use of ex-situ and
electrochemically in-situ generated active-inactive nanostructured composites with strain
engineering which were among the earliest approaches developed and proposed in the late 1990s
and early 2000.%6 204214 These approaches demonstrated the potential of the concept to minimize
and curtail the volume induced stresses.*% 2°4214 Although these early studies failed to achieve
capacities close to the theoretical values predicted for Si, the strategies nevertheless, demonstrated
the nanoscale composite architecture concept laying the pathway for achieving improved
electrochemical performance by providing internal relaxation avenues for stresses generated
during the lithiation and delithiation cycles.*% 24214 Subsequently, the mid and late 2000
witnessed the development of nanowires, core-shell heterostructure composite architectures,
nanoshells and hollow nanotubes of silicon exploiting the nanoscale aspects further realizing the
potential of the system to display high capacity, good cyclability and low capacity fade as a result
of the system possessing enhanced mechanical properties due to the exploitation of the
nanostructured architecture.*% %2> Silicon nanotubes consequently, offer hoop stress/strain
relaxation similar to or better than the one dimensional nanowires by restricting the thickness of
the hollow tubular structures to few nanometers and moreover, providing shorter diffusion
distances for Li" ion thus, improving the rate capability combined with the much needed cycling
stability. 210211, 215 However, the synthesis processes utilized to generate these morphologies
suffer from high cost, poor scalability, longer processing times and low yield of the active material,
due to the use of expensive raw materials/precursors/templates, use of specialized equipment,
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inferior efficiencies leading to loss of material during each fabrication step, detrimental
environmental effects of by products and high energy input. % 207-209-212,215

More recently a high throughput MgO nanowire template has been used to generate hollow
silicon nanotubular (h-SiNT) configuration thus, establishing the approach as a viable economical
and environmentally favorable method for large scale generation of Si nanotubes.?!® The process
uses a low temperature method to prepare bulk quantities of recyclable MgO nanowire template
from economic precursors (e.g. magnesium acetate, urea). The MgO template can be etched easily
in dilute HC1 which avoids use of highly corrosive HF acid generally required to dissolve inorganic
templates such as Si0»/SiOx used for making hollow structures.?'? The use of MgO template also
cuts down on the extra processing steps such as high temperature thermal oxidation when using
carbon based templates.?!! These h-SiNT structures exhibit a specific capacity of ~1000 mAh g’!
at a current density of 2 A g'! for nearly 400 cycles. However, these structures suffer from high
FIR loss (~26%-27%) characterized by poor loading densities (~0.6-0.9 mg cm™) due to the thin
wall thickness.

Core-shell silicon based structures have hitherto shown considerable promise in stabilizing
the silicon nanostructures.?!’!* Both experimental and simulation studies (based on density
functional theory and molecular dynamics) have indicated enhanced diffusion of Li" in layered
structures analogous to phosphorene (such as SiS, SiSe, GeS), improvement in performance of
anode materials by employing layered structures similar to carbon such as nitrogen doped graphitic
layers or hexagonal boron nitride as capping agents and tailoring of the concentration and stress
gradient in amorphous Si core by employing SiO2/Al,0s shell coatings.??*->** Recent experimental
studies on coreshell nanostructures comprising of Si nanorod core with TiO2, SnO2 or Ge as shell

indicate improvement in the performance of coreshell nanorod arrays for micro LIBs.?!"-2!
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However, very few studies have been reported on generation of core-shell structures based on
hollow nanotubes and evaluation of their performance in LIBs for charge storage capacity, stability
and irreversible loss. In the current study, core-shell hollow carbon/silicon nanotubular (h-SiNT/C)
architectures with optimized dimensions of the silicon core have been synthesized using a high
throughout approach that is very much amenable for scale-up making it attractive as potentially, a
commercially viable process. Optimization of the h-SiNTs dimensions was further engineered by
modifying the process parameters resulting in controlled variation of their geometrical dimensions.
Control of the h-SINT physical characteristics translated to recording their marquee
electrochemical performance of much reduced FIR loss, high loading density, attractive specific
capacity as well as fade rate when tested in Li/Li" system. The core-shell hollow C@Si@C
nanotubular configuration (h-SiNT/C) exhibit hybrid behavior, combining improved cycling
stability of h-SiNTs showing no mechanical/microstructural damage in tandem with reduced FIR
loss and improved loading density (areal capacity) thus, rendering them viable as next generation

LIB anodes.

3.1 Experimental

3.1.1 Materials Synthesis:

The process for the synthesis, analysis, characterization and testing have been described in

the subsequent sections according to the synthesis method.
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3.1.1.1 Synthesis of Sacrificial MgO Template

A schematic representation of the entire process used for synthesizing the core-shell
C@Si@C hollow nanotubes (h-SiNT/C) is shown in Figure 30a. Magnesium oxide (MgO)
nanowires template were synthesized according to a modified published method.?** Briefly, 6.44
g of magnesium acetate tetrahydrate (Aldrich) and 1.2 g of urea was dissolved in 75 ml and 25 ml
of DI water, respectively and urea solution was added drop wise at a flow rate of 0.5 ml min’!, to
the acetate solution under vigorous stirring. The mixture was transferred into Teflon lined stainless
steel autoclave (125 ml total capacity), heated to 180°C at 5 °C min™! for 1 h and cooled down to
room temperature. A colloidal solution was observed due to the formation of a white precipitate
of magnesium hydroxide (Mg(OH).), which was washed thrice thoroughly with DI water and
isopropanol to remove any unwanted dissolved products and collected on 0.5 pum PTFE membrane
using vacuum filtration. The obtained Mg(OH): at the end of filtration was then dried in a 60 °C
oven overnight to evaporate the solvent. The Mg(OH), filtrate collected was calcined in 5%
oxygen - argon gas by first heating from room temperature to 310 °C at a heating rate of 3 °C min
! for 7 hours and then to 500 °C at 1 °C min™ for 1 hour, to enable dehydration and conversion of
the hydroxide into MgO wires. The hydrothermal synthesis of MgO nanowire template has an
output efficiency of ~ 95%-97% (~1.17 g of MgO nanowire template from one batch) as compared
to the theoretical calculated value of ~ 1.21g of MgO.
3.1.1.2 Synthesis of Hollow Silicon Nanotubes (h-SiNTs)

A uniform Si layer was coated on MgO nanowire using low pressure thermal chemical
vapor deposition system (LPCVD) during which 2% silane (SiHs) diluted in argon gas was
decomposed at 500 °C for different periods of time comprising 10 minutes (denoted thereafter as

Si/MgO-10), 15 minutes (denoted thereafter as Si/MgO-15), and 20 minutes (denoted thereafter as
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Si/Mg0-20).% 295 208. 215 The mass of MgO nanowire template used in Si - LPCVD was kept
constant for all the experiments. The Si coated MgO consisting of Si/MgO core-shell structure was
then dispersed in 6 N HCI solution and homogenized in a bath sonicator for 2 hours to dissolve the
underlying MgO nanowires. After dissolution of the MgO, the resultant hollow silicon tubes
(denoted thereafter as h-SiNT-10, h-SiNT-15 and h-SiNT-20 obtained after 10 min., 15 min. and
20 min. LPCVD deposition, respectively) obtained were thoroughly washed with DI water and
isopropanol, and were collected on 0.5 um PTFE membrane filters using vacuum filtration.
Finally, any adsorbed solvent from the wet h-SiNTs was removed by heating to 100°C overnight
in a drying oven. After silicon deposition, ~1.43g—1.62g of Si/MgO coreshell structures were
obtained from 1g of MgO template. After etching the MgO core from Si/MgO coreshell, 0.4g—
0.6g of h-SiNTs were obtained per gram of MgO template used. The output of Si/MgO and h-
SiNTs obtained per gram of MgO template increases with the increase in time of deposition due
to the increase in the amount of Si layer deposited on MgO nanowires.

3.1.1.3 Synthesis of Core-Shell C@Si@C Hollow Nanotubes (h-SINT-15/C)

The h-SiNTs obtained after 15min of LPCVD deposition on MgO followed by acid etching
(h-SiNT-15) were coated with carbon by thermal decomposition of a gaseous mixture of Ar and
propene gas in CVD tube furnace under atmospheric pressure at 700°C for 15 min. to obtain carbon
coated h-SiNTs (denoted thereafter as h-SiNT-15/C). The gas flow rates of Ar and propylene was
75scecm and 15scem, respectively.

3.1.2 Materials Characterization:

X-ray diffraction studies were performed using Philips X'Pert Pro system with Cu Ka, A =

0.15406 nm radiation (voltage = 45 KV and current = 40 mA). Scanning electron microscopy

(SEM, Philips XL 30, EDS analyzer) was used to study the morphological and compositional
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analysis. Raman spectroscopy was performed using a Renishaw in-via Raman microscope
equipped with a 633nm red laser to evaluate the vibrational and rotational modes of h-SiNTs. High
resolution transmission electron microscopy (HRTEM) studies were conducted using the JEOL
JEM-2100F microscope to obtain the TEM images and SAED patterns for the h-SiNTs. Brunauer—
Emmett—Teller (BET) method performed on a Micromeritics ASAP 2020 instrument was used to
obtain the N> adsorption-desorption isotherms and measure the specific surface area (SSA).

3.1.3 Electrochemical Characterization of h-SiNTs and h-SiNT-15/C

Slurries of h-SiNTs (h-SiNT-10, h-SiNT-15, h-SiNT-20) and core-shell h-SiNT-15/C were
prepared by mixing 50 wt.% of active material (h-SiNTs and h-SiNT-15/C) with 40 wt.% binder
(sodium alginate, MP Biomedicals) and 10 wt.% Super-P (MTI Corp) in DI water for at least 8
hours to ensure good dispersion. The slurries were then degassed for few minutes before being
cast onto copper foil current collector which were later dried in air for 1 hour and then in vacuum
at 100°C for 12 h. An electrode loading in the range 1.4 -1.8 mg cm™ was achieved on the copper
foils for h-SiNTs and h-SiNTs-15/C.

The electrochemical characterization of h-SiNTs and h-SiNTs-15/C has been performed
using CR 2025 coin cells (MTI Corp) where Li metal and Celgard 2250 served as the counter
electrode and separator, respectively. The electrolyte used in all the studies was 1 M LiPFs in
ethylene carbonate/diethyl carbonate/fluoroethylene carbonate (45: 45: 10, BASF).
Electrochemical testing was conducted within the voltage range 0.01-1.2 V vs. Li"/Li in a
galvanostatic current mode. The positive potential used as lower cutoff in the voltage window
(0.01V) prevents the plating of lithium on the copper substrate while the upper cutoff potential
(1.2V) ensures complete delithiation of the charged electrode to Si in addition to preventing any

kind of reaction between the Cu substrate with lithium.
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To evaluate the nature of the charge-storage in h-SiNT-15 and core-shell h-SiNT-15/C,
electrode materials and to understand effect of carbon coating on the electrochemical performance
of these materials in Li/Li" system, electrochemical impedance spectroscopy (EIS) was performed
using the Gamry potentiostat over a frequency range of 0.1 Hz to 100000 Hz. An alternating
voltage amplitude of 5 mV was used and the spectra were obtained before cycling and after the 1,
50" and 200™ discharge - charge cycles, to observe any noticeable changes in the charge storage
mechanism upon cycling. The Z-View (Scribner Associates, Inc.) software was used to design the
equivalent circuit model of the impedance spectra and analyze the impedance response of the h-

SiNT-15 with and without the carbon coating.
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3.2 Results and Discussion

3.2.1 Synthesis and Materials Characterization of h-SiNT's

a) MgO template MgO Nanowire
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Figure 30: a) Schematic of synthesis process for the generation of core-shell C@Si@C hollow nanotubes (h-
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SiNT/C). b) XRD patterns of calcined MgO template, core—shell Si/MgO-15, h-SiNT-15 and core-shell h-

The XRD pattern of the sacrificial MgO template (Figure 30b), obtained by the
hydrothermal synthesis method following the reaction of magnesium acetate and urea confirmed

the formation of MgO after heat treatment at 500 °C. The SEM analysis of the MgO template,

SiNT-15/C.
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shown in Figure 31a, shows the wire-like morphology of MgO with diameters 0.2 pm —0.9 um
and the length varying from 0.1 pm to few hundred um. The high pressure and supercritical nature
of the solution developed during the hydrothermal process leads to the rapid nucleation and
uncontrolled growth of these MgO wires with their simultaneous fracture.?!® Hence, a wide
variation in the geometrical dimensions of the wire was observed. However, it should be noted
that the only morphology observed is a wire and no other morphology of particles or flakes was
observed.

In order to generate the hollow Si nanotube (h-SiNTs) structure, the MgO core was
removed from the Si/MgO core-shell structure by etching using HCI as discussed in detail in the
experimental section. The XRD pattern of the resultant h-SiNT-15 sample obtained after acid
etching of MgO from Si/MgO-15 (Figure 31b) shows peaks corresponding to only a-Si without
any peaks corresponding to presence of residual MgO or MgCl, following the acid treatment thus
indicating the complete dissolution of the sacrificial MgO template from the Si/MgO-15 core-shell
structure. Similar XRD patterns showing the presence of only a-Si has been observed for h-SiNT-
10 and h-SiNT-20 nanotube samples. The formation of a-Si has also been confirmed by Raman
spectrum analysis of h-SiNTs. The Raman spectrum of h-SiNT-15 (Figure 31e) showed a broad
peak at 480 cm! (transverse optical mode) in lieu of 520 cm™ (crystalline silicon) which confirmed
the amorphous nature of the deposited silicon.??> The other small broad peaks obtained at ~380
cm!, ~301 cm™ and ~150 cm™! are signature of the longitudinal optical, longitudinal acoustic and
transverse acoustic phonon mode for amorphous silicon, respectively.?!> 2223 There was no major
difference in the Raman spectra collected for the h-SiNTs with the change in time of deposition
(h-SiNT-10 and h-SiNT-20) showing broad peaks at ~475 — 480 cm™' and other small broad peaks

at ~380 cm™', ~301 cm™ and ~150 cm’.
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Figure 31: SEM images of a) MgO wires, b) Si/MgO-15 core-shell wires, ¢) h-SiNT-15 structures and d) core-
shell h-SiNT-15/C structures. Raman spectra of the (e) h-SiNT-15 showing amorphous nature of Si and (f)

core-shell h-SiNT-15/C showing crystalline nature of Si.

The SEM analysis of the h-SiNTs, obtained after the LPCVD of Si and etching of the MgO
core, confirmed the formation of tube like a-Si hollow structures devoid of any particles or any
other morphology as shown in Figure 31c¢ for the representative nanotube sample of h-SiNT-15.
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The HRTEM analysis of the obtained h-SiNTs (Figure 32) clearly indicates the formation of
hollow tubular structures of a-Si showing diffuse rings corresponding to the amorphous phase in
the selected area electron diffraction (SAED) pattern (Figure 32d), and an increase in the thickness
of the wall with the increase in the time of silane deposition. h-SiNTs formed using LPCVD for
10 min (h-SiNT-10, Figure 32a) showed porous wall with a thickness of ~ 40-45 nm that
underwent consolidation with increase in the thickness to ~60 nm and ~75 nm after 15 min (Figure
32b, h-SiNT-15) and 20 min (Figure 32¢, h-SiNT-20) of silane deposition time, respectively.
The BET surface area analysis for the h-SiNTs obtained following different deposition
times expectedly showed a decrease in the specific surface area (SSA) with increase in the silane
deposition time (Figure 32e, Table 1). The specific surface area (SSA) of the tubular structure of

Si with inner and outer radius, R and aR, respectively is given by

3 (a+1)
psiR  (a?+a+1)

[SSA -

where, a (>1) is the ratio of outer radius to inner radius determined by the thickness of the
deposited layer in LPCVD of Si on the MgO wires. Hence, the specific surface area of the h-SiNTs
decreases with the increase in deposition time due to the increase in thickness (increase in o) as
indicated in the above equation for the specific surface area. It is interesting to note that the increase
in the time of deposition of Si during the LPCVD process leads to an increase in the wall thickness
of the h-SiNTs, thus, increasing the mass of silicon in each hollow tubular structure which also

improves the tap density of the Si in the nanotubular structures.
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Figure 32: HRTEM images of a) h-SiNT-10, b) h-SiNT-15, ¢) h-SiNT-20 showing the increase in thickness of
the shell with the increase in time of LPCVD-Si, d) SAED pattern of showing annular rings, and (e) specific

surface area and FIR loss of h-SiNTs vs. time of LPCVD-Si.
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3.2.2 Electrochemical Performance of h-SiNTs

The obtained h-SiNTs has been tested to evaluate their potential as promising anode

materials for LIBs. The electrodes were generated using slurry casting of the h-SiNTs (h-SiNT-

10, h-SiNT-15, h-SiNT-20) on copper current collectors and their electrochemical properties were

investigated under galvanostatic conditions in Li/Li" system between the voltage range of 0.01 V

— 1.2 V. It must be mentioned here that the areal loading density of the active material in the

electrode increases with increase in LPCVD deposition time (~0.7 mg cm™ for h-SiNT-10, ~1.35

mg cm™ for h-SiNT-15 and ~1.6 mg cm™ for h-SiNT-20) as tabulated in Table 7 due to the

formation of thicker walls of the a-Si nanotube structures with increasing time (higher tap density).

Table 7 tabulates a summary of the electrochemical performance of the h-SiNTs along with their

geometrical features and specific surface area.

Table 7 Summary of performance of h-SiNTs and core-shell h-SiNT/C tested in Li/Li+ system

Material Wall Specific | Loading | Specific capacity/ | FIR | Fade Rate
Thickness Surface | Density mAh g Loss | /% loss
Area % cycle’!
nm m?-g! | mg-cm? | Discharge | Charge

h-SiNT- | a-Si~40+2.5 ~125 ~0.7 | ~2840+11 | ~2160 | ~25 ~0.07
10%16 £3.3 +0.06 £13 | +£0.92

h-SiNT- | a-Si~60+1.8 | ~111 ~1.35 | ~3275+27 | ~2720 | ~17.2 ~0.31
15 +2.6 +0.12 +24 | £0.43

h-SiNT- | a-Si~75+1.4 | ~94 +1.2 ~1.6 | ~2770+15 | ~2343 | ~15.3 ~0.42
20 +0.09 +12 | £0.34

h-SiNT- | ¢-Si~60=+2.1 | ~87 £1.3 ~1.7 ~1780+9 | ~1565 | ~13.2 ~0.07
15/C C~50+£1.7 +0.05 +s6 +0.16

The electrodes generated using h-SiNT-15 showed a 1% cycle specific discharge and charge

capacity of ~ 3275 mAh g! and ~2720 mAh g with a FIR loss of ~17-18% at a discharge/charge

rate of 300 mA g! in Li/Li* system (Figure 33a, Table 7) and a coulombic efficiency ~99% after

the 1% cycle. The 1% cycle discharge/charge capacities of h-SiNT-10 2!® and h-SiNT-20 are
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comparable to those of h-SiNT-15. However, h-SiNT-15 and h-SiNT-20 show a higher fade rate
(~0.31% loss cycle! for h-SiNT-15 and ~0.42% loss cycle! for h-SiNT-20) as compared to h-
SiNT-10 (0.067% loss cycle™!) as indicated in Table 7. The first cycle irreversible (FIR) loss of
the h-SiNTs showed a decrease from ~25% to ~15% with the increase in the wall thickness from
~40 nm (~10 min) to ~75 nm (~20 min) as indicated in Table 7 and Figure 32e. This decrease in
FIR loss of h-SiNTs correlates with the decrease in the specific surface area (Figure 32e), thus,
indicating that the major contributing factor for the FIR loss is the decomposition of the electrolyte
on the exposed surface of Si and consumption of Li during the process of formation of the solid
electrolyte interphase (SEI) layer owing to the higher surface area of the exposed nanotube. A
major reduction in FIR loss is obtained by increasing the time of deposition from 10 min (~40 nm
wall thickness) to 15 min (~60 nm wall thickness) (~25% in h-SiNT-10 to ~17% in h-SiNT-15).
The higher fade rate of h-SiNT-15 and h-SiNT-20 can be related to the thicker walls
observed in these nanostructures which results in likely lowering of the hoop stresses but poor
strain relaxation due to the volumetric changes occurring during the lithiation and delithiation
reactions with a-Si. Post cycled SEM analysis (Figure 34) of the h-SiNTs electrodes after the 50
electrochemical cycle showed morphological changes albeit evidence of mechanical stability of h-
SiNTs during repeated cycling is observed. The straight tubular hollow microstructure of silicon
nanotubes of h-SiNT-15 (~60 nm wall thickness) was retained upon repeated lithiation and
delithiation cycles as shown in Figure 34a even though the nanotubes showed a fade in capacity.
However, the h-SiNT-20 (~75 nm wall thickness) (Figure 34b) showed a change in morphology
such as bending, twisting and deformation of the tubular structures upon cycling to accommodate
the volume changes and relieve the stresses generated in the system due to the thicker walls. This

result clearly suggests that the optimum wall thickness of h-SiNTs showing stable
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structural/morphological changes during lithiation/delithiation is below ~75 nm, a notable aspect
deduced from the present study. The stability of these hollow Si structures is also governed by the
competing nature of lithium diffusion from the surface of the h-SiNTs and vacancy migration from
the interior of the nanotube to the surface (both interior and exterior surfaces) during the volume
expansion.?*!">32 Lower wall thickness allows for more rapid vacancy migration along with lithium
diffusion thus, minimizing the nucleation and growth of pores in the interior of nanotube, thus,
explaining the structural stability of h-SiNT-15 while bending and deformation is observed in h-
SiNT-20.231-232

A study of the differential capacity plots (Figure 33b, dQ dV! vs. V) shows various
reactions and phases formed during the lithiation and delithiation of the h-SiNT-15 electrodes
during the electrochemical processes. The observed reactions peaks during 1% cycle lithiation
(~0.15 V, and ~0.08 V) and delithiation (~0.32 V and ~0.48 V) for h-SiNTs are similar to those
reported previously for a-Si.!® The first lithiation reaction peak (~0.15 V) is observed due to the
reaction of lithium with silicon to form Li-30at% Si phase (®1).2°® The subsequent alloying
reaction of Li with @ phase occurs at lower voltage of ~0.08 V to form Li — 24at%Si (®2). Two
distinct peaks are observed at ~0.32 V and ~0.48 V in the first charge cycle (dealloying process)
during which phase @, is formed from @, at ~0.32 V, which subsequently dealloys at ~0.48 V to
from the a-Si phase. The reaction peaks occurring during the second lithiation cycle (~0.28 V,
~0.24 V and ~0.08 V) and delithiation cycle (~0.32 V and ~0.48 V) are characteristic peaks for

the alloying and dealloying of lithium with amorphous Si. 3!-205-207. 215,229
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Figure 33: (a) Electrochemical cycling plot showing specific charge/discharge capacity and columbic
efficiency of h-SiNT-15 and (b) First and second cycle differential capacity plots for h-SiNT-15 showing

various lithiation and delithiation reactions during electrochemical cycling
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m‘imﬁﬁﬁﬂ
h-SlNT—lS post cycling *

Figure 34: SEM images of a) h-SiINT-15 and b) h-SiNT-20 electrodes after S0th cycle of electrochemical

testing in lithium ion battery
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3.2.3 Core-Shell Hollow C@Si@C Nanotubes (h-SiNT-15/C)

To improve the long-term cycling stability of h-SiNTs and to further reduce the 1% cycle
irreversible loss (FIR), the surface of the h-SiNTs has been coated with carbon to generate core-
shell C@Si@C hollow nanotubes. Owing to the better structural and microstructural stability
(Figure 34), higher specific capacity (Table 7) and low fade rate (Table 7) of h-SiNT-15 in
comparison to h-SiNT-20, the h-SiNT-15 nanotubular structures were coated with carbon instead
of h-SiNT-20 even though the latter had lower FIR loss of 15%.

Although h-SiNT-10 show structural stability on volume expansion and contraction, they
possess higher surface area which translates into higher FIR loss. Hence, coating h-SiNT-10 with
carbon would lead to higher weight of carbon in the active material (h-SiNT-10/C) due to higher
specific surface area and hence, lead to lower specific capacities during cycling. On the other hand,
h-SiNT-20 are characterized with lower surface area which translates into lower FIR loss during
electrochemical testing in lithium ion battery. However, the h-SiNT-20 show bending and twisting
of these nanotubular structures as observed in the post cycling SEM (Figure 34b). This inherent
deformation behavior during the lithiation and delithiation reactions make h-SiNT-20 less suitable
for use even after coating them with carbon (h-SiNT-20/C). Hence, the h-SiNT-15 obtained with
deposition time of 15min provides optimal properties of specific surface area and FIR loss without
any structural deformation during cycling, for the synthesis of coreshell h-SiNT-15/C
nanostructures by carbon coating with minimal decrease in specific capacity due to presence of
carbon.

The carbon coating on the h-SiNT-15 has been performed by the thermal decomposition
of propylene gas at 700 °C in a CVD tube furnace on the surface of h-SiNT-15 as discussed in the

experimental section. The XRD pattern of the carbon coated h-SiNT-15 (Figure 30b, h-SiNT-
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15/C) shows peaks corresponding to crystalline Si indicating the crystallization of a-Si during the
thermal deposition of carbon at 700°C which is in the onset temperature range (650 °C - 700 °C)
known for inducing crystallization of amorphous silicon.?”> Raman analysis was performed to
further confirm the crystalline nature of Si in h-SiNT-15/C as indicated by the XRD pattern. The
Raman Spectra of h-SiNT-15/C (Figure 31f, h-SiNT-15/C) showed a distinct peak at ~ (515 cm™!
- 517 cm™) corresponding to crystalline silicon consistent with the results obtained in the XRD
which shows crystalline peaks for silicon in the core-shell h-SiNT-15/C. The temperature used
during carbon deposition (700°C) provides thermal energy for the activation of localized ordered
regions to form nucleation sites for crystalline transformation in amorphous h-SiNTs. The
rearrangement of Si atoms due to thermally induced diffusion of Si atoms at the interface of these
nucleation sites with surrounding amorphous Si, a-Si leads to growth of crystalline Si phase and

conversion of a-Si in h-SiNTs into crystalline silicon phase in h-SiNT-15/C.**

Figure 35: TEM images of core-shell h-SiNT-15/C showing the presence of carbon layer (~50nm) on the

interior and exterior surface of the hollow silicon tubes
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The SEM analysis of core-shell h-SiNT-15/C (Figure 31d) shows that the carbon layer
deposition (indicated by rougher surface feature) occurred with the retention of the hollow tubular
structure and without inducing any change in morphology or causing fracture of the tubular
structures during the pyrolytic carbon deposition process from propene or propylene gas at 700
°C. The presence of silicon and carbon was confirmed by EDAX analysis following scanning
electron microscopy. The TEM images (Figure 35) show a thin layer of carbon (~50 nm) both on
the interior and exterior surface of the h-SiNT-15/C formed because of the gaseous decomposition
process thus, confirming the core-shell structure with hollow silicon nanotube as the core and
carbon as the shell. The specific surface area of the h-SiNT-15/C is ~ 87 m* g'! as measured by
BET analysis which is lower than that of h-SiNT-15 (~110 m? ¢! in Figure 32e and Table 7) and
h-SiNT-20 (~94 m* g'! in Figure 32e and Table 7).

The electrochemical performance of the core-shell h-SiNT-15/C architecture showed a 1%
cycle discharge and charge capacity of ~1780 mAh g™ and ~1565 mAh g!, respectively when
cycled at a discharge/charge rate of ~300 mA g™!, thus showing a FIR loss of ~13% - 14% (Figure
36a). The specific capacity of the composite, h-SiNT-15/C is lower than that of h-SiNT-15 (Table
7) due to the presence of the additional C layer which reduces the FIR loss due to a decrease in the
specific surface area following the C coating (Table 7). To calculate the weight percent of carbon
in h-SiNT-15/C, the h-SiNT-15/C were oxidized in a furnace at 1100 °C in oxygen to completely
burn off the carbon and form silicon dioxide and the corresponding weight change was used to
calculate the carbon content. The weight percent of carbon calculated by this method was ~25-30
wt.%. This result confirms the decrease in the initial charge capacity of as h-SiNTs after carbon
coating from ~2770 mAh g (h-SiNT-15 in Figure 33a) to ~1780 mAh g (core-shell h-SiNT-

15/C in Figure 36a) due to the 25-30 wt.% additional weight of carbon contained in the nanotubes.
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It should also be noted that when tested at the higher charge/discharge rate of 1 A g!, the core-
shell h-SiNT-15/C showed a stable discharge capacity of 975 mAh g! at the end of 120 cycles

with a fade of ~0.072% loss cycle! (Figure 36a).
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Figure 36 (a) Electrochemical cycling showing long term stability of core-shell h-SiNT-15/C at 300 mA g-1 for
first 3 cycles, followed by current rates of 1 A g-1 and 3 A g-1. SEM images showing b) slurry cast core-shell
h-SiNT-15/C and c) cycled core-shell h-SiNT-15/C electrodes after electrochemical testing in lithium ion
battery, and (d) First and second cycle differential capacity plots for carbon coated core-shell h-SiNT-15/C

showing different lithiation and delithiation reactions during electrochemical cycling

Additionally, at a higher discharge/charge rate of 3 A g!, the h-SiNT-15/C showed a
discharge capacity of ~700 mAh g'! at the end of 300 cycles with a columbic efficiency of ~ 99.90
— 99.95% and stable cycling with a fade rate of 0.022% loss cycle! indicative of improved
reversibility of lithiation and delithiation of the electrode during cycling. Post cycled SEM analysis
(Figure 36b, Figure 36¢) of the h-SiNT/C electrodes also showed that the electrodes remain stable

without displaying any evidence of catastrophic pulverization of both the electrodes and the silicon
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nanostructures upon long term cycling of over 300 cycles. Although the carbon coating decreases
the gravimetric specific capacity of h-SiNTs, however, the layer of carbon improves the surface
conductivity and provides mechanical reinforcement of these tubular nanostructures, thus
decreasing the FIR loss and fade rate of the h-SiNT-15/C coreshell nanostructure.

The alloying and de alloying reactions mechanism occurring in the core-shell h-SiNT-15/C
nanocomposite during the first charge and discharge cycle (dQ dV-! vs. V plot in Figure 36d) are
different from that observed in h-SiNT-15 (Figure 36b) owing to the increased crystalline nature
of Si as well as carbon present in the nanotubes. The differential capacity plots for the core-shell
h-SiNT-15/C (Figure 36d) show an onset of lithiation reaction for the formation of amorphous Li-
Si phase (a-LixSi) at ~0.07 V during the first discharge cycle.?*® Subsequently, during the first
charge cycle the dealloying reaction of a-LixSi phase formed is characterized by a broad peak at
~0.33 V followed by a sharp peak at ~0.44 V, the latter indicating the formation of the delithiated
phase from the higher lithiated a-LixSi phase. On further progress of this dealloying reaction during
the end of the charge cycle, a completely amorphous Si phase is formed indicating completion of
the conversion reaction of crystalline silicon to amorphous Si during the first discharge/charge
cycle. This results in different reaction potentials of the lithiation reaction during the second
discharge cycle which shows characteristic peaks observed in a-Si system for the reaction of
lithium with amorphous silicon, similar to the plots observed in the case of h-SiNT-15 (Figure
33b). There also appears to be a small reaction peak corresponding to the formation of a-LixSi
phase from c-Si phase at ~0.03 V during the second discharge cycle however, the absence of the
sharp reaction peak at ~0.44 V in the second charge cycle confirms the complete conversion of
crystalline Si into amorphous Si in the core-shell h-SiNT-15/C within the first two

discharge/charge cycles. The stable specific charge/discharge capacities of the core-shell h-SiNT-
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15/C configuration clearly indicates that the hollow nanotube structure along with the carbon
coating provides a stable geometry to relieve the strains generated during this phase transformation
and hence, improve the electrochemical performance of the Si system as an anode in lithium ion
battery (LIB).

The rate capability of the core-shell h-SiNT-15/C (Figure 37a) show good retention of
specific capacity even at high current rates of 5 A g! when tested at different current rates ranging
from 0.25 A g' (R1) to 5.0 A g!' (R9). The core-shell h-SiNT-15/C show average specific
discharge capacities of ~1865 mAh g, ~1570 mAh g'!, ~1230 mAh g'!, ~960 mAh g'!, ~861 mAh
gl ~740 mAh g, ~710 mAh g'!, ~595 mAh g ! and ~470 mAh g! at current rates of 0.25 A g’!
(R1),0.5A ¢! (R2), 1.0 A g (R3),1.5A g' (R4),2.0A g! (R5),2.5A g' (R6),3.0A g (R7),
4.0A g!' (R8), and 5.0 A g!' (RY), respectively under stable cycling. The electrode showed a
capacity of ~1250 mAhg'! when subjected to kinetically induced stresses by decreasing the current
rate to 1A g! from 5A g indicating stable capacity retention of h-SiNT-15/C despite being
exposed to drastic change in current rate.

The electrochemical performance of coreshell C@Si@C hollow nanotubes are comparable
to that of Si nanowires (SINW, ~80nm diameter) coated with ~50nm thick nitrogen doped graphitic
layers®*! (SCN1) which show a specific charge capacity of ~2140 mAh g! during first cycle and
~1260 mAh g at the end of 45 cycles at a current rate of 0.6Ag™! reported by Jae Cho and co-
workers. In the same study, core-shell SINW with 50nm carbon layer (SC1) are reported to show
a specific charge capacity of ~1040 mAh g™! at the end of 45 cycles.?*! This capacity falls between
the current rates of 1Ag! and 1.5Ag™! for h-SiNT-15/C which is approximately twice the current
rate of 0.6Ag™! reported for SC1. The reduction in the Li* diffusion distances due to the hollow

structure of the h-SiNT-15/C (thickness ~60nm, diffusion distance ~30nm) results in the improved
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performance as compared to SC1 which have a diffusion distance of ~40nm (radius of SINW).
Additionally, core-shell h-SiNT-15/C show better stability as compared to SC1/SCN1 due to
complete amorphization of the silicon within first two charge — discharge cycles and the structural
stability offered by the nanotube structure. The performance is also comparable with those
obtained for double walled Si nanotubes (DWSiNTs, ~30nm thickness), reported by Wu and co-

workers, which show a specific capacity of ~1,200 mAh g™ at a current rate of 1C (~1.2A/g).?!"!
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Figure 37 a) Rate capability performance of core-shell hollow nanotubes h-SiNT-15/C at different current
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rates ranging from 0.25A-g! to SAg™! in lithium ion system. The inset table shows values of different current
rates used. b) Impedance spectra of the core-shell h-SiNT-15/C obtained on as assembled coin cell, after 1st,
50th and 200th cycle. The current density applied for lithiation — delithiation cycle was 1 A-g! in a voltage
range of 0.01 V — 1.2 V vs. Li+/Li. The inset shows equivalent circuit with the respective elements used to
interpret the impedance response. The lines indicate the resulting fitting response obtained using CNLS

simulation
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Electrochemical impedance analysis was performed to understand the charge transfer
kinetics and the stability exhibited by the carbon coated core-shell hollow silicon nanotube
structures (h-SiNT-15/C). The Nyquist spectra were obtained from the assembled coin cells at
different stages: after the 1% cycle, S0 cycle and 200" cycle, the results of which are shown in the
Nyquist plots in Figure 37b and Table 8. The charge-storage behavior of the core-shell h-SiNT-
15/C configuration shows characteristic, partially overlapping semicircular regions corresponding
to those of the electrode resistance (observed at the electrode-active material interface-Rec, CPEcc),
film resistance (related to surface films such as solid electrolyte interphase (SEI), electrode-active
material interface-Ram, CPEfim), electron transfer process (double layer capacitance, CPEq and
charge-transfer resistance, R¢() and the low-frequency Warburg element (W,, to account for mass-
transfer effects.?>>2** The inset in Figure 37b depicts the 3-RC elements in series with the solution
resistance (Rs) and the Warburg element. The modeling results developed by employing the
complex non-linear least square (CNLS) method on this equivalent circuit are in good agreement
(x*~10*) with the Nyquist plots of the experimental results (Figure 37b). Upon long term cycling,
there is no major difference in the Nyquist plots at the end of the 50" cycle and 200™ cycle
indicating the stability of the SEI layer and charge transfer characteristics at the electrolyte-
electrode interface during the extended cycling of h-SiNT-15/C. There is only a minor change in
the charge transfer resistance (~0.037 ohm m? to 0.046 ohm m?) and film resistance (~0.011 ohm
m? to 0.021 ohm m?) of the electrode upon repeated lithiation and de-lithiation from the 50™ cycle
to 200™ cycle.

Thus, based on the results presented here, h-SiNTs synthesized by the convenient MgO
nanowire template method coupled with the carbon coating of these h-SiNTs to form the core-

shell h-SiNT-15/C architectures provide a viable approach to the generation of novel Si
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nanostructures (core-shell C@Si@C hollow nanotubes) which act as stable composite anode
materials for use in lithium ion batteries with high specific charge/discharge capacities (~700
mAh-g! @ current rate of 3 A-g! at the end of 300 cycles), low first cycle irreversible loss (~13%-

14%, higher areal loading density (~1.7 mg cm™) and high columbic efficiency (~99.90-99.95%).

Table 8 Values of the circuit elements obtained after modeling the equivalent circuit using a complex non-

linear least square (CNLS) method for EIS spectra of carbon coated Si nanotubes (core-shell h-SiNT-15/C)

Cycle Rs/ Q m? Rec / Q m? Rfilm / Q m? Rt / Q m?
1% 2.38+0.038 0.0025+0.00017 0.0035+0.00014 0.159+0.0021
50t 3.81+£0.061 0.00059+0.00004 0.0108+0.00026 0.0368+0.00093
200t 6.23+0.084 0.0093+0.00021 0.0206+0.00039 0.046+0.00073
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3.3 Conclusions

In the present study, a hollow amorphous silicon nanotube structures (h-SiNTs) of different
wall thicknesses (~40 nm-~75 nm) has been synthesized by using a low pressure chemical vapor
deposition (LPCVD) of silicon on sacrificial MgO nanowire template generated by a simple
approach followed by acid etching of the MgO template to obtain the hollow Si nanotubes, h-
SiNTs. The wall thickness of h-SiNTs has been varied by controlling the deposition time (~10min,
~15min and ~20min) of LPCVD of Si on MgO nanowires template. The wall thickness of the h-
SiNTs increases with concomitant consolidation occurring with the increase in time of deposition
(~45 nm, ~60 nm, and 75 nm at ~10 min, ~15 min and ~20 min, respectively) which causes the
reduction in specific surface area and improvement in the areal loading density of the h-SiNTs.

The first cycle irreversible loss (FIR) loss was reduced from ~25% (10min deposition time)
to ~15% (20min deposition time). However, the long term cyclability of h-SiNT-15 (fade rate
~0.31% loss cycle!) and h-SiNT-20 (~0.42% loss cycle™) is inferior compared to that of h-SiNT-
10 due to the larger wall thickness of the nanotubes. Morphology assessment after long term
cycling shows that an optimum wall thickness (~60nm) is needed to exhibit no morphological
damage to the nanotubes during the lithiation and de-lithiation processes. Improvements in cycling
stability of the optimized h-SiNTs were achieved by coating the h-SiNTs generated following 15
min deposition, h-SiNTs-15 with carbon following pyrolysis of propylene gas.

The core-shell C@Si@C hollow nanotube (h-SiNT-15/C) exhibits a first discharge
capacity of ~1780 mAh-g! and a charge capacity of ~1565 mAh-g! at a current density of 300
mA-g’!, with ~13.2% first cycle irreversible loss and a very low fade rate of ~ 0.072% loss cycle”
! matching the fade rate of the pristine h-SiNTs reported earlier albeit better FIR and loading

density. The excellent cyclability of these core-shell h-SiNTs (h-SiNT-15/C) electrodes was
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further validated by SEM analysis of the post-cycled electrodes which showed the retention of
these hollow tubular morphology after repeated cycling. The decrease in surface area after carbon
coating leads to the reduction in FIR loss and the carbon layer also improves the cycling stability
of the hollow tubular structures thus, leading to better performance of core-shell C@Si@C hollow

nanotubes (h-SiNT-15/C) when compared to the uncoated h-SiNTs.
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4.0 Water-Soluble Template Derived Nanoscale Silicon Nano-flakes and Nano-rods

Morphologies: Stable Architectures for Lithium-ion Anodes

4.1 Introduction

Rock-salt (NaCl) is commercially abundant, cheap and environmentally clean material
which when used as a template provides a positive edge over traditional templates such as silica,
anodized alumina oxide (AAO), MgO and ZnO by avoiding the use of harsh reagents and
temperature conditions (HF, NaOH, HCl) to leach the template. Use of NaCl as a template has
been restricted to largely, generation of nanostructures of oxides such as silica, titania?*®, SnO, %%
and molybdenum oxides 2*® or to create porous carbon based composite structures 2.

In the current study, high energy mechanical milling (HEMM) of commercial NaCl is used
to develop a water-soluble template/substrate of different particle sizes combined with low
pressure thermal chemical vapor deposition (LPCVD) of'silicon to generate Si nanoflakes/platelets
and Si nanorods. These Si nanostructures not only assume different morphologies but also exhibit
nanocrystalline and amorphous structure. The obtained nanostructures response evaluated in light
of their specific capacity, cycling stability, rate capability and morphological stability for lithium-
ion batteries provide salient attribute of the two different morphologies. This study also gives an
initial insight into the processing parameters of NaCl template, influence on the growth mechanism
of Si and formation of Si nanostructures during LPCVD and finally, the study reveals the

utilization and response of these nanostructures as alternative anode materials for high

performance lithium-ion batteries.
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4.2 Experimental

4.2.1 Synthesis of Water-Soluble Sacrificial Template

High-energy mechanical milling (HEMM) of commercial sodium chloride (Fisher
Scientific, 200-500 um particle size) resulted in reduction of the particle sizes. 2 gms of NaCl and
20 gms of stainless steel balls (7 mm diameter) were charged into a stainless steel vial and
mechanical milling was carried out in a mixer mill (Spex) for 2 hours (thereafter denoted as NaCl-
2h) and 20 hours (thereafter denoted as NaCl-20h) to obtain randomly oriented NaCl particles of
reduced sizes. The milled NaCl particles dispersed in n-hexane, sonicated for 10 min and then
subsequently dried overnight in a vacuum oven at 80°C served as the template for developing the

two different Si nanostructures described in the subsequent section.

4.2.2 Synthesis of Silicon Nanostructures

Low-pressure thermal chemical vapor deposition (LPCVD) was used to decompose 5%
silane (S1H4) diluted in argon gas at 500 °C on NaCl-2h and NaCl-20h for 20 min to obtain silicon
deposited on these templates. The mass of NaCl template used in Si - LPCVD was maintained
constant for all the experiments. The Si coated NaCl-2h and NaCl-20h particles (thereafter denoted
as Si/NaCl-2h and Si/NaCl-20h) were then dispersed in deionized water (Millipore),
homogenized in a bath sonicator for 10 min and then heated to 80°C to dissolve the NaCl template
following which the Si particles were centrifuged. This warm washing process was repeated twice
with DI water followed by a final room temperature wash with ethanol. Finally, the obtained

silicon was then dried overnight in a drying oven at 100 °C to remove any remaining solvent.
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4.2.3 Characterization Techniques

X-ray diffraction studies were performed using Philips X'Pert Pro system with Cu Ka, A =
0.15406 nm radiation. Scanning electron microscopy (SEM, Philips XL 30) was conducted to
study the morphological and compositional analysis. Raman spectroscopy was performed using a
Renishaw in-via Raman microscope equipped with a 633 nm red laser to evaluate the vibrational
and rotational modes of silicon nanostructures and to determine the composition of the different
phases of Si. High-resolution transmission electron microscopy (HRTEM) analyses executed on
JEOL JEM-2100F microscope helped to acquire high-resolution TEM images and selected area
electron diffraction (SAED) patterns for the various Si nanostructures. Specific surface area (SSA)
of the Si nanostructures were measured using the Brunauer—Emmett—Teller (BET) method
performed on a Micromeritics ASAP 2020 instrument employing the N> adsorption-desorption

1sotherms.

4.2.4 Electrochemical Testing in Lithium-ion Battery

Slurries were prepared by mixing 60 wt% of active material (Sing or Sing) with 30 wt%
binder (sodium alginate, MP Biomedicals) and 10 wt% Super-P (MTI Corp) in DI water for atleast
8 hours to ensure good dispersion of the nanoscale morphologies. The slurries were degassed for
few minutes before being cast onto copper foils. The foils were later dried in air for 4 hours
followed by overnight drying in vacuum at 100°C. An electrode loading in the range of 1.25 -1.7
mg cm was achieved on the cut copper foils for the obtained Si nanostructures. The CR 2025
coin cells (MTI Corp) were used for conducting electrochemical cycling studies in which Li metal

and Celgard 2250 served as the cathode and separator, respectively. A1 M LiPFs in ethylene
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carbonate/diethyl carbonate/fluoroethylene carbonate (45: 45: 10, BASF) was used as the
electrolyte in all the studies. Electrochemical cycling testing conducted within the voltage range
0.01-1.2 V vs. Li"/Li in a galvanostatic current mode provided insights into the cycling response
of the two different nanoscale morphologies. The positive potential used as lower cutoff in the
voltage window (0.01V) prevents the plating of lithium on the copper substrate while the upper
cutoff potential (1.2V) ensures complete delithiation of the charged electrode to Si along with

preventing any kind of reaction between the Cu substrate with lithium.

4.3 Results and Discussions

4.3.1 Materials Characterization

The XRD patterns of commercially obtained NaCl of particle size (~200-500 um, Fisher
Scientific), NaCl-2h and NaCl-20h (Figure 38b) show no major difference in the x-ray diffraction
profiles. However, there was a change in the relative peak intensities (I220/1200, I denoted as
intensity) with increasing milling time (Figure 38b). Commercial NaCl owing to its preferred
orientation (texture) along (200) plane and large particle size (~200-500um), showed a lower
relative peak intensity of (I220/1200) with respect to the standard pattern of random oriented NaCl
crystal (JCPDS-5-0628, 1220/1200=0.55). With increasing milling time, the particle size decreases as
expected due to comminution of the NaCl particles and correspondingly, there is an increase in the
random orientation of NaCl crystal. As a result, the relative peak intensities (I220/1200) increases.
The SEM analysis of commercial NaCl (Figure 39a) shows a particle size in the range of hundreds

of microns (~200-500 um) which on milling for 2h (NaCl-2h, Figure 39b) leads to a reduction in
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particle size in the broad size range of Sum — 20um. On further HEMM processing of NaCl for

20h (NaCl-20h, Figure 39c¢), the particle size further reduces to less than 3 pm.
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Figure 38 a) Schematic of synthesis process for generation of Si nanostructures from NaCl template. b) XRD

patterns of commercial NaCl, milled NaCl for 2h (NaCl-2h) and 20h (NaCl-20h). ¢) XRD pattern of Si/NaCl

and Si nanoflakes and nanorods after dissolution of NaCl template
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The XRD patterns of Si deposited on NaCl, (Figure 38c for Si/NaCl-20), show the
presence of NaCl peaks only. The presence of Si peaks in the XRD pattern were undetectable due
to the low intensity with respect to NaCl peaks and amorphous/nanocrystalline nature of Si. On
dissolution of the NaCl-2h template from the Si/NaCl-2h, the XRD pattern exhibits two broad
peaks indicative of the presence of amorphous silicon (a-Si). However, it should be noted that
presence of nanocrystalline (nc-Si) cannot be discounted since Raman analysis indicated the
presence of low volume fraction nanocrystalline Si (nc-Si), which will be discussed later. On the
other hand, after the dissolution of NaCl-20h template from the NaCl-20h/Si, the XRD pattern
shows crystalline peaks of Si (¢-Si) along with two broad shoulder peaks corresponding to a-Si
(Figure 38c¢). The final weight of Si obtained after dissolution of underlying NaCl from Si/NaCl-
2h and Si/NaCl-20h was ~0.41gm and ~0.53g, respectively for 2gm of NaCl template used for
LPCVD process with a daily output of ~1.4g — 1.6g of Si nanostructures on a lab scale froma 1.5”
ID x 17 length hot deposition zone. For industrial generation of these NaCl templates the HEMM
process can be carried out in liquid hydrocarbons (hexane/decane) to generate well dispersed NaCl

template or flame spray pyrolysis of brine solution can also be used.?**-2#!

4.3.2 Morphology Assessment

The SEM of Si nanostructures obtained from Si/NaCl-2h (Figure 39d,e) and Si/NaCl-20h
(Figure 39f,g) show very different morphological features with the former showing nanoflakes
morphology of silicon (denoted as Sinr) with a thickness in the range of ~40-60nm and the latter
showing silicon nanorods (denoted as Sing) along with low volume fraction of silicon

nanoparticles.
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The low magnification TEM analysis of Sinr (Figure 40a) shows nanoflake morphology
formed due to incomplete coverage of Si layer on NaCl — 2h microparticles (Sum — 20um) during
the LPCVD process or due to disintegration of continuous Si layer on dissolution of underlying
NaCl particle. The flakes consist of nanoparticles of Si formed as result of silane decomposition
sintered together during the growth of the layer. The electron diffraction pattern of Sing in HRTEM
(Figure 40b) shows diffused ring pattern confirming the presence of highly disordered Si regions

corresponding to a-Si present in the nanoflakes.
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Figure 39 SEM images of a) Commercial NaCl, b) NaCl-2h, ¢) NaCl-20h, d) and e) Si nanoflakes, f) and g) Si

nanorods. h) Raman spectra of silicon nanoflakes (SiNF) and Si nanorods (SiNR)

The TEM analysis of Sing (Figure 40c¢) shows Si nanorods of 50nm-200nm diameter and
few microns in length. Additionally, the TEM analysis (Figure 40d) confirms the formation silicon
nanoparticle with a particle size ~100nm generated from the surface of NaCl-20h template. The

SAED pattern of Sing shows bright spots confirming the single crystal nature of silicon nanorod
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(Figure 40e, Figure 40f). The nanorod tends to grow along the (111) plane in [110] direction as
indicated by the planes in the SAED pattern. The measured distance between the bright spots
(2/dhi ~ 6.48 nm™") shown in the SAED pattern corresponds to the distance between the planes in
the reciprocal lattice (dna ~3.09 A) which closely matches with the interplanar distance of (111)

planes (di11~3.12A) in silicon.

4.3.3 Structural Assessment and Morphology Mechanisms

To evaluate and confirm the amorphous and crystalline nature of silicon in Sinr and Sing,
Raman analysis was conducted on both Sinr and Sing (Figure 39h). The Raman spectra of Sinr
(Figure 39h) shows a broad peak at 480 cm™! corresponding to amorphous Si and a sharp peak at

500 cm™! corresponding to nanocrystalline Si instead of micro-crystalline Si peak (520cm’!) 31 226-

230.242 indicating a mixture of amorphous (a-Si) and nanocrystalline (nc-Si) nature of Si in Sing.
The small peak obtained at ~300 cm™! is signature of the longitudinal acoustic phonon mode for
amorphous silicon. However, Sinr obtained after dissolution of the NaCl-20h template from NaCl-
20h/Si showed a high intensity distinct peak at 520 cm™ confirming the highly crystalline nature
of Si in Sing (Figure 39h). In addition, a broad peak at 480 cm™ corresponding to a-Si arises from
nanoparticle silicon confirming the presence of crystalline (c-Si) and amorphous (a-Si) as
identified in the XRD pattern of Figure 38c.

The above results clearly show that the difference in the particle size of NaCl
influence/trigger different growth mechanisms of silicon during low pressure chemical vapor
deposition (LPCVD) of silicon on the surface of NaCl particles and hence, result in different
morphologies of silicon nanostructures. Bulk and micron size NaCl particles (NaCl-2h) provide

ample surfaces for nucleation and preferential 3D growth of Si layer on the surface. The lower
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temperature used for Si deposition restricts the thermal activation for the surface and consequently,
bulk diffusion of Si atoms preventing the formation of crystalline Si. Instead, the adjacent highly
disordered Si nucleation and growth centers join and hence, result in a flake-type morphology with

the thickness of flakes restricted to ~40-60nm for the 2h milled NaCl (NaCl-2h).

Figure 40 TEM images of a) SINR (low magnification), b) growth of silicon clusters on SiNR, ¢) SiNR (high
magnification) and d) corresponding SAED pattern of Si nanorod showing bright spots corresponding to

(111) planes
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On the other hand, longer milling times induces multiple fracture of NaCl particles along
the (111) cleavage planes, and surface defects along with reduction in the particle size. There are
also reports indicating that the NaCl nanoclusters generated by multi-collision induced
disassociation results in lowering of the melting point of NaCl with corresponding decrease in
particle size and increasing presence of defects.>**>** Alkali halide particles also tend to exhibit
heterogeneous melting in which liquid phase exists on the surface of the nanoparticles. **> The
expected decrease in the melting point of the NaCl-20h particles due to reduction in particle size
causes localized melting on the surface of the NaCl-20h. This is also owing to the presence of
surface defects/dislocations, which together culminates in the growth of Si nanorods via the vapor
— liquid — solid (VLS) phase mechanism during the low-pressure thermal chemical vapor
deposition of silane. 246

The crystal structure of NaCl is Fm3m (face centered cubic structure) with lattice parameter
of ~5.64A while silicon takes a diamond cubic structure with a lattice parameter of ~5.431A. The
closest packed plane in NaCl is (111) with an interatomic spacing of ~3.23A which is very similar
to that of close packed (111) plane in Si with an interatomic spacing of ~3.12A which is also the
preferred plane for growth of Si crystal. Hence, the lattice mismatch is minimal between the closet
packed direction of both NaCl and Si which further assists in preferential 1D growth of Sinanorods
along (111) plane on the surface of NaCl — 20h particles by VLS mechanism. The nanorod grow
in [110] direction instead of dominantly observed [111] direction which is influenced by the
Si/vacuum/molten NaCl interfacial energy, partial pressure of silane, temperature of deposition,
crystallization of Si atoms from NaCl — Si eutectic melt and minor presence of oxide impurities**”-
24 The formation of few Si nanoparticles in the Sing system is due to 3D growth of Si (similar to

NaCl — 2h template) on the surface of micron size NaCl particles present in NaCl — 20h, instead
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of following the VLS mechanism, resulting in highly disordered a-Si phase observed in XRD
pattern, Raman spectra and further confirmed by the diffuse ring SAED pattern in Figure 60.
Hence, the NaCl-20h template results in the formation of nanorod morphology (Sinr)
while the NaCl-2h template results in nanoflake morphology after the dissolution of template. The
change in the deposition mechanism from layer by layer to vapor — liquid — solid also explains the
highly crystalline nature of silicon in Sing when compared to the amorphous nature of silicon in
Sinr obtained from NaCl-20h and NaCl-2h template, respectively. The presence of low volume
fraction amorphous silicon in Sinr is due to the growth of silicon on the micron-sized rod shaped

particles present in NaCl-20h and growth of Si on the surface of the nanorods formed. 2°

4.3.4 Electrochemical Performance of Si nanoflakes

The obtained Sinr and Sing were electrochemically cycled under constant current to
evaluate their potential as promising anode materials for Lithium ion batteries. The Sinr showed a
first cycle discharge and charge capacities of ~ 2830 mAh-g™! and 2175 mAh-g!, respectively, at
a current rate of 50 mA-g™! with a first cycle irreversible loss (FIR loss) of ~ 15-20% (Figure 41a).
The long term cycling response of the electrodes was also evaluated by testing the electrodes at a
current rate of 0.3 A-g! for first 5 cycles followed by 1 A-g™! during the rest of the cycling period
(Figure 41c). Sinr showed a high specific discharge capacity of ~1870 mAh-g™ and ~1150 mAh-g’
Iat current rates of 0.3 A-g”' and 1 A-g! during the first and 6™ cycle, respectively. Additionally,
the Sinr electrodes showed a stable discharge capacity of ~810 mAh-g™! at the end of 250 cycles
with a columbic efficiency of 99.95-99.97% and a fade rate of ~ 0.11% loss per cycle at a

discharge/charge rate of 1 A-g’!.
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Figure 41 a) Initial charge — discharge curves and b) differential capacity vs voltage profiles of SiNF in
Li/Li+ system. ¢) Long term cycling performance at 0.3A/g for 6 cycles followed by 1A/g for rest of the cycles

and d) rate capability test at different current rates (inset table) of SiNF in Li/Li+ system
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The differential capacity vs voltage plot (Figure 41b) for the Si nanoflakes show two peaks
at~0.18V and ~0.09V respectively, during the first discharge cycle corresponding to the formation
of different LixSi and LiySi (0.18V for amorphous Si and 0.09V for crystalline Si) alloys due to
the first cycle lithiation induced alloying process. > 31205 208,215,229, 251-252 _Qyhsequent to these two
major peaks, there also appears to be a small peak at ~0.03V corresponding to the formation of
crystalline Li15S14 phase from the LiySi phase. In the first charge cycle correspondingly, the plot
shows two broad peaks at ~0.32V and 0.48V corresponding to the delithiation of LixSi phase to
form amorphous silicon. The existence of the sharp peak at ~0.41V indicates the transformation
of the lithiated Si phase to form amorphous Si through a coexisting two phase LiisSis and LixSi
mechanism.?* The intensity of this peak however, expectedly decreases upon subsequent cycling
leading to formation of completely amorphous silicon within the first 3 discharge — charge cycles.
The reduction in intensity of this peak at ~0.41 thus, improves the initial stability of the Si
nanoflakes.

The current carrying strength of the electrodes were also tested by evaluating the rate
capability potential of the electrodes to study the performance of Sinr at different current rates
ranging from 0.05 A-g™' to 2 A-g’!, the results of which are displayed in Figure 41d. Accordingly,
the silicon nanoflakes (Sinr) exhibit stable reversible capacities of ~1800 mAh-g!, 1760 mAh-g
!,1700 mAh-g!, 1625 mAh-g'!, 1610 mAh-g!,1560 mAh-g!, 1250 mAh-g!, and 765 mAh-g..
These capacities are obtained when cycled at the following current rates of 0.05 A-g!, 0.1 A-g’!,
02 Ag', 03 Ag!, 04 Ag! 05Ag! 1 Ag!and 2 A-g!, respectively. The results thus
demonstrate a good retention of capacity the Sinr electrodes even at high current rates of 1 A-g’!
and 2 A-g’!. The electrode was given a drastic change in current rate from 0.05 A g to 0.5 A-g’!

and subsequent cycling was conducted to evaluate the material for instability in cycling. Si
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nanoflakes showed stable performance at a current rate of 0.5 A-g"! displaying a specific discharge
capacity of ~1225 mAh-g! at the end of 150 cycles after this drastic change in current rate
indicating no instabilities arising from the known catastrophic cracking of electrodes characteristic

of silicon systems.

4.3.5 Electrochemical Performance of Si Nanorods

The silicon nanorods (Sinr) were also evaluated for their electrochemical response by
cycling the electrodes under constant current. The electrodes correspondingly showed a first cycle
discharge and charge capacities of ~ 2980 mAh-g™! and ~2500 mAh-g’!, respectively at a current
rate of 50 mA-g™! with a first cycle irreversible loss (FIR loss) of ~ 12-15%, putatively displaying
a second cycle discharge capacity of ~2740 mAh-g™! (Figure 42a).

The long-term cycling response of Sing was evaluated by the cycling the electrodes at a
current rate of 0.3 A-g! for the first 10 cycles and 1 A-g"! for the remainder of the cycles. Si
nanorods (Sinr) accordingly, showed a high specific discharge capacity of ~2380 mAh-g"! and
~1710 mAh-g ! ata current rate of 0.3 A-g"' and 1 A-g"! during the first and 11% cycle, respectively.
Upon longer cycling at a current rate of 1 A-g”!, the Si nanorods showed discharge capacity of
~740 mAh-g™! at the end of 250cycles with a columbic efficiency of 99.95-99.97% and a fade rate
of ~0.23% loss per cycle.

Silicon nanorods show a differential capacity vs voltage plot (Figure 42b) very similar to
the Si nanoflakes (Figure 41b) in the first discharge cycle. However, a dominant broad peak at
both ~0.09V and ~0.03V indicates the formation of a higher fraction of crystalline LiySi and LiisSi4
phase from c-Si during the initial lithiation induced alloying reaction.?’> 233 The first cycle
differential capacity charge plots of the silicon nanorods is differentiated from that of the silicon
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nanoflakes by the existence of a more dominant sharp peak at ~0.41V due to the higher volume
fraction of the crystalline Li15Si4 phase. The relative intensity of the two broad peaks (~0.32V and
~0.48V) in contrast with the peak at ~0.41V is clearly an indication of the variation in relative
ratios of the amorphous and crystalline phases at the end of the previous lithiation cycle.

The higher peak intensity at ~0.41V compared to peaks at ~0.32 and ~0.48V in the case of
nanorods as compared to that of the nanoflakes indicates the higher presence of crystalline phase
in the nanorods. Hence, correspondingly a number of cycles are needed for the eventual
amorphization of the initially generated crystalline silicon.?>3

Similarly, during the second discharge — charge cycle, the higher intensity of the peak at
~0.41V is indicative of the preferential delithiation of nanorods through crystalline Li15Si4 phase.
Higher fraction of crystalline silicon and the presence of highly crystalline silicon in the initially
generated Sinr clearly impedes the formation of amorphous Si during cycling. The conversion of
crystalline Si into amorphous Si does not reach completion even at the end of 10" charge —
discharge cycle. However, there is an increase in the relative intensity of the broad peaks (0.32V
and 0.48V) indicating a reduction in the crystalline fraction undergoing the crystalline Li15Si4 to
amorphous phase transformation.

The rate capability propensity of the Si nanorods was also evaluated. Accordingly, the Si
nanorods nanorods exhibit stable reversible capacities of ~1675 mAh-g!, 1660 mAh-g™!, 1600
mAh-g'!, 1510 mAh-g'!, 1460 mAh-g'!, 1380 mAh-g'!, 850 mAh-g' and 470 mAh-g"!. These
capacities were obtained when the electrodes were cycled at current rates of 0.05 A-g™, 0.1 A-g’!,
02A-¢g' 03Ag',04A g 05Ag!, 1A g and2 A-g!, respectively.

The results indeed demonstrate good retention of capacity of the nanorod system when

tested at current rates to 0.5 A-g™. The Si nanorods in fact, showed stable performance at a current
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rate of 0.5 A-g! with a specific discharge capacity of ~950 mAh-g™! at the end of 150 cycles
following the initial aggressive change in current rate without exhibiting any obvious signs of

failure that is characteristic of the normal hitherto Si anode systems.
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Figure 42 a) Initial charge — discharge curves and b) differential capacity vs voltage profiles of SiNR in

Li/Li+ system. ¢) Long term cycling performance at 0.3A/g for 10 cycles followed by 1A/g for rest of the cycles

and d) rate capability test at different current rates (inset table) of SiNR in Li/Li+ system
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4.3.6 Comparison of the Cycling Response of Silicon Nanoflakes and Silicon Nanorods

Based on the above discussion of the results, the major difference in the performance of
Sinr and Singr can be attributed to the variation in the content of the different phases of silicon (a-
Si, nc-Si and ¢-Si), coupled with the morphological features and the various nanoscale structures
of the respective system. Sinr are composed of a mixture of a-Si and nc-Si with higher percentage
of amorphous silicon phase. However, Sing consist of higher percentage of highly crystalline Si
(c-Si) phase in the nanorods combined with a smaller fraction of the a-Si formed as result of
silicon deposition on the surface of the micron/sub-micron size NaCl particles. Thus, nanorods
undergo amorphous Si transformation occurring through the crystalline LiisSis pathway
(characterized by peak at ~0.41V in Figure 42b) which results in an inferior performance and
higher capacity loss when compared to the Sinr, during the initial discharge - charge cycles. Sinr
consist of a mixture of ~85-87% a-Si with the other phase being nc-Si phase while Sinr consist of
~18-20% a-Si with the rest comprising crystalline c¢-Si phase of higher crystallinity (Table 11,
Raman spectra fitting shown in Figure 62 and Figure 63).

Sinr consists of micron-sized nanoflakes formed because of growth/sintering of individual
Si particles. However, the thickness (t) of the nanoflakes is restricted to ~40-60nm when compared
to Sinr which consist of micron length nanorods with diameters ranging from 50nm — 200nm. The
restriction of the thickness in Sinr not only provides a bi-axial pathway for relaxation of strain
developed during volume expansion but also allows for easy diffusion of Li" ion due to the reduced
diffusion lengths (Lg=t/2). This thus, results in Sinr showing a much lower fade rate (0.11% loss
per cycle) under long-term cycling conditions as compared to Sing (0.23% loss per cycle).

These effects of the structural dimensions on Li" diffusion distances and their combined

influence on the electrochemical response is perceived in the organized plot summarizing the
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electrochemical responses shown in Figure 43a. The plot shows the specific discharge capacity
vs. current rate in the stable cycling region of both nanoflakes and nanorods obtained from the rate
capability tests. The normalized specific capacity (with respect to the discharge capacity at 50
mA-g) vs. current rate is also displayed to provide a realistic comparison of the performance of
Sinr and Sing. Silicon nanoflakes show a higher capacity than the nanorod morphology at all the
current rates under stable cycling conditions and the specific and normalized capacity of the
nanorods in fact, drops at higher currents. The superior performance of Sing morphologies
observed when compared to Sinr during the current rate tests is clearly due to the lower diffusion
distances available for Li" diffusion.

Post cycled SEM analysis of the electrodes (Figure 43) was also carried out to characterize
the behavior of electrodes and Si nanostructures during long term cycling. The post-cycled SEM
micrograph of Sinr (Figure 43c) show the bending and folding of the nanoflakes structures to
accommodate the stresses developed during the lithiation and delithiation process. However, it
should be noted that there is no structural disintegration of the nanoflakes. In the case of Sinr the
post-cycled SEM analysis (Figure 43e) shows fracture of nanorods particularly, along the cross
section leading to shorter lengths. In addition, the nanorod morphology appears to have collapsed
or altered and modified after cycling thus, indicating the formation of particles because of
coalescence and disintegration process leading to the instability of the nanorods (Figure 63).
Hence, it can be construed based on the above data and analyses presented that the nanoflakes
morphology indeed show lower fade rate and better capacity retention during long term cycling
(Table 11) as compared to nanorods by preserving the mechanical integrity of the nanostructures.
The minor difference in the FIR loss of SiNF (FIR ~ 17%-20%) and SiNR (FIR ~ 12%-15%) is a

result of higher specific surface area of nanoflakes which results in the loss of lithium due to higher
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254-255 In

surface available for SEI formation during the initial charge — discharge cycle.
conclusion, the Si nanoflakes act as superior active material for anode fabrication in lithium ion
batteries compared to Si nanorods owing to higher content of amorphous Si, smaller diffusion
distances and morphological stability thus, resulting in better electrochemical performance (lower
fade rate, good rate capability and higher stable specific capacities) on long term cycling.

The stable capacities of these bare Si nanoflakes is better than magnesiothermic nano-Si
and nano Si@C and comparable to that of Si@PCM which show a stable capacity of ~1250mAhg”
@ 0.5Ag"! at the end of 100 cycles, reported by Wu. L et.al. 2°¢ Furthermore, similar capacities
and rate performance were observed in carbon sheet anode comprising core-shell Si/C nanosphere
bubbles (anode system morphologically similar/analogous to Si nanoflakes) which showed stable
capacities of ~1110 mAhg™! during rate capability test and ~1018 mAhg™! at the end of 200cyles
@ 1Ag?, reported by Li. W et. al. ?*” The performance of the bare Sinr is also comparable to
carbon/CNT based silicon nanoparticle composites derived from rice husk which show a capacity
of ~1031mAhg"! @0.5Ag™" at the end of 100cycles with an FIR loss of ~28%, reported by Zhang.Y.
et. al. 5% The Sinr system shows promise as stable active material to be incorporated into a lithium

battery composite anode system with lower relative weight of porous carbon, graphite *°° or

’, spray drying®®,

polymer gel matrices by commercial process such as electrospraying
electrospinning 2%! or carbon pyrolysis 2>* to further enhance the performance, decrease the fade

rate/FIR Loss and further improve the stable specific capacity under long term cycling.
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4.4 Conclusions

Silicon nanostructures with different morphology and different crystalline structure
(crystalline, nanocrystalline and amorphous) were generated using a facile, high throughput and
scalable process involving abundant, cheap, green, completely recyclable water soluble sodium
chloride template approach. Silicon was deposited using low-pressure chemical vapor deposition
(LPCVD) of silane on different NaCl particle sized templates, derived using high energy
mechanical milling (HEMM) to develop Si nanoflakes (Sinr) and nanorods (Sing). These Si
nanostructures serve as high performance anode materials in lithium ion batteries. Both Si
nanoflakes and nanorods show high specific charge discharge capacities. However, owing to the
structural dimensions, higher content of a-Si and presence of nc-Si instead of crystalline silicon
(c-Si) of higher crystallinity, nanoflakes show superior performance as compared to nanorods.
Silicon nanorods on the other hand, showed a first cycle discharge and charge capacities of ~ 2980
mAh-g! and ~2500 mAh-g’!, respectively at a current rate of 50 mA-g"' with a first cycle
irreversible loss (FIR loss) of ~ 12-15%. Upon longer cycling at a current rate of 1 A-g™! Si
nanorods displayed a discharge capacity of ~740 mAh-g™! at the end of 250 cycles with a columbic
efficiency of 99.95-99.97% and a fade rate of ~ 0.23% loss per cycle. Silicon nanoflakes on the
other hand, showed a first cycle discharge and charge capacities of ~ 2830 mAh-g"! and 2175
mAh-g’!, respectively at a current rate of 50 mA-g™! with a first cycle irreversible loss (FIR loss)
of ~ 15-20%. Upon longer cycling at a current rate of 1 A-g"!, the Si nanoflakes showed a stable
discharge capacity of ~810 mAh-g™! at the end of 250 cycles with a columbic efficiency of 99.95-
99.97% and a fade rate of ~ 0.11% loss per cycle demonstrating the superior electrochemical

response.
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5.0 Pulsed Current Electrodeposition of Silicon Thin Films Anodes for Lithium Ion Battery

Applications

5.1 Introduction

Electrodeposition or electroplating is a relatively simple, easy, robust, easily scalable, and
economically viable electrochemical technique for large area generation of active systems. It is
very widely used in industries to synthesize coatings and thin films of various metals, alloys, and
particulate composites to enhance the tribological and corrosion resistance properties of materials.
Recently, electrodeposition of amorphous silicon (a-Si) from non-aqueous electrolytes has been
used to deposit thin films and nanostructures of a-Si by potentiostatic (constant potential) and
galvanostatic (constant current) methods on different substrates—such as nickel foams, nickel
coated tobacco mosaic virus (TMV), and copper foil—and their electrochemical properties are
studied for LIBs ! 2922¢° However, there is no reported study on the evolution and modification
of the morphology of a-Si thin films during the electrodeposition process and the systems suffer
from poor areal loading density, low areal capacities, and low overall specific capacity of the anode
due to the type of substrates employed.

In this regard, pulse electrodeposition is a well-known modification of traditional
electrodeposition process and has been studied for varying the morphology, mechanical properties
and composition of different types of metallic, composite, and nano coatings "2, The pulse
power electrodeposition approach offers an economical and easy way to change the grain size and
morphology of the deposits, thus enhancing the density of coatings and their mechanical strength

and corrosion properties 2’4277,
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In the current work pulsed current electrodeposition (PED) technique was employed to
develop Si thin films on Cu foil. PED at various frequencies of the pulsing cycle was used to obtain
different morphologies of a-Si thin film deposits on Cu foil and their performance in LIB was
studied. PED, which is a simple extension of electrodeposition technique, provides an economical
way to modify the properties of the thin films by providing modulated voltage/current input into
the electrodeposition cell instead of direct current or voltage. The composition and morphology of
the thin films are thereby altered with the change in the frequency which correspondingly,

influences their performance in the lithium ion batteries.

5.2 Experimental

5.2.1 Pulse Electrodeposition of Silicon on Cu Substrates

Propylene carbonate (PC, 99.9% anhydrous), tetrabutylammonium chloride (TBACL,
>97%), silicon tetrachloride (SiCls, 99.99%), and acetone (99.9%, anhydrous) used for deposition
studies were purchased from Sigma—Aldrich (St. Louis, MO, USA) and were used without further
purification. Propylene carbonate was selected as the solvent due to its high dielectric constant (&
= 64) which makes it a good medium for dissolving silicon tetrachloride. For the supporting
electrolyte, tetrabutylammonium chloride (TBACL, >97%) was dried overnight in vacuum and
added to propylene carbonate to improve the conductivity of the electrolyte.

A solution of 0.5 M SiCls and 0.1 M TBACL prepared by dissolving 1.12 g TBACL and
2.3 mL SiCly in 37.7 mL PC under regulated atmosphere (O2 < 0.1 ppm and H2O < 0.1 ppm) in a

glove box was used as the electrolyte for the PED. EC epsilon (Bioanalytical system, West
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Lafayette, IN, USA) was used to conduct linear sweep voltammetry (LSV) of the electrolyte in a
cylindrical three electrode cell made of glass and sealed with teflon gaskets at both the ends. For
the pulsed electrodeposition study, bare Cu foil was used as the working electrode while platinum
wire (diameter = 0.5 mm, 99.95%, Alfa Aesar, Tewksbury, MA, USA, 1 mm distance from
working electrode) and platinum foil (0.5 cm L x 0.5 cm B x 0.1 mm thick, 99.9%, Aldrich, St.
Louis, MO, USA) served as the reference and counter electrodes, respectively.

Dynatronix pulse power supply (Dynatronix, Amery, WI, USA) was used for the pulsed
current electrodeposition of Si films under an argon atmosphere by converting the three-electrode
cell into a two - electrode cell. The Cu electrodes were sonicated in ethanol and acetone for 5 min
and dried in air before use and 20 ml of the above electrolyte solution was used for the deposition
immediately after preparation. The peak current density of the pulsing cycle was 1 mA-cm 2 with
a duty cycle of 50%, total charge density of 60 mA-min-cm ? and the frequency of the cycle was
maintained at 0 (galvanostatic), 500, 1000, 2000, 3000, 4000, and 5000 Hz. To remove any traces
of electrolyte, salts, and impurities, the copper foils electrodeposited with silicon were first rinsed
in PC followed by anhydrous acetone under an argon atmosphere. The foils were then allowed to

dry in an argon filled glove box approximately for 1 h before further characterization.

5.2.2 Material and Electrochemical Characterization

The pulse electrodeposited samples were always sealed in the glove box under an argon
atmosphere before transferring them out of the glove box for further studies. Scanning electron
microscopy (SEM, Philips XL 30, FEI, Hillsboro, OR, USA) was used to study the morphological
characteristics of the thin films and subsequently, attached Energy Dispersive X-ray Spectroscopy
(EDAX, AMETEK, Mahwah, NJ, USA) operated at 10 kV was used along with the GENESIS
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278 Raman spectroscopy was

software for conducting qualitative compositional analysis
performed using a Renishaw inVia Raman microscope (Renishaw, Gloucestershire, UK) equipped
with a 633 nm red laser to evaluate the vibrational and rotational modes of the deposited films.
PANalytical Empyrean XRD diffractometer (PANalytical, Almelo, Netherlands) was used for
performing Glancing angle X-ray diffraction (GAXRD) on the electrodeposited Si thin films. The
Cu foil electrodeposited with Si were assembled under argon atmosphere in a half cell (2025 coin
cell) using lithium foil as the counter electrode and 1M LiPFs in ethylene carbonate (EC),
diethylene carbonate (DEC), and fluoroethylene carbonate (FEC) with EC:DEC:FEC = 45:45:10
by volume as electrolyte. The assembled coin cell was tested in the potential window of 0.01V—

1.2V with respect to Li/Li*, at a current rate of 0.3 A-g! to study their performance as anode

material.

5.3 Results and Discussions

5.3.1 Pulsed Current Electrodeposition of Si on Cu Foils

The pictorial diagram of the two - electrode electrodeposition cell along with the polarity
of the electrical connections has been shown in Figure 44a. The general parameters of operation
of the pulsed current electrodeposition are forward peak current density, forward ON TIME,
forward OFF TIME, reverse peak current density, reverse ON TIME, reverse OFF TIME, and the
total amount of charge supplied (Figure 44b). The reduction and deposition of Si*" ions occurs
during the ON TIME of the forward cycle (positive cycle) while during the ON TIME of the

reverse cycle, the deposited Si is stripped in the form of Si* and enters the electrolyte solution.
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During the OFF TIME also, there is no current passing through the cell and hence, there is no
reduction/oxidation taking place at the electrodes. However, during the OFF TIME, since there is
no deposition occurring, there is diffusion of Si*" ions from the bulk of the electrolyte towards the
ionically depleted region formed at the electrode—electrolyte interface. A typical input cycle of
pulse current electrodeposition with both deposition and stripping cycle is as shown in Figure 44b.
In the current study however, to prevent the complications arising from the oxidation of Cu from
the substrate into the electrolyte during the reverse cycle, we have employed only the forward
deposition cycle as shown in Figure 44¢. The percentage ratio of ON TIME (AB) to forward TIME
(AB+CD) in the pulsing cycle is termed as the DUTY CYCLE and is kept constant at 50%. The
different pulsed current electrodeposition parameters used in the study have been listed in Table

9.

Table 9 Pulse current electrodeposition parameters used in the study.

Sample ID Peaﬁeﬁﬁgem T(I)I\IIE OFF TIME Duty (F/:giuce]l;sz C(lrﬁ%e
(mA-em?) | (AB)(ms) | (€D (ms) | Cycle (%) (Hz) min-cm?)
PEDSi-0 1.00 1 0 100 0 60
PEDS-500 1.00 1 1 50 500 60
PEDSi-1000 1.00 0.5 0.5 50 1000 60
PEDSi-2000 1.00 0.25 0.25 50 2000 60
PEDSi-3000 1.00 0.17 0.17 50 2941 60
PEDSi-4000 1.00 0.13 0.12 52 4000 60
PEDSi-5000 1.00 0.1 0.1 50 5000 60

The linear sweep voltammetry (Figure 44d) of the supporting electrolyte TBACL in
propylene carbonate solvent showed stable electrolyte window of (=) 0.5 V to (—) 1.9 V without
any deposition peak for the current electrochemical setup. With the addition of SiCls, the LSV
shows a cathodic peak corresponding to the reduction of Si* ions and deposition of Si at around
(—) 1.58 V. The pulse electrodeposited films showed yellowish color after they were washed in

propylene carbonate followed by anhydrous acetone in the glove box atmosphere. However, upon
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exposure to ambient atmosphere, the silicon reacts with air/moisture and immediately undergoes
oxidation to form silicon dioxide thus turning into a white deposit in due course of time. Hence,
the electrodeposited samples were sealed in the glove box under argon atmosphere and then

transferred for Raman analysis and into the scanning electron microscopy chamber for further

analyses.
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Figure 44 (a) Pictorial representation of the pulse electrodeposition setup; (b) standard input current cycle
during pulse electrodeposition; (c) input current cycle for pulse current electrodeposition in the current
study; (d) linear sweep voltammogram of electrolyte with and without SiCl4 showing the reduction of Si4+

ion and (e) Raman spectral shift of the pulse current electrodeposited silicon films

The Raman analysis of all the pulse current electrodeposited films was carried within 15 min after
exposure to ambient atmosphere. The Raman spectra showed a broad peak (Figure 44e),
approximately 483-487 cm™! for all the pulse electrodeposited samples. For crystalline silicon, a

sharp peak corresponding to transverse optical vibrational mode is reported 2*°??® at around 520

146



cm ! However, the broad peak obtained in the Raman spectra suggests the presence of amorphous
silicon in the thin film which is caused due to the disruption of long-range order as compared to

crystalline silicon.

5.3.2 Morphological and Compositional Characterization

SEM analysis was conducted to observe the morphology of the electrodeposited films. For
the SEM and EDAX analysis (Figure 45), the samples were transferred into the SEM chamber
within 5 min of opening the seal to prevent the oxidation of silicon due to prolonged exposure to
the oxygen and moisture in the room atmosphere. The EDAX analysis of the samples showed the
presence of silicon, oxygen, copper, and carbon (Figure 45a). The copper peak (CuL,~0.93 KeV)
arises from the substrate on which the electrodeposition has been carried out while the presence of
oxygen is attributed to the partial oxidation of silicon (SiKy ~1.739 KeV) in the brief time the
samples are exposed to the room atmosphere while transferring into the SEM chamber. The
presence of carbon (CK,y ~0.277 KeV) may be attributed to the presence of residual solvent or
contamination from the SEM chamber. Another reason for the presence of carbon and oxygen
(OKq ~0.525 KeV) can be attributed to the decomposition of electrolyte along with the reduction
of silicon due to the localized over potential developed on the growth sites during the
electrodeposition process, thus forming a Si-O—C composite system >7*-?%2, The glancing angle
XRD pattern (Figure 45b) shows only Cu peaks (20 ~43.7°, 50.8°) arising from the underlying
substrate devoid of any peaks corresponding to crystalline silicon (high intensity peak at 20
~28.4°). The zoomed up inset pattern obtained from smoothening of the curves (inset of Figure
45b) shows a low intensity broad peak between 27° < 20 < 30° which confirms the amorphous
nature of electrodeposited silicon thin film validating the Raman analysis. Due to the amorphous
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nature of the silicon in the electrodeposited thin film, the intensity of the Cu peaks dominates the
spectra obtained from the glancing angle XRD and the low intensity broad peak of a-Si could be

noticed only by analyzing the obtained spectra in the 20° <26 < 35° region.

1400 T T T T
a) ) b) 3
12004 3 L
l 1 g *k-Cu
_ 1000+ 5|z a-Si
= <|s
3 1 [
& ™ § 3//“\
£ 600 i g |* *
g l A i 20 2;:;.5'” z 30 ; 35
eta (degrees)
o 400+ &:’
c Cu 1B
200 l l
[IE
05 10 15 20 25 30 35 40 45 50 : : : :
20 50 60

30 40
2 Theta (Degrees) e
PEDSi-SﬂE_Z g

SPEDSI-1000Hz }] 1) |

"y

Figure 45 (a) Energy dispersive spectra (EDAX) and (b) XRD pattern of pulse current electrodeposited thin
films. The inset shows the smoothened XRD curve between 20° <20 < 35°. SEM images of (c) PEDSi-0, (d)

PEDSI-500, (¢) PEDSi-1000 and (f) PEDSi-5000 Hz

The SEM analysis (Figure 45) of the samples shows a drastic change in morphology
between the films deposited at 0 (galvanostatic, PEDSi-0), 500 (PEDSi-500) and 1000 Hz (PEDSi-

1000). PEDSi-0 (Figure 45¢) which corresponds to the constant current electrodeposition showed
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islands of silicon approximately 5—10 um wide simulating dried mud cracks, which is in good
agreement with previous study reported [37]. PEDSi-500 (Figure 45d) which corresponds to pulse
current frequency of 500 Hz, showed a cracked morphology very similar to PEDSi-0, however,
the solid islands of Si were replaced by discrete particulate deposits. At a frequency of 1000 Hz,
the island morphology was completely replaced with a thin continuous layer comprising of 1 pm—
2 um silicon particles seen in the SEM analysis of PEDSi-1000 (Figure 45e¢). At higher frequency
of 5000 Hz, the deposits retained the thin film morphology as observed in PEDSi-1000 however;
the size of the particles comprising the film decreases to less than 1 pm observed in PEDSi-5000
(Figure 45f). This change in morphology occurs due to the change in the nucleation and growth
kinetics of the film followed by the variation in thickness of the depletion layer at the electrode—
electrolyte interface and the decrease in the concentration of ions in the bulk of the solution. The
difference in the morphologies can be explained by two different reason depending on the
frequencies used during pulse electrodeposition.

At lower frequencies (PEDSi-0 Hz, PEDSi-500 Hz, and PEDSi-1000 Hz), the competitive
behavior between the time scale for Si*" diffusion and reduction results in the formation of
different morphology of the thin films. During longer ON TIME, the timescale for reduction is
more favorable than that for diffusion of Si*" hence, giving a low-density deposition with large
grains as in case of PEDSi-0 and PEDSi-500. However, the Si*" diffusion is favored upon
decreasing the ON TIME allowing the ions to penetrate into the diffusion structure giving more
uniform and denser thin films (PEDSi-1000 Hz) thus, improving the mechanical strength of the Si
thin film as well as that of the Si —Cu interface 28*2%4. At higher pulse frequencies (PEDSi-1000
Hz to PEDSi-5000 Hz), the pulses are much shorter, i.e., both ON TIME and OFF TIME are of

short duration during which the double layer does not have sufficient time to fully charge during
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ON TIME and to discharge during the OFF TIME. The completion of one pulse cycle is
immediately followed by the next pulse which results in thin pulse diffusion layers. This
phenomenon hinders the transport process and makes the diffusion of the migrating Si*" ions from
the solution to the cathode surface difficult 2428, This rapid change in the pulsing process leads
to the formation of thin film by enhanced nucleation rate and limited growth rate resulting in a
dense Si film as seen in Figure 45e,f similar to pulse electrodeposition of silver alloys ?*”. A similar
change in morphology has been reported for Sn thin films with the change in frequency of
deposition wherein the morphology of Sn thin films change from porous large non-uniform grains

to dense structures by increasing the pulse frequency 27°.

5.3.3 Electrochemical Characterization of PEDSi on Cu

Electrodeposition driven by controlled atomistic reduction of Si** ions, results in direct
growth of a-Si thin film on the Cu surface instead of generating discrete loose particles leading to
good mechanical and electrical contact at Cu/Si interface due to the likely strong interface adhesion
forces. Hence, the pulse electrodeposited Si electrodes were directly assembled in a 2025 coin cell
without addition of any binder or Super P and tested with lithium as counter/reference electrode in
the voltage window of 0.01-1.2 V. A significant peak is observed close to ~0.15 V during the first
discharge cycle in the differential capacity plot (Figure 46a) indicating the alloying reaction of
lithium with a-Si and presence of partially alloyed (a-LiySi) and unalloyed (a-Si) two phase region
as reported in the literature 2% 21622 The presence of a potential peak at ~0.08 V indicates various
stages of alloying reactions and complete formation of a-LixSi during the end of the first discharge
cycle. The charge cycle shows reaction peaks at ~0.32 V and ~0.48 V corresponding to the
extraction of lithium from electrode which is commonly observed for the de-alloying reaction from
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the amorphous LixSi alloy. The columbic efficiency varied from 94 to 98% from the second to

fifth cycle, after which it further improved and remained close to 99.7% for the rest of the cycles.
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Figure 46 (a) Differential capacity vs Voltage curves of electrodeposited Si film; (b) specific discharge
capacity of electrodeposited thin films under different pulse current conditions (from 2nd cycle); (c)
Performance of electrodeposited Si films with frequency of deposition. Fade rate (the percentage loss per
cycle for first 10 cycles) and first cycle irreversible vs frequency of deposition; (d) Long-term cycling plot of

PEDSIi-5000 Hz tested in Li/Li+ system

The electrochemical reduction of Si** during electrodeposition is accompanied solvent
decomposition and reduction of tetrabutylammonium ion (TBA™) leading to formation of carbon
and oxygen in the thin film. To calculate the gravimetric capacity of the deposited silicon films,
an efficiency parameter for Si*" reduction is introduced into the Faraday’s law to calculate the
actual number of moles of silicon reduced. An efficiency parameter of 35% efficiency is used in
the current work, based on previously reported work using similar electrolyte and deposition

conditions *!. The theoretically calculated areal loading density of Si is ~0.1 mg-cm 2 while the
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experimentally measured loading density of Si is ~0.24—0.28 mg-cm 2. The additional loading
density is expected to arise due to the presence of carbon and oxygen in the thin films formed by
the reductive decomposition of the solvent and TBACL.

Figure 46b shows the specific capacity plots of pulse electrodeposited silicon films at
different frequencies, when tested in lithium ion battery at a current density of 300 mA-g .
Discharge capacities of 900—1250 mAh-g ! were obtained with a first cycle irreversible (FIR) loss
of ~60-70% for these films. Electrodeposited silicon is often associated with high FIR loss due to
the formation of Si—O—C films instead of pure silicon and presence of chlorine in the films. This
occurs due to the reductive decomposition of the propylene carbonate or TBA", the local over
potential on the surface of the electrolyte leading to localized decomposition, presence of minute
traces of water in electrolyte, poor ionic conductivity of the electrolyte, and poor electronic
conductivity of electrodeposited Si film. The cycling plot also shows a major loss in capacity
during the first 10 cycles after which the specific capacity of the Si thin films stabilizes with lower
fade rate.

The pulse current deposited conditions showed very minor reduction in FIR with increase
in frequency of deposition (Figure 46¢) as compared to higher FIR loss exhibited by films
deposited under direct current conditions. However, the fade rate in the first 10 cycles showed
significant reduction from ~3.15% loss per cycle for films deposited under DC conditions to ~1.5%
loss per cycle for PEDSi-5000 Hz. Upon long term cycling at a current rate of 0.3 A-g”! (Figure
46d), the PEDSi-5000 Hz thin film showed a gravimetric specific discharge capacity of ~810
mAh-g ! at the end of 500 cycles with a very low fade rate of ~0.056% capacity loss per cycle.

Post cycled SEM analysis of the films for DC conditions showed retention of the island

morphology (or cracked film morphology) after 50 charge—discharge cycles which is consistent
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with the results reported in previous study '. PEDSi-500 Hz showed transformation of
morphology to cracked thin film morphology during the initial 10 cycles and no further change in
the morphology upon further testing till 50 cycles (Figure 47a—c). Continuous thin films deposited
under PEDSi-1000 Hz (Figure 47d—f) and PEDSi-5000 Hz (Figure 47g-i), showed development
of cracks during the initial 10 cycles of testing after which the films showed no major change in
morphology upon further testing, thus indicating the stability of the films due to the improvement
in mechanical properties. Electrodeposition being a controlled method involving atomistic
adsorption, diffusion and reduction of ions followed by crystallization of atoms, improves the
adhesion of thin film to the Cu substrate contributing to mechanical stability of the films. Hence,
the electrodeposited films show better performance and stable cycling as compared to sputtered
288-289

silicon films which fail due to delamination of the films at the substrate—silicon interface
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Figure 47 SEM images of (a,b,c) PEDSi-500 Hz, (d,e,f) PEDSi-1000Hz and (g,h,i) PEDSi-5000 Hz, before,

after 10 and after 50 electrochemical testing cycles in lithium ion battery
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A summary of XPS composition analysis of the Si thin films deposited at different
frequencies along with depth profiling (increase in etching time) of the thin film and the calculated

253,290 and the irreversible

FIR loss as per the reversible reaction of Si to form metastable Li3 75Si
reaction of Li with oxygen to form Li,O as shown in Figure 48 is given below.
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Figure 48 Depth profile of (a) silicon, (b) oxygen and (c) carbon obtained from XPS compositional analysis.
(d) The first cycle irreversible loss calculated from the composition of silicon and oxygen in the thin films at
various depths. Black, red, green and blue lines indicate the data for PEDSi-0 Hz, PEDSi-500 Hz, PEDSi-1000

Hz and PEDSIi-5000 Hz, respectively

The amount of silicon and the ratio of silicon to oxygen increases with depth profiling.

Considering that the electrodeposition was conducted under inert conditions and minimal exposure
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of the films to ambient atmosphere and following earlier reports 281282

, it is likely that increase in
oxygen content in the film is probably due to enhanced decomposition of the electrolyte with
increase in the thickness of the electrodeposited film and the time of deposition. A similar trend is
observed in the calculated FIR loss arising from lithium irreversibly reacting with oxygen
indicating that thinner films would show lower FIR loss as compared to thicker films due to the
likely reduction in the oxygen content of the electrodeposited thin films following XPS analysis.

The amount of Si content in the film increases with the increase in the frequency of the
pulse electrodeposition due to minimal diffusion into the bulk. However, the oxygen content in the
film decreases from PEDSi-0 Hz to PEDSi-500 Hz and then increases from PEDSi-500 Hz to
PEDSIi-5000 Hz. As explained previously at lower frequencies, the growth of Si thin films is
guided by relative timescales available for diffusion and reduction of Si*" ions 2>2%4, Due to the
enhanced diffusion of Si*" ions during the OFF TIME the Si content increases, and the oxygen
content decreases from PEDSi-0 Hz to PEDSi-500 Hz. However, at higher frequencies the
deposition is governed by enhanced nucleation combined with electrolyte decomposition with
limited growth rate 285287 due to which the content of both silicon and oxygen increases from
PEDSi-500 Hz and PEDSi-5000 Hz.

The calculated FIR loss from the XPS composition shows lower FIR loss for PEDSi-500
Hz and PEDSi-5000 Hz when compared to PEDSi-0Hz and PEDSi-1000 Hz. The general drop in
the FIR loss with depth is to be expected with the reduction in the surface oxygen in line with
Figure 48b. Further, the calculated FIR loss is in the range of 28-37% for the pulse
electrodeposited films while the experimentally observed values are in the range of 60—70%. The
deviation of calculated FIR loss (from XPS compositional analysis) from that observed in

electrochemical testing indicates that the FIR loss in these thin films is a combined effect of the
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loss of lithium due to the oxygen content in the film primarily arising due to electrolyte
decomposition and the initial frequency independent disintegration of the thin film during the first
cycle discharge. The post-cycled SEM study (Figure 47) which shows change in morphology of
thin films during the first 10 cycles also confirms the contribution of material loss due to
morphological/microstructural disintegration contributing to the FIR loss. More work is clearly
warranted to unequivocally ascertain these inferences. The results nevertheless show the influence
of frequency of pulsed current electrodeposition on the evolution of morphology and composition
(Si, O, C) of the a-Si thin films with their subsequent influence on the electrochemical cycling
response. Further studies could likely lead to improvements in obtaining high capacity as well as
lowering the FIR with improved cycling stability, further attesting to the promise of
electrodeposition as a viable approach for generating large scale silicon electrodes for lithium-ion

applications.
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5.4 Conclusions

Morphology of amorphous silicon was modified by using frequency-dependent pulse
current electrodeposition technique. Under galvanostatic conditions, films show mud crack
morphology; while at higher frequencies (>1000 Hz) growth of thin continuous film due to the
coalescence of electrodeposited particles is observed. Films electrodeposited at 500 Hz show
islands of micron size particles forming discontinuous or continuous films under pulse current
conditions decreasing in size with increase in frequency. Difference in the morphology is likely
due to change in the nucleation and growth mechanisms of thin films formed at the different
frequencies studied. The films show an improvement in performance when tested in LIBs with the
increase in frequency due to enhanced stability under pulsed current electrodeposition conditions.
Consequently, the fade rate (% loss per cycle) reduced from ~3.15% under DC electrodeposition
to ~1.6% for pulsed current frequencies greater than 1000 Hz. The films also showed a major
change in morphology during the first 10 cycles of electrochemical testing which supports the high
fade rate during initial electrochemical cycling. There was minor reduction in first cycle
irreversible (FIR) loss with frequency and the pulse electrodeposited films showed a capacity of
~1000-1250 mAh-g ! with a columbic efficiency of ~99.7% at the end of ~47 cycles. Upon long
term cycling at a current rate of 0.3 A-g”!, the thin films deposited at a 5000 Hz frequency showed
a capacity of ~805 mAh-g ! at the end of 500 cycles with a fade rate of ~0.056% capacity loss per
cycle demonstrating very good stability and effects of frequency. The loss of lithium due to the
presence of oxygen and the change in mechanical integrity due to volumetric expansion during the

initial discharge—charge cycle is the major reason for the high FIR loss.
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6.0 Nanostructured Si@MWCNT on Copper Substrates: Binderless High Performance

Anode System for Lithium - ion Battery

6.1 Introduction

Electrodeposition or electroplating is a relatively simple, effortless, robust, easily scalable
and economically viable electrochemical technique. It is very widely used in industries to
synthesize coatings and thin films of metals, alloys and particulate composites to enhance the
tribological and corrosion resistance properties of materials. Electrodeposition has been used to
deposit amorphous silicon (a—Si) from non — aqueous electrolytes with thin films and
nanostructures of @—Si obtained by potentiostatic (constant potential), galvanostatic (constant
current) and pulse current methods on different substrates such as nickel foams, nickel coated
TMYV, copper foil and their electrochemical properties studied for LIBs. 3! 26%26° Si/CNT hybrid
nanostructures generated by CVD of Si from silane precursors exhibit good capacity and stable
cycling. However, all these systems suffer from poor areal loading density, low areal capacities
(Si/CNT structures) and low overall specific capacity of the anode (corrected for the weight of the
substrate material) due to the type of substrates (Ni and Ni plated TMV). The deposition of thin
film silicon by electrodeposition is associated with formation of Si— O — C composites along with
pure silicon due to which all the these thin films show high irreversible loss due to formation of
Li20O and the disintegration of Si thin films during the initial lithiations and delithiation cycles. The
increase in thickness of these electrodeposited films reduces the efficiency of Si electrodeposition
due to decrease in electronic conductivity of the films which further raises the undesirable FIR loss

in lithium ion batteries.
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The mitigation of high fade rate during initial cycles associated with Si thin films directly
electrodeposited on Cu foils requires a support matrix for the stabilization of Si. Carbon nanotubes
(CNTs) form a stable support structure, however, electrodeposition of Si on these CNTs require
the electrode design to have electronic continuity. Vertically aligned CNTs (VACNTSs) directly
adhered to a conducting substrate without barrier / interface coating form thus, form an ideal
structure with continuous electrical continuity for Si electrodeposition.

In the current work, a combination of electroless deposition (ELD)?*! | chemical vapor

deposition (CVD)*!"* 2 and pulsed current electrodeposition (PED) techniques®’*-273: 2%3

were
employed to develop Si/CNT nanostructures directly on Cu foil. PED which is a simple extension
of electrodeposition technique provides an economical way to modify the properties of the thin
films by providing modulated voltage/current input into the electrodeposition cell instead of direct
current or voltage. Electroless nickel plated copper was coated with carbon nanotubes (CNTs)
using floating catalyst chemical vapor deposition (FCCVD) and subsequently a-Si was
electrodeposited using the pulse current frequency on CNT/Cu substrate to obtain a binderless a-

Si/CNT nanostructured Cu electrode. The first cycle irreversible (FIR) loss in LIBs was reduced

by controlling the electrodeposition parameters along with the nature of the electrodeposited Si.

More recently, research has been focused to stabilize Li plating for lithium metal batteries
using various substrates such as Au, Ag, Si etc however, the transition from lithium alloying and
lithium plating has not been electrochemically characterized in a full cell.?** Hence, a-Si/CNT
electrodes were tested for their electrochemical performance in half cell configuration followed by
full cell testing with LINMCI111 at critical condition of low N/P ratio (Negative / positive areal
capacity <1) under constant current and constant voltage mode to study and analyze the system at

different current densities. Efforts have been made to distinguish the electrochemical signal
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generated from Li plating on Li active materials (for example silicon) to deconvolute nucleation

and growth behavior of Li plating from Li alloying with the material (Appendix A.3).

6.2 Experimental

6.2.1 Electroless Ni Plating on Cu Substrate

The sensitization of Cu foil was carried out by immersing it in 0.1% SnCl> solution for 3
min followed by subsequent activation in 0.01% PdCl; solution for 30sec with the Cu foils washed
thoroughly with DI water after each pretreatment step. The mechanism behind this two-step
pretreatment method is that, first the Sn* ions are adsorbed on the surface of substrate during the
sensitization treatment which subsequently get displaced by the Pd*? ions on activation. The Pd
particles, eventually formed on the surface, serve as the catalytic sites for the electroless deposition
of Ni on the Cu substrate. It is to be noted that many other commercial electroless nickel plating
methods exist which avoid the use of PdCl> during the activation treatment. However, for
laboratory synthesis the activation of Cu substrate was carried out using PdClI» solution.

The electroless plating bath consisted of source of nickel ions (NiSO4-6H,0, 30 g I'!),
complexing agent (NasCe¢HsO7, 100 g I'!), reducing agent (NaH2PO»-H>0, 20 g 1!, stabilizers
((NH4)2S04 and NH4Cl, 25 g I"! each) and ammonia solution to maintain the pH value of the
electroless bath solution at 9.0.%>2%

The selective area pretreated Cu foil was immersed in 200 cm® of electroless Ni plating

solution at a temperature of 85 - 95°C for 5 minutes. The resulting nickel coated Cu foil was
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washed thoroughly with DI water and dried at 60 °C. The reactions occurring on the catalytically
active surface of Cu leading to the electroless coating of Ni can be described by below reactions:

Ni?* + H,PO,” + H,0 —— Ni+2H" + H(HPO3)™ oo (1)

1
HPO;™ + Hy0 —— H(HPO)) + 5 Hy oo (2)

6.2.2 MWCNT on Ni Plated Cu Substrate (MWCNT/Ni-Cu)

Multiwall carbon nanotubes (MWCNTs) were grown on Ni coated Cu foil in a horizontal
quartz tube furnace maintained at 770 °C for a 30 minute deposition time using a floating catalyst
method to obtain MWCNT/Cu. Ferrocene was dissolved at 0.1 g ml™! concentration in m-xylene,
wherein the iron nanoparticles derived from ferrocene aided the growth of the vertically aligned
carbon nanotubes, whereas m-xylene served as the carbon source. The catalyst-carbon source

solution was continuously fed at a rate of 0.05 ml min!

into a stainless-steel gas bubbler
maintained at 200 °C before allowing it to enter the CVD reactor. Argon and hydrogen were used
as the carrier gases flowing at 85 sccm and 15 scem, respectively. The weight of MWCNT
deposited on the surface was approximately 5-10wt% of the nickel-plated Cu substrate which is

considerably negligible. For the efficient deposition and high-density growth of CNT a minimum

of 10% wt. of N1 in/on the Cu foil is required.
6.2.3 Pulse Electrodeposition of Silicon on Cu and MWCNT/Ni-Cu Substrates

Propylene carbonate (PC, 99.9% anhydrous), tetrabutylammonium chloride (TBACL,

>97%), silicon tetrachloride (SiCls, 99.99%) and acetone (99.9%, anhydrous) used for deposition
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studies were purchased from Sigma—Aldrich (St. Louis, MO) and were used without further
purification.

A solution of 0.5 M SiCls and 0.1 M TBACL (degassed for 24h under vacuum at room
temperature) prepared by dissolving 1.12g TBACL and 2.3ml SiCls in 37.7ml PC under regulated
atmosphere (02 < 0.1 ppm and H>O < 0.1 ppm) in a glove box was used as the electrolyte for the
PED. For the electrodeposition study, bare Cu or MWCNT/Ni-Cu foils were used as the working
electrode while platinum wire (diameter = 0.5 mm, 99.95%, Alfa Aesar, Imm distance from
working electrode) and platinum foil (0.5cm L % 0.5¢cm B x 0.1mm thk, 99.9%, Aldrich) served as
the reference and counter electrodes, respectively, in a cylindrical three electrode cell made of
glass and sealed with teflon gaskets at both the ends (Appendix A.3, Figure 64a).

Dynatronics pulse power supply was used for the pulsed current electrodeposition of Si
films under argon atmosphere by converting the three-electrode cell into a two-electrode cell. The
MWCNT/Ni-Cu electrodes were washed in ethanol and acetone for 5 min and dried in air,
following which they were wetted in PC under vacuum for 15min. The above electrolyte solution
(20ml) was used for the deposition immediately after preparation and the deposition process was
repeated by replenishing the electrolyte to increase the areal loading density of Si. The peak current
density of the pulsing cycle was 0.2 mA - cm™ with a duty cycle of 20%, total charge density of
30 - 180 mA -min-cm™ and the frequency of the cycle was 500 Hz. For increasing the amount of
silicon in the electrode the above process was repeated by replenishing the electrolyte till the
desired loading was achieved (charge density of 60 - 600 mA -min-cm). To remove any traces of
electrolyte, salts and impurities, the deposited substrates were first rinsed in PC followed by

anhydrous acetone in argon atmosphere. The obtained EDSi-MWCNT/Ni-Cu foils were then
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allowed to dry in an argon filled glove box approximately for 1 h before further
characterization/processing.

Furthermore, the obtained EDSi-MWCNT/Ni-Cu were sealed in capped Swagelok fitting
and heat treated under argon atmosphere at 500°C for lhr to obtain a-Si-MWCNT/Ni-Cu
electrodes. For full cell cycling the first cycle irreversible loss of a-Si-MWCNT/Ni-Cu electrodes
was adjusted to 0% by the addition of calculated amount of lithium particle dispersion on the top

of electrode followed by drying in vacuum for 24hour.

6.2.4 Material Characterization

The samples (EDSi/Cu and EDSi-MWCNT/Ni-Cu) were always sealed in the glove box
under argon atmosphere before transferring them out of the glove box for further studies. Scanning
electron microscopy (SEM, Philips XL 30 or Zeiss) was used to study the morphological and
compositional analysis. Raman spectroscopy was performed using a Renishaw in-via Raman
microscope equipped with a 633 nm red laser to evaluate the vibrational and rotational modes of

the deposited films.

6.2.5 Electrochemical Characterization

Half Cell Testing: The Cu and CNT/Cu electrodes electrodeposited with Si (EDSi-
MWCNT/Ni-Cu and a-Si-MWCNT/Ni-Cu) were assembled under argon atmosphere in a half cell
(2025 coin cell) using lithium foil as the counter electrode and 1M LiPFs in ethylene carbonate
(EC), diethylene carbonate(DEC) and fluoroethylene carbonate (FEC) with EC:DEC:FEC =45 :

45 : 10 by volume as electrolyte. The assembled coin cells were tested at a different current rate in
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the potential window of 0.01V — 1.2V with respect to Li/Li+ to study their performance as anode
material under constant current (CC-current rate, CC-50 mA-g™!' to CC-4000 mA-g™! etc) followed
by constant voltage (CV-voltage, CV-0.01 and CV-1.2) mode.

Full cell Testing: LINMCI111 powder (MTI XTL Corp.) was dispersed in Super P and
PVDF (LiNMCI111 : SuperP : PVDF=90:5:5 %wt.) using NMP solvent and the slurry was coated
on aluminum current collector to obtain areal loadings of ~15 — 20 mg-cm™ (theoretical stable
capacity ~ 140-150mA-h-g! — LiNMC111 @C/10 current rate) corresponding to an areal capacity
of ~2-3mAh-cm™. Subsequently, modified CR2025 coin cell (Appendix A.3, Figure 64d) were
assembled using a-Si-MWCNT/Ni-Cu as the anode and LINMCI111 cathode (electrode diameter
= 10mm each) and tested at different current rate using CC-CV mode (CC-15 mA-g"! to CC-150
mA-g', CV-2.7 and CV-4.2) in the potential window of 2.7V — 4.2V to study their electrochemical

performance.

6.3 RESULTS AND DISCUSSIONS

6.3.1 MWCNT on Electroless Ni Coated Cu Foil

The SEM analysis (Figure 49e¢) and EDAX elemental mapping (Appendix A.3, Figure
65) of the Cu foil after electroless plating indicates a distinct layer of Ni (<Imicron) thickness well
adhered to the Cu foil formed because of the Ni** reduction by the hypophosphite in the solution.
Electroless plating of Ni is independent of the nature of the surface unlike electroplating process
and hence, provides a more uniform coating on the Cu foil along with selective deposition of

Nickel on the surface.
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Subsequently, multiwalled carbon nanotubes were grown on the Ni-Cu foils at 770°C —
850°C by the injection of ferrocene/xylene vapor mixture in the presence of Ar/H> atmosphere.
The decomposition of ferrocene generates Fe nanoparticles which assist the growth of vertically
aligned carbon nanotubes due to the catalytic decomposition of the xylene which acts as the carbon
precursor. The SEM analysis of the vertically aligned MWCNT/Ni-Cu foils shows a distinct layer
of highly dense vertically aligned CNTs well adhered to the Ni-Cu foil without delamination under
bending forces (Figure 49f, g, Appendix A.3 Figure 66). The length of the CNTs were
approximately 40-150 micron and can be tailored by changing the time and temperature of the
deposition. The elemental EDAX mapping of the cross section shows a well-defined carbon
elemental mapping with a distinct boundary from the Ni — Cu substrate. However, the mapping of
Ni and Cu show solid state inter diffusion due to their similar atomic radii, electronegativity and
crystal structures (face centered cubic/ lattice parameters) thus, forming a solid solution of Ni —
Cu alloy triggered by the high temperatures involved during the CVD growth of the CNTs.

The presence of Ni activates the Cu surface for the growth of the CNTs along with
improving the adhesion of the CNTs to the substrate without the use of barrier coatings such as
chromium or titanium®*’. A study on the VACNT growth by CVD on different loadings of
electroless Ni on Cu indicated that a minimum of 10-15 % at. of Ni in Cu was essential for
complete uniform coverage of high density VACNT on the substrate along with good adhesion to
the substrate. Additionally, the Cu — Ni contains minor quantities of phosphorus (from electroless
plating) which drastically improves the corrosion resistance of the foils which is essential during

the electrodeposition of silicon from highly acidic chloride electrolytes over long deposition times.
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Figure 49 a) Schematic showing different steps and phenomenon during synthesis of Si-MWCNT/Cu-Ni

electrodes, b) XRD pattern of MWCNT/Cu-Ni substrates, ¢) and d) Raman spectra of MWCNT in

MWCNT/Cu-Ni and Si in EDSi-MWCNT/Cu-Ni, respectively, SEM analysis e) electroless Ni plated Cu, f)

MWCNT/Cu-Ni cross sections and g) MWCNT/Cu-Ni under deformation

The XRD analysis of the Ni-Cu foils shows overlapping peaks corresponding to that of Cu

and Ni due to their similar crystal structures. The Ni-Cu foils after the CVD process showed

additional peak at 2theta = 26.5 degrees indicating the growth of vertically aligned carbon

nanotubes in MWCNT/Ni-Cu foils. Raman spectroscopy was conducted to analyze the quality of
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the CNTs generated by the decomposition of xylene during the CVD process. The Raman spectra
(Figure 49¢) shows two peaks at ~1350 cm™ (D-band disorder-induced phonon mode), ~1590 cm”
! (G-band in-plane vibrational mode) and ~2680 cm™ (2D-band) corresponding to the disordered,
graphitic carbon and long-range order observed in the CNTs 2°-2?_ The ratio of In/Ig was ~0.90-
0.93 indicating that the CNTs are highly graphitic and the 2D/G ratio was ~0.85 indicating the

growth of multiwalled CNTs.

6.3.2 Electrodeposition of Si on MWCNT/Ni-Cu Foils (EDSi-MWCNT/Ni-Cu)

The pictorial diagram of the two-electrode electrodeposition cell along with the polarity of
the electrical connections (Appendix A.3 Figure 64) and the description of the parameters has
been provided in Appendix A.3. The study of frequency dependent effects on pulse current
electrodeposited Si thin films indicate minor variation in FIR loss and decrease in the fade rate of
the thin films during electrochemical lithiation and delithiation.?*?

The Raman analysis of EDSi-MWCNT/Ni-Cu was carried within 15mins after exposure to
ambient atmosphere. The Raman spectra showed a broad peak (Figure 49d, Figure 50a),
approximately between 483 cm™ — 487 cm! indicating amorphous nature of silicon in the electrode
(crystallite size < 1.5nm) which is caused due to the disruption of long-range order as compared
to crystalline silicon (520 cm™). The subsequent heat treatment of EDSi-MWCNT/Ni-Cu at 500°C
for 1h shows complete evolution of the peaks at ~380cm™' and ~301cm™! indicating the conversion
of Si— O — C structure into amorphous/nanocrystalline Si and SiOx (x~2). The evolution of broad
peak at ~870 — 920 cm™! and increase in its intensity represents the formation of Si — O — Si bonds

indicating the formation of SiOx structure due to the heat treatment process.

167



a) Si Loading vs Heat treatment b) Raman Spectra CNT \ ¥Low Si loading
100 200 300 400 500 600 700 8O0 900 1000 1000 1200 1400 1600 1800 ‘

475 — 481 cm?! EDSi-CNT CuNi-HL-500C CNT - Si
<« n G

ELE N 501 cm! ‘L
2 El >(0.7mg/cm?

150 cm!
1340- 1360cm™!
~1590 - 1600 cm*

EDSi-CNT CuNi-ML-500C

2
0.4-0.7mg/cm l ONT

Intensity (A.U.)

475481 cm™?
Intensity (A.U.)

EDSi-CNT CuNi-ML

1340-1360cm”? |
1580 - 1590cm !

0.4-0.7mg/cm? i

475 - 481 cm™?

£1 380 ol E €<—

L L . L L . " L L
) 500 600 700 800 900 1000 1000 1200 1400 1600 1800
Raman Shift (em") Raman Shift (em”)

Figure 50 a) Raman Spectroscopic analysis of a) electrodeposited Si on CNT under different loadings and
heat treatment conditions, b) VACNT before and after electrodeposition of silicon. SEM analysis of

Si/VACNT under c) low and d) high loadings silicon (increased time of deposition)

Heat treatment of Si/CNTs with increased areal loading show evolution of amorphous-
nanocrystalline silicon characterized by the peak at ~495 cm™'. The reduced diffusion distances of
Si due to agglomerated deposition triggers the partial conversion of highly disordered amorphous
silicon into more ordered amorphous/nanocrystalline silicon in the electrodeposited silicon under
high loading, however with the crystallite size in the nano crystalline silicon still remaining ~3.5nm
— 5nm. Raman spectroscopy study of CNTs after electrodeposition show development of D’ peak
which are ascribed to atomic vibrations along the circumference of the CNT due to the deposition
of'silicon on the CNTs. The development of this D’ band signifies the splitting of the CNT bundles
into individual carbon nanotubes during electrodeposition.??*-3°!

For the SEM and EDAX analysis, the samples were transferred into the SEM chamber
within 5 mins of opening the seal to prevent the oxidation of silicon due to prolonged exposure to
the oxygen and moisture in the room atmosphere (Figure 50c¢, Figure 50d). The EDAX analysis

of the samples showed the presence of silicon, oxygen, copper, nickel and carbon. Silicon
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electrodeposited for shorter times (lower Si content) showed the Si nanoparticles on CNT while
those deposited for longer times showed coalescence of the silicon growth sites to form continuous
thin film on the CNTs. The coalescence of these growth sites to form thin film of Si on CNTs
further reinforces the formation of nanocrystalline Si on heat treatment observed during Raman
spectroscopy analysis. Additionally, the CNT bundle growth obtained during the CVD process is
absent showing individual carbon nanotubes in agreement with the development of D’ band in the

Raman analysis.

Fe catalyst from
Ferrocene

Figure 51 TEM analysis of a) CNT grown by floating catalyst chemical vapor deposition method and b) Si/CNT

obtained after electrodepostion of Si on VACNT/Ni-Cu electrodes

The TEM analysis of the CNTs (Figure 51a) indicates the growth of CNTs assisted by the
Fe nanocatalyst formed by the decomposition of ferrocene. These CNTs have an outer diameter of
~14 — 16nm and an inner diameter of ~5 nm, thus, giving rise to a wall thickness of ~5 nm which
corresponds to ~10 — 14 layers of graphene in the CNT walls confirming the multi walled nature
of the CNTs observed in the raman spectroscopic analysis (Figure 49c¢). The TEM analysis of

Si/CNT indicate an outer diameter of ~65 — 70nm indicating the formation of silicon layer on the
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CNTs with a thickness of ~25 — 30nm. Additionally, the lack of clear demarcation of silicon —
carbon interface further confirms the development of the D’ band which describes the defects in

the sidewall of multiwalled carbon nanotubes.

6.3.3 Electrochemical Characterization of EDSi-MWCNT/Ni-Cu

Electrochemical testing of electrodeposition silicon on MWCNT/Ni-Cu showed a
reduction in FIR loss to ~35-50% as compared to thin films of electrodeposited Si on copper which
show a first cycle irreversible loss of ~ 60-75% due the presence of oxygen and mechanical
decrepitation of the films during the initial cycles?®*>. The analysis of the differential capacity vs
voltage indicates a significant peak close to ~0.15 V during the first discharge cycle (Figure 52a)
due to the alloying reaction of lithium with a-Si and presence of partially alloyed (LixS1) and
unalloyed (a-Si) two phase region. The presence of a potential peak at ~0.08V suggests various
stages of alloying reactions and formation of intermediate LixSi at different stages during the
discharge cycle. The charge cycle shows reaction peaks at ~0.33 V and ~0.46 V corresponding to
the extraction of lithium from lithiated amorphous silicon which is commonly observed for the de-
alloying reaction from the amorphous alloys of LixSi.?** 39239 The columbic efficiency varied
from 97 to 98% from the 2nd to 5th cycle, after which it further improved and remained > 99.7%
for the rest of the cycles. EDSi-MWCNT/Ni-Cu showed a capacity of ~2100-2150 mA-h-g’!
during the 2™ — 5% cycles after which the charge discharge capacities stabilized at ~1950-2000

mA-h-g’! at a current rate of ~300 mA-g.
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Figure 52 a) Differential capacity vs voltage plot of EDSi-MWCNT/Cu-Ni electrode indicating the
electrochemical reaction potentials of lithium with silicon, b) Voltage capacity plots of EDSi-CNT at different

deposition times c) Cycling performance of EDSi-MWCNT/Cu-Ni in Li/Li+ system

The voltage vs capacity plots of EDSi/CNT system were studied for different charge of Si
electrodeposition ranging from 30 mAh-cm? - 180 mAh-cm™ (indicated as EDSiCNT30 to
EDSiCNT180) at a electrodeposition current density of 0.2 mA - cm™ and a duty cycle of 20% on
MWCNT/Cu-Ni electrodes (Figure 52b). The contribution to the capacity in the first discharge

cycle can be spearated in two regions at 0.5V. The major contribution of capacity in the voltage
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range of OCV — 0.5V is due to Li interaction with CNT/SEI layer formation and from 0.5V —
0.01V is that with silicon. During the low deposition times the major contribution to FIR loss is
from CNTs (~35% for first discharge capacity of EDSiCNT30) which decreases to ~15-20% with
the increase in time of deposition (>60 mAh-cm2, EDSiCNT60). Increase in time of deposition
reduces the FIR loss to ~35 —40% for EDSiCNT90 with the loss arising from CNT matrix/surface
area and silicon in approximately equal proportions (~15-20% from each component).

However, as the time of deposition further increases the FIR loss increases to ~40 — 50%
with the silicon contribution increasing to ~30 — 35% indicating the formation of Si — O — C
composite. The increase in surface area is directly proportional to the radius of the nanostructure
and the rate of increase of surface area decreases with the increase in the area. From a geometric

perspective,

where A = surface area of a cylinder, V is the volume of cyclinder, M = mass of cylinder, A =
change in the unit, Ro and R; are outer and inner radius, respectively. Hence, the change in area
follows y = x — 1 while that of volume and mass follows y = x> — 1 trend with the latter dominating
as the value of x increases (at higher deposition times).

Hence, the effect of surface area (V>0.5V) on FIR loss is negligible between EDSiCNT60
to EDSiCNT180. However, the Si electrodeposition was increased and subsequent, heat treat
treatment was employed to convert the Si — O — C composite to Si thus, enabling improvement in

the areal capacity of the electrode.
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6.3.4 Electrochemical Characterization of a-Si-MWCNT/Ni-Cu

Subsequently, EDSi-MWCNT/Ni-Cu were heat treated at 500°C for lhr in argon
atmosphere to convert the electrodeposited Si — O — C into a/nc-Si and SiOx to form a-Si-
MWCNT/Ni-Cu which were tested in coin cells with Li. a-Si-MWCNT/Ni-Cu show a reduced FIR
loss of ~20 — 35% with an initial charge/discharge capacity of ~2200-2250 mA-h-g! at a current
rate of 50 mA-g! indicating the effect of breakdown of Si-O-C composite structure in the system.
Subsequent rate capability testing under CC — CV mode till 200 mA-g! and 100% depth of
charge/discharge showed capacities of ~1475-1550 mA-h-g™! at the end of 50 cycles with a fade
rate of ~0.35% loss per cycle which is an accurate analysis for practical application in full cell
lithium ion batteries. A study on the voltage vs capacity plots of a-Si-MWCNT/Ni-Cu (Figure 53c¢)
system indicates a tendency to bypass the lithiation of silicon and enter into a lithium plating
regime under high current densities.

The system shows discharge capacities of ~1975 mA-h-g’!, 1675 mA-h-g!, 1550 mA-h-g’
!, 1025 mA-h-g"! under CV mode at current densities of 200 mA-g! (~0.25 mA - cm?), 500 mA-g°
1(~0.6 mA - cm?), 1000 mA-g! (~1.2 mA - cm™?) and 2000 mA-g™! (~2.4 mA - cm™), respectively.
At high current rates of 4000 mA-g! (~4.8 mA - cm?) the system shows a capacity of ~ 250
mA-h-g! in the constant current mode and ~1430 mA-h-g! under the CV-0.01V mode indicating
the tendency to bypass the Si lithiation and shift towards plating of lithium. The study of the
differential capacity vs voltage plots indicate two broad peaks corresponding to the lithiation of
silicon at lower current densities (CC-50 mA-g!, CC-200 mA-g!, CC-500 mA-g™ and CC-1000
mA-g™!) however, at higher current densities of (CC-2000 mA-g!) indicate the first lithiation peak
drifting towards low potential and incomplete lithiation under CC mode and at CC-4000 mA-g’!

the peak is completely absent indicating suppression of lithiation reaction.
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Figure 53 a) Differential capacity vs voltage plot of EDSi-MWCNT/Cu-Ni electrode indicating the

electrochemical reaction potentials of lithium with silicon b) Cycling performance of EDSi-MWCNT/Cu-Ni in

Li/Li+ system c) Voltage vs capacity plots of a-Si-MWCNT/Cu-Ni indicating at different current rates

followed by constant voltage mode. d) Cycling performance of a-Si-MWCNT/Cu-Ni in Li/Li+ system under

CC-CV mode at different current densities. e) Differential capacity vs voltage plot of a-Si-MWCNT/Cu-Ni

electrode indicating the electrochemical reaction potentials of lithium with silicon at different current

densities under CC-CV mode of testing. f) differential capacity vs current indicating the different reactions

occurring under CV-0.01V and CV-1.2V mode at different current densities for a-Si-MWCNT/Cu-Ni

During the initial delithiation cycle an additional sharp peak is obtained (~0.402V) along

with two broad peaks (0.315V and 0.485V) at a current density of 50 mA-g™! which is due to the

active diffusion of lithium along the 111 planes during lithiation at low ionic flux. This
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phenomenon is well observed in crystalline silicon and the signal disappears primarily due to
breakdown of the atomic structure of Si as a part of amorphization process and possibly at higher
current rates with increased Li" flux suppressing the preferential motion of Li along the 111 planes.
Hence, the differential capacity vs current analysis was done in the CV mode region of the
electrochemical plating. The study of the electrochemical signal during the de-lithiation under CV-
1.2V mode is devoid of any peaks indicating the completion of major part of lithiation reaction in
CC mode at all current densities before entering the CV mode which can also be observed in the
voltage vs capacity plots. However, in the discharge cycle under CV-0.01V mode peaks
corresponding to the lithiation of silicon can be observed at higher current densities of CC-2000
mA-g"! and CC-4000 mA-g"! indicating the completion of Si lithiation under CV mode. The system
when subjected to CC-2000 mA-g™! current density showed single broad peak and when subjected
to CC-4000 mA-g! current density showed two broad peaks corresponding to lithiation of silicon
very similar to the differential voltage vs capacity plots at lower current rates. Hence, at higher
current rates the system has the tendency to exhibit a combination of Si lithiation and Li plating
especially under uncontrolled voltage conditions. Additionally, a sharp peak is observed at the end
of CV-0.01V mode possibly due to the system drifting towards Li plating at very low potentials.
Further interpretation of the high current density data analysis concludes that the nucleation
potential which is often used to analyze lithium plating (under two electrode conditions) may be a
combination of Si lithiation signal which may suppress the signal from actual nucleation potential
of Li plating, especially during the initial plating/deplating cycles when Si or other Li-active
material based systems are used for characterizing lithium plating resulting in scientific

misinterpretation of the data [Appendix A.3 Figure 69].
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6.3.5 Electrochemical Characterization of a-Si-MWCNT/Ni-Cu and LINMC111 System

The a-Si-MWCNT/Ni-Cu electrodes were tested with LiNMCI11 electrodes (in an
insulated coincell with matching diameter of both electrodes) with LINMCI11 loading >15
mg-cm targeted at an areal charge density >2 mAh-cm very close to that of a-Si-MWCNT/Ni-
Cu (~2.25 mAh-cm™ @ 200 mA-g™!, 1.2 mg-cm™, 1900 mA-h-g™! capacity) to capture and study
the effect of competing phenomenon of silicon lithiation and Li plating (Figure 54). The FIR loss
of a-Si-MWCNT/Ni-Cu was adjusted to 0% by addition of lithium dispersion into the electrodes as
per the capacity loss observed in the half cell testing of a-Si-MWCNT/Ni-Cu with lithium (~700
mA-h-g! loss in the first 3 cycles corresponds to ~0.19g of Li per gram of a-Si-MWCNT).

The rate capability testing (Figure 54 a, b) of the full cell configuration shows a FIR loss
of ~15% with respect to LINMC111 matching that of commercial LINMC111 (Appendix A.3
Figure 67) indicating the reduction in FIR loss of a-Si-MWCNT/Ni-Cu to ~0% by the addition of
lithium dispersion. On further cycling at different current densities under CC — CV conditions and
100% depth of charge — discharge till 15 mA-g’!, the system shows a fade rate of ~0.743% loss
per cycle in the low current rate testing conditions (less than CC-75 mA-g™). This fade rate is a
combination of that of LINMC111 (~0.12-0.19% loss per cycle) and that of a-Si-MWCNT/Ni-Cu
(~0.35% loss per cycle) observed in the individual cells along with the possible fade caused by
electrolyte degradation under high loading conditions.

However, at higher current densities (>75 mA-g!-LiNMC, 1000 mA-g'-anode, 1.2 mA -
cm areal current density) the fade rate increases in the system which can be observed in between
35t 40" cycle (150 mA-g! — LINMC, 2000 mA - g™ —anode, 2.4 mA - cm areal current density).
A study of the voltage vs capacity (Figure 54a) plots indicate a specific capacity of ~110 mA-h-g’

' and 65 mA-h-g! with respect to LINMC111 under CC-75 mA-g! and CC-150 mA-g’'
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corresponding to an areal capacity of ~1.76 mAh-cm™ and 1.05 mAh-cm™ and lithiation capacity

of ~1470 mA-h-g! and ~900 mA-h-g"! with respect to a-Si-MWCNT/Ni-Cu.
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Figure 54 a) Voltage — capacity plots, b) electrochemical cycling performance, c) differential capacity vs
voltage and d) differential capacity vs current of a-Si-MWCNT/Ni-Cu with LINMC111 (critical loading) full
cell testing under constant current — current voltage mode testing conditions. Kindly refer to Table 15 for

current rates

The specific capacity of a-Si-MWCNT/Ni-Cu at this current density (CC-2000 mA-g™!)
under constant current mode is ~1000 mA-h-g™! which corresponds to an areal charge capacity of
~1.1 — 1.2 mAh-cm™. This capacity limitation triggers Li plating due to lack of voltage control in

the full cell which reflects in the high fade rate observed in this region due to unstable lithium
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plating. A study of differential capacity vs voltage plot (Figure 54c¢) under CC mode shows two
overlapping peaks of high intensity and broad distribution during the charging cycle which is a
combination of delithiation of LINMC111 and lithiation of a-Si-MWCNT/Ni-Cu, respectively. The
first charge cycle shows a negative reaction peak which is a characteristic overpotential of de-
intercalation observed in LINMCI111 which is absent during the subsequent cycling at current
densities of 15 mA-g!, 30 mA-g!, 50 mA-g! and 75 mA-g"! which confirms the lithiation of a-
Si-MWCNT/Ni-Cu instead of plating at these current densities. However, at higher current density
of 150 mA-g' the negative peak appears during the charging cycle at voltage > 4.05V
corresponding to the overpotential associated with Li plating or electrolyte decomposition
suggesting initiation of parallel parasitic process. This negative peak is also observed in
LiNMCI111 — Li coin cells (Appendix A.3 Figure 67d) even at low current densities with reaction
voltages < 4.05V confirming that this peak represents initiation of Li plating (nucleation region)
compared to electrolyte decomposition.

Analysis of differential capacity vs current (Figure 54d) under CV-4.2V during the charge
cycle indicates a minor peak indicating the completion of reaction when subjected to CC-30 mA-g’
!'and a tendency to drift towards Li plating as the current density increases. At high current density
(CC-150 mA-g') a dominant Li plating regime can be observed overlapping the single lithiation
peak of a-Si-MWCNT/Ni-Cu which is observed in similar analysis in half cell testing of the anode
(Figure 54f, 2A - g). The fade rate of the system under CC-150 mA-g™! is ~2.654% loss per cycle

with the unstable CE at this current rate arising from the Li plating behavior (>100%). >**
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Figure 55 a) Voltage — capacity plots, b) differential capacity vs voltage, c) electrochemical cycling

performance and d) differential capacity vs current in CV mode indicating Si lithiation peaks of a-Si-

MWCNT/Ni-Cu with LINMC111 (lower loading) full cell under constant current — current voltage mode

testing conditions. Kindly refer to Table 15 for current rates

A similar study conducted with lower loading of LINMC (< 12 mg - cm?) shows dominant

reaction peaks of lithium reacting with silicon in the electrochemical signal of differential capacity

vs voltage plots (Figure 55a). The charge cycle is associated with the splitting of LINMC peak

into two broad peaks corresponding to that of Si lithiation and similar electrochemical signal is

obtained during the discharge cycle. The negative peak in the charge cycle at higher current rates

(Figure 54a - 150mA/g) is absent in this system indicating lack of Li plating behavior.

Additionally, the onset of the reaction occurs at ~3.4V with dominant peaks at ~3.72V and ~3.85V

during charge cycle while during the discharge cycle the dominant reactions occur at ~3.9V and
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~3.35V. The fade rate of the system is devoid any fluctuations at higher current densities of
75mA/g and 150mA/g indicating stability of the system due lithiation of silicon and absence of
lithium plating. The CE of the system at higher current rates under lower LINMC loadings is much
more stable than that with critical LINMC loadings due to the absence of Li plating. The
differential charge vs current under CV — 4.2 @ 150 mA - g!' (Figure 55d) for low loading
LINMCI111 shows a different signal corresponding to the reaction peaks of lithiation of silicon
instead of a convolution of Li plating and Si lithiation as observed in high loading LINMC (Figure
54d). The capacity contribution under CV — 2.7 and CV — 4.2 condition @ 150 mA - g!, is ~35 -
40 mAh - g'! and this capacity originates from the lithiation of silicon observed from the dQ/dI
plots.

The cycled coincell (full cell LINMC - EDSi-MWCNT/Cu-Ni) was disassembled followed
by testing each of the electrodes in half cell configurations to estimate the amount of
electrochemical degradation suffered by the cathode and anode systems. The LiNMC cathode
showed a specific capacity of ~80 — 95 mAh/g at a current density of 15 mA/g while EDSi-
MWCNT/Cu-Ni electrode showed a specific capacity of ~1000 - 1200mAh/g at the end of 50
cycles indicating that both the systems have undergone equivalent electrochemical degradation
similar to half-cell testing probably due to instability of electrolyte component, direct
decomposition of electrolyte at higher current rates and accelerated degradation at voltages beyond

4V.

6.3.6 Electrochemical Impedance Spectroscopy (EIS) of a-Si-MWCNT/Ni-Cu

EIS analysis was conducted to analyze the evolution of different phenomenon occurring in
the half cell / full cell configuration and study their respective contribution to the degradation of
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the system at different cycles (Figure 56). The high frequency intercept (Rs), relates to the ohmic
portion of the electrode impedance and includes contributions from the electronic conductivity of
the electrodes and ionic conductivity of the electrolyte solution, as well as any electronic contact
resistances associated with the cell hardware, current collectors, and electrode materials. The
interfacial impedance due to solid — electrolyte interphase (Rsgi) formation and the interphase
electronic contacts between the current collector is represented by high frequency depressed
semicircles (100 kHz — 20 kHz). The depressed semicircle in the low to medium frequency region
represents the charge-transfer resistance (Rct) while the low-frequency (> 200 mHz) Warburg

impedance tail (Wo) describes diffusion-related phenomena in the device.**

Table 10 Values of the circuit elements obtained after modeling the equivalent circuit using a complex non-

linear least square (CNLS) method for EIS spectra of a-Si-MWCNT/Ni-Cu with Li & LINMC111

a-Si-MWCNT/Ni-Cu in half-cell configuration with Li
Cycle Rs/ Q cm™? Rser / Q ecm? RFilm / ) cm™ Rcr / Q cm™
3vd 1.051378 16.23062 -NA- 11.258621
50t 1.059335 22.63502 -NA- 56.627329
100 1.291383 41.95324 -NA- 284.50538
a-Si-MWCNT/Ni-Cu full cell configuration with critical LINMCI111 loading
Cycle Rs/ Q cm™? Rser / Q ecm? RFilm / ) cm™ Rcr / Q cm™?
3 7.562893 10.7783 5.007862 8.477987
10t 10.5456 13.97642 6.426101 15.41352
20t 10.55346 16.90252 8.710692 16.28774
60t 10.55975 31.72956 32.51572 21.24214
a-Si-MWCNT/Ni-Cu full cell configuration with lower LINMCI111 loading
Cycle Rs/ Q cm™ Rser / Q em? RFilm / Q cm™ Rcr / Q cm™
3 7.703 8.938142 0.607017 0.002651
10t 11.42 11.03899 0.757259 5.847353
50t 15.01 25.99 1.879938 12.75468

a-Si-MWCNT/Ni-Cu in half cell system indicate the evolution of SEI (Rsgr) and charge

transfer resistance (Rct) with the increase in number of cycles with accelerated degradation of the
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system upon repeated cycling (Figure 56a). There is a minor increase in the impedance due to SEI
layer (16.2 Q - cm? to 41.9 Q - cm™?) between 3™ cycle to 100" cycle indicating minimal
degradation of the Si electrode. However, the charge transfer resistance merges with the Warburg
phenomenon indicating drastic increase in the diffusion related impedance most probably due to
dynamic detrimental nature of Li plating and deplating (on the reference electrode) at high current
densities and charge densities impeding the diffusion kinetics on the Li electrode in half cell. This
is marked by drastic increase in the charge transfer resistance from 11.25 Q - cm™ to 284.5 Q -
cm between the 3™ and 100™ cycle. Li plating is often associated with the formation of high
surface area lithium, globular deposition and dendritic growth which create resistance to the
motion of Li" in the electrolyte by changing the Li electrode structure.

a-Si-MWCNT/Ni-Cu with critical LINMCI111 loading (Figure 56b) shows formation of
depressed semicircles in the high frequency region and evolution of a new semicircle convoluted
with the SEI layer formation. This depressed semicircle inbetween the SEI layer and charge
transfer region is described by the film resistance (Rrim) indicating the formation of Li+
impermeable layer due to critical LINMCI111 loadings used greater than the areal capacity of a-
Si-MWCNT/Ni-Cu. The Rsgr shows a gradual increasing trend along with Rcr however, the film
resistance (Rrim) increases drastically between 20™ cycle to 50 cycle from 8.71 Q - cm™ to 32.51
Q - cm? indicating the damage done by the irreversible nature of unstable Li plating on a-Si-
MWCNT/Ni-Cu electrode. The increase in film resistance is minimal between 3™ to 20" cycle from
5.00 Q - cm? to 8.71 Q - cm™ indicating that the there is no or minimal Li plating on a-Si-

MWCNT/Ni-Cu at lower gravimetric and areal current densities.
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Figure 56 a), ¢), e) Resistance vs cycle number and b), d), f) Nyquist plots of a-Si-MWCNT/Ni-Cu in half-cell
configuration with Li, full cell configuration with critical LINMC111 loading and low loading LiINMC,
respectively. (Inset: Circuit diagram used for fitting the EIS spectra). Kindly refer to Table 12, Table 13 and

Table 14 for fitting parameters

On the other hand, a-Si-MWCNT/Ni-Cu with lower loading of LINMCI111 record higher
values of Rs, Rsgr and Rer as compared to that with critical LINMC111 loading. However, the

there is no major contribution to the overall impedance from film resistance nor there is a dramatic
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change in Rrim between 10" and 50" cycle indicating absence of Li plating behavior. Hence, the
electrochemical performance is much more stable even at higher current densities when compared

to the systems tested with higher / critical LINMC111 loadings.

6.3.7 Concept and Evolution of Electrode Design

Electrodeposited silicon is often associated with high first cycle irreversible loss due to the
formation of Si — O — C films instead of pure silicon and presence of chlorine in the films. This
occurs due to the reductive decomposition of the propylene carbonate or TBA+, local over
potential on the surface of the electrolyte leading to localized decomposition, presence of minute
traces of water in electrolyte, poor ionic conductivity of the electrolyte and poor electronic
conductivity of electrodeposited Si film,>7?- 395308

44Li+ Si — Ligy,Si —44Li+ Si v . (3)
4Li+ 0, — 2Li,0 .. ..........(4)

The content of silicon and the ratio of silicon to oxygen content increases with the increase
in depth of the thin film indicating preferential decomposition of the propylene carbonate with the
increase in the thickness of the electrodeposited film. The electronic conductivity of Si is lower
than that of Cu and hence, after the formation of a layer of silicon the electronic conductivity of
the substrate decreases which restricts the electron transfer from growth front to the underlying
substrate. The efficiency of Si plating is influenced by the electron transfer from the active
plating/electrolyte interface to the substrate and the decrease in the electronic conductivity of the
substrate facilitates the decomposition of electrolyte. Hence, the thin films during Si
electrodeposition show regions of ~60-80nm (near to the substrate) with higher silicon content

followed by drastic increase in the content of carbon and oxygen which reflects in high irreversible
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loss of electrodeposited Si thin films.?%> Vertically aligned CNTs on Cu-Ni substrates form an ideal
support structure for developing nanostructures with high silicon content and lower carbon —
oxygen content by depositing Si layers of ~50-70nm on the CNTs. This is expected to decrease
the FIR loss as compared to Si thin films which are affected by higher oxygen content and the
mechanical disintegration during the initial cycles.

However, the EDSi — MWCNT structures have higher surface area which contribute to the
FIR loss (~250 —400 mA-h-g™! or ~15-20% FIR loss) between voltage range of OCV — 0.5V during
the first discharge cycle. Additionally, the FIR loss contribution from 0.5V —0.01V is (~450 — 500
mA-h-g! or another 20 - 30% FIR loss) is contributed by the electrochemically active silicon in
the electrode due to the presence of oxygen in electrodeposited Si — O — C along with Si film on
CNTs. The impetus of the electrode design is to achieve higher areal capacities and hence, by
increasing the Si content in the system the contribution of surface area to the FIR loss is reduced
to ~150-200 mA-h-g"! (~15-20% FIR loss between OCV — 0.5V) in conjunction with increasing
the gravimetric/areal capacities. Subsequently, EDSi-MWCNT/Ni-Cu were heat treated at 500°C
for 1h to facilitate the complete conversion of Si — O — C into active Si and inactive SiOx (x~2)
thus, rendering the oxygen inactive for the electrochemical process and reducing the FIR loss
contribution from electrochemically active Si to ~300-350 mA-h-g! (~10-20% FIR loss). The
temperature of heat treatment is fixed to ~500 °C — 550 °C to prevent rearrangement and complete
crystallization of a-Si triggered by thermo activated diffusion of Si atoms. Hence, a-Si-
MWCNT/Ni-Cu show and FIR loss of ~20-30% (~600-700 mA-h-g!) and a stable capacity of
~2200-2300 mA-h-g! @50 mA-g'. During the full cell testing of a-Si-MWCNT/Ni-Cu with
LiNMCI111, dispersed lithium was added to the Si anode to match the first cycle capacity loss of

~700 mA-h-g! (~ Li/ a-Si-MWCNT = 0.2 weight ratio). The full cell system shows good
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electrochemical performance at lower current rates (50mA-g-LINMC, <2mA-h-cm?) however,
noticeable higher capacity fade rates are observed at higher current rates. The study of charge —
discharge curves and the reaction plots indicate that at higher current rates the contribution of
lithiation of silicon decreases and the system develops a tendency for Li plating and electrolyte
decomposition. Hence, the stability of the system decreases due to the low columbic efficiency
associated with Li plating and hence, the fade rate increases at higher areal and gravimetric current
rates. This effect is unrecognized during the half cell testing of anodes due to voltage window
being restricted to 0.01V to 1.2V hence preventing the lithium plating.

Carbon has low solubility in copper which restricts the interface adhesion of CNTs when
directly grown on copper substrate. Additionally, copper and iron are devoid of any solid solution
or intermetallic phases which restricts / prevents the growth of CNTs on copper using FCCVD
method and hence, the need to activate the copper surface for the growth of vertically aligned
CNTs. Nickel accommodates higher carbon in the form of solid solution as compared to Cu along
with the formation of austenitic Fe — Ni phase at T > 400°C which makes it an ideal element for
the activation of copper surface for VACNT growth. Additionally, Ni has the ability to form solid
solution with Cu which reduces the lattice mismatch during the heating and cooling from the high
temperatures involved during the growth of CNTs. Hence, Ni diffuses into Cu due to solid state
diffusion at high temperatures involved in the growth of CNTs increasing the strength of the Cu
substrate along with preventing warping due to thermal stresses in thin Cu foils. Additionally, the
improvement in carbon solubility in the Ni enhances the adhesion of CNTs on the substrate as

observed in Figure 49g which retain the adhesion even under folding / bending.3%-3!7
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6.4 Conclusions

1.Activation of Cu surface for the growth of vertically aligned CNTs has been achieved by
the deposition of a thin film of nickel using electroless plating. Subsequently, silicon was
electrodeposited on these VACNT/Cu-Ni nanostructures to obtain EDSi-VACNT/Cu-Ni
electrodes which were electrochemically characterized for lithium ion batteries especially for FIR
loss.

2.High surface area resulting from carbon (CNTs) and the formation of Si— O — C composite
structure are major contributions for the FIR loss and by increasing the amount of electrodeposited
silicon the contribution of FIR loss from the high surface area region or carbon (OCV — 0.5V)
reduces and that from the lithiation of silicon increases indicating the increase in amount of Si —
O — C in the electrodeposited silicon. The FIR loss in EDSi/MWCNT-Cu-Ni decreases to 35-50%
as compared to silicon thin films directly electrodeposited on Cu foils which show an FIR loss of
60 — 70% with the FIR loss arising from a combination of high surface area of the nanostructures
and oxygen content in the electrodeposited silicon.

3.Heat treatment of EDSI/MWCNT-Cu-Ni electrodes at 500°C showed reduction in FIR
loss to 20%-35% due to the decomposition of Si— O — C composite structure into a/nc-Si and SiOx
(x~2).

4.Rate capability electrochemical testing analysis and study of these electrodes in half cell
configuration using constant current — constant voltage mode indicated the tendency for Li plating
and bypassing the lithiation of silicon at higher current densities of CC-2000 mA-g™! and CC-4000
mA-g’! even at positive potentials close to OV.

5.The FIR loss was adjusted by addition of lithium dispersion and subsequently, full cell

electrochemical testing analysis was carried out with high loading LINMCI111 electrodes to
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analyze and study the effect of various current densities. The system tends to develop a tendency
towards Li plating and at higher current rates even under constant voltage conditions during the
charging cycle leading to an increase in the fade rate. Differential capacity vs current plots have
been used to analyze the constant voltage region and study the electrochemical response pattern to
identify the Li plating behavior in the system at critical LINMC111 loadings.

6.Analysis of full cell testing of LINMC111 under critical loadings with a-Si-MWCNT/Ni-
Cu indicate the evolution of Li plating phenomenon along with silicon lithiation at high
gravimetric / areal current densities. The differential capacity vs current plots in the constant
voltage region indicate peaks corresponding to both silicon lithiation and Li plating.

7.0n the other hand, analysis of full cell testing of LINMC111 under lower loadings with
a-Si-MWCNT/Ni-Cu indicate only silicon lithiation behavior and the electrochemical signal
devoid of any Li plating even at high current densities with stable cycling behavior when compared
to critical loading LINMC.

8.New electrochemical analysis technique (differential capacity vs current) in constant
voltage mode condition has been developed and the electrochemical signal was analyzed to
identify the Li plating and silicon lithiation phenomenon.
9.The presence of film resistance in between the high frequency (SEI layer) and medium frequency
(charge transfer) for critical loading LiINMCI11 in the EIS analysis confirms the Li plating

phenomenon leading to the failure of a-Si-MWCNT/Ni-Cu vs critical loading LINMCI111.
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7.0 Overall Conclusions and Summary

Hollow amorphous silicon nanotube structures (h-SiNTs) of different wall thicknesses
(~40 nm-~75 nm) has been synthesized by using a low pressure chemical vapor deposition
(LPCVD) of silicon on sacrificial MgO nanowire template generated by a simple approach
followed by acid etching of the MgO template to obtain the hollow Si nanotubes, h-SiNTs. The
wall thickness of h-SiNTs has been varied by controlling the deposition time (~10min, ~15min
and ~20min) of LPCVD of Si on MgO nanowires template. The wall thickness of the h-SiNTs
increases with concomitant consolidation occurring with the increase in time of deposition (~45
nm, ~60 nm, and 75 nm at ~10 min, ~15 min and ~20 min, respectively) which causes the reduction
in specific surface area and improvement in the areal loading density of the h-SiNTs.

The first cycle irreversible loss (FIR) loss was reduced from ~25% (10min deposition time)
to ~15% (20min deposition time). However, the long term cyclability of h-SiNT-15 (fade rate
~0.31% loss cycle!) and h-SiNT-20 (~0.42% loss cycle™) is inferior compared to that of h-SiNT-
10 due to the larger wall thickness of the nanotubes. Morphology assessment after long term
cycling shows that an optimum wall thickness (~60nm) is needed to exhibit no morphological
damage to the nanotubes during the lithiation and de-lithiation processes. Improvements in cycling
stability of the optimized h-SiNTs were achieved by coating the optimized h-SiNTs obtained from
15 min of Si deposition (h-SiNTs-15) with carbon by pyrolysis of propylene gas.

The core-shell C@Si@C hollow nanotube (h-SiNT-15/C) exhibits a first discharge
capacity of ~1780 mAh-g! and a charge capacity of ~1565 mAh-g! at a current density of 300
mA-g’!, with ~13.2% first cycle irreversible loss and a very low fade rate of ~ 0.072% loss cycle”
! matching the fade rate of the pristine h-SiNTs reported earlier albeit better FIR and areal loading

189



density. The excellent cyclability of these core-shell h-SiNTs (h-SiNT-15/C) electrodes was
further validated by SEM analysis of the post-cycled electrodes which showed the retention of
these hollow tubular morphology after repeated cycling. The decrease in surface area after carbon
coating leads to the reduction in FIR loss and the carbon layer also improves the cycling stability
of the hollow tubular structures, thus, leading to better performance of core-shell C@Si@C hollow
nanotubes (h-SiNT-15/C) when compared to the uncoated h-SiNTs.

Silicon nanostructures with different morphology and different crystalline structure
(crystalline, nanocrystalline and amorphous) were generated using a facile, high throughput and
scalable process involving abundant, cheap, green, completely recyclable water soluble sodium
chloride template approach. Silicon was deposited using low-pressure chemical vapor deposition
(LPCVD) of silane on different NaCl particle sized templates, derived using high energy
mechanical milling (HEMM) to develop Si nanoflakes (Sinr) and nanorods (Sing). These Si
nanostructures serve as high performance anode materials in lithium ion batteries. Both Si
nanoflakes and nanorods show high specific charge discharge capacities. However, owing to the
structural dimensions, higher content of a-Si and presence of nc-Si instead of crystalline silicon
(c-Si1) of higher crystallinity, nanoflakes show superior performance as compared to nanorods.
Silicon nanorods on the other hand, showed a first cycle discharge and charge capacities of ~ 2980
mAh-g! and ~2500 mAh-g’!, respectively at a current rate of 50 mA-g"' with a first cycle
irreversible loss (FIR loss) of ~ 12-15%. Upon longer cycling at a current rate of 1 A-g™ Si
nanorods displayed a discharge capacity of ~740 mAh-g™! at the end of 250 cycles with a columbic
efficiency of 99.95-99.97% and a fade rate of ~ 0.23% loss per cycle. Silicon nanoflakes on the
other hand, showed a first cycle discharge and charge capacities of ~ 2830 mAh-g™! and 2175

mAh-g’!, respectively at a current rate of 50 mA-g™! with a first cycle irreversible loss (FIR loss)
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of ~ 15-20%. Upon longer cycling at a current rate of 1 A-g’!, the Si nanoflakes showed a stable
discharge capacity of ~810 mAh-g! at the end of 250 cycles with a columbic efficiency of 99.95-
99.97% and a fade rate of ~ 0.11% loss per cycle demonstrating the superior electrochemical
response.

Morphology of amorphous silicon was modified by using frequency-dependent pulse
current electrodeposition technique. Under galvanostatic conditions, films show mud crack
morphology; while at higher frequencies (>1000 Hz) growth of thin continuous film due to the
coalescence of electrodeposited particles is observed. Films electrodeposited at 500 Hz show
islands of micron size particles forming discontinuous or continuous films under pulse current
conditions with decreasing particle size due to increase in frequency. Difference in the morphology
is likely due to change in the nucleation and growth mechanisms of thin films formed at the
different frequencies studied. The films show an improvement in performance when tested in LIBs
with the increase in frequency due to enhanced stability under pulsed current electrodeposition
conditions. Consequently, the fade rate (% loss per cycle) reduced from ~3.15% under DC
electrodeposition to ~1.6% for pulsed current frequencies greater than 1000 Hz. The films also
showed a major change in morphology during the first 10 cycles of electrochemical testing which
supports the high fade rate during initial electrochemical cycling. There was minor reduction in
first cycle irreversible (FIR) loss with frequency and the pulse electrodeposited films showed a
capacity of ~1000-1250 mAh-g ! with a columbic efficiency of ~99.7% at the end of ~47 cycles.
Upon long term cycling at a current rate of 0.3 A-g!, the thin films deposited at a 5000 Hz
frequency showed a capacity of ~805 mAh-g ! at the end of 500 cycles with a fade rate of ~0.056%
capacity loss per cycle demonstrating very good stability and effects of frequency. The loss of

lithium due to the presence of oxygen and the change in mechanical integrity due to volumetric
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expansion during the initial discharge—charge cycle is the major reason for the high FIR loss.
Hence, to stabilize the initial mechanical disintegration the development was focused on CNTs to
act as a support structure. However, to enable the electrodeposition of silicon on CNTs requires
electrical continuity of the CNTs and hence, VACNT directly adhered to conducting substrate
form an attractive substrate for Si electrodeposition.

Activation of Cu surface for the growth of vertically aligned CNTs has been achieved by
the deposition of a thin film of nickel using electroless plating. Subsequently, silicon was
electrodeposited on these VACNT/Cu-Ni nanostructures to obtain EDSi-VACNT/Cu-Ni
electrodes which were electrochemically characterized for lithium ion batteries especially for FIR
loss. High surface area and the formation of Si — O — C composite structure are major contributions
for the FIR loss and by increasing the amount of electrodeposited silicon the contribution of FIR
loss from the high surface area region (OCV —0.5V) reduces and that from the lithiation of silicon
increases indicating the increase in amount of Si — O — C in the electrodeposited silicon. The FIR
loss in EDSi/MWCNT-Cu-Ni decreases to 35-50% as compared to silicon thin films directly
electrodeposited on Cu foils which show an FIR loss of 60-70% with the FIR loss arising from a
combination of high surface area of the nanostructures and oxygen content in the electrodeposited
silicon. Heat treatment of EDSI/MWCNT-Cu-Ni electrodes at 500°C showed reduction in FIR loss
to 20%-35% due to the decomposition of Si — O — C composite structure into a/nc-Si and SiOx
(x~2). Rate capability electrochemical testing analysis and study of these electrodes in half cell
configuration using constant current — constant voltage mode indicated the tendency for Li plating
and bypassing the lithiation of silicon at higher current densities of CC-2000 mA-g™! and CC-4000
mA-g! even at positive potentials close to 0V. The FIR loss was adjusted by addition of lithium

dispersion and subsequently full cell electrochemical testing analysis was carried out with high
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loading LINMCI111 electrodes to analyze and study the effect of various current densities. The
system tends to develop a tendency towards Li plating and at higher current rates even under
constant voltage conditions during the charging cycle leading to an increase in the fade rate.
Differential capacity vs current plots have been used to analyze the constant voltage region and
study the electrochemical response pattern to identify the Li plating behavior in the system at
critical LINMCI111 loadings. Analysis of full cell testing of LINMCI111 under critical loadings
with a-Si-MWCNT/Ni-Cu indicate the evolution of Li plating phenomenon along with silicon
lithiation at high gravimetric / areal current densities. The differential capacity vs current plots in
the constant voltage region indicate peaks corresponding to both silicon lithiation and Li plating.
On the other hand, analysis of full cell testing of LINMC111 under lower loadings with a-Si-
MWCNT/Ni-Cu indicate only silicon lithiation behavior and the electrochemical signal devoid of
any Li plating even at high current densities with stable cycling behavior when compared to critical
loading LINMC. New electrochemical analysis technique (differential capacity vs current) in
constant voltage mode condition has been developed and the electrochemical signal was analyzed
to identify the Li plating and silicon lithiation phenomenon. The presence of film resistance in
between the high frequency (SEI layer) and medium frequency (charge transfer) for critical loading
LiNMCI11 in the EIS analysis confirms the Li plating phenomenon leading to the failure of a-Si-

MWCNT/Ni-Cu vs critical loading LINMCI111.
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Appendix A Supplementary Information

Appendix A.1 Supplementary Information: Silicon—Carbon Core—Shell Hollow

Nanotubular Configuration
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Figure 57 Comparison of a) specific discharge capacity and coulombic efficiency, c) normalized capacity of h-

SiNT-15 and h-SiNT-20, differential capacity vs voltage plots of b) h-SiNT-15 and d) h-SiNT-20

A comparison of h-SiNT-15 and h-SiNT-20 has been provided in this section when tested in a half

cell coin cell configuration with respect to Li metal. During long term cycling h-SiNT-20 are
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marked by higher degradation rates and lower coulombic efficiency (Figure 57 a, b) when

compared to h-SiNT-15. The differential capacity plots (Figure 57 b, d) indicate major

suppression in the intensity of reaction peaks during both lithiation and de-lithiation from 10

cycle to 80" cycle for h-SINT-20 as compared to

h-SiNT-15 confirming the higher degradation

the nanotubes due larger wall thickness and bending and twisting.
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Figure 58 Cumulative a) gravimetric and b) areal capacity of h-SiNT-15 and h-SiNT-20 during long term

cycling

The cumulative plot of gravimetric/areal capacities (Figure 58) over 150 cycles indicate the ability

of h-SiNT-15 to accommodate higher amount of charge and discharge when compared to h-SiNT-

20. This performance can be related to the structural degradation of h-SiNT-20 which is observed

in post cycling scanning electron microscopy. (Figure 34, Figure 59)
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Figure 59 High magnification post cycling SEM analysis of a) h — SiNT — 15 and b) h — SiNT — 20
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Appendix A.2 Supplementary Information: Water-Soluble Template Derived Nanoscale

Silicon Nano-Flakes and Nano-Rods Morphologies: Stable Architectures for Lithium Ion

Anodes

Table 11 Summary of processing, characterization and electrochemical performance in Li/Li* system of Sinr

and Sinr
SinF Sinr
NaCl HEMM 2 hour 20 hour
Template Particle Size >20u >2u
CVD Mechanism Layer by layer VLS growth
Morphology Flakes, 40-60nm thk Nanorods, 50-200nm dia
Phases (Raman) ~85% a-Si, nc-Si ~18%a-Si, c-Si
St 1st Discharge ~2830 ~2980
/ mAh-g! 1st Charge ~2175 ~2500
250th Discharge @ 1 A-g’! ~810 ~740
FIR Loss / % ~17-20 ~12-15
Fade Rate / % loss cycle’! 0.11 0.23
Amorphization Cycles 3 >10

Figure 60 a) HRTEM image and b) corresponding SAED pattern showing diffused rings of Si nanoparticles

in SiNR system indicating highly disordered a-Si
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Figure 61 Deconvolution and fitting of Raman spectra of nanoflakes. Solid line indicates experimental data
and dotted lines indicate the fitted Gaussian distribution curves. Light green and red curves indicate the

amorphous and nanocrystalline phases corresponding to P4 and P5 peaks, respectively
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Figure 62 Deconvolution and fitting of Raman spectra of nanoflakes. Solid line indicates experimental data
and dotted lines indicate the fitted Gaussian distribution curves. Light green and red curves indicate the

amorphous and crystalline phases corresponding to P4 and PS5 peaks, respectively
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Figure 63 Post cycling SEM analysis (low magnification) of SINF and SiNR. a) and ¢) SEM images of as cast

electrodes, b) and d) SEM images of electrodes after 300 cycles, of SINF and SiNR, respectively
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Appendix A.3 Supplementary Information: Nanostructured Si@MWCNT on Copper

Substrates: Binderless High Performance Anode System for Lithium-ion Battery
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Figure 64 Pictorial representation of a) pulse electrodeposition setup, b) standard input current cycle during

pulse electrodeposition, ¢) input current cycle for pulse current electrodeposition in the current study, d)

200

Insulated / modified coincell testing for full cell testing



The general parameters of operation of pulsed current electrodeposition are forward peak
current density, forward ON TIME, forward OFF TIME, reverse peak current density, reverse ON
TIME, reverse OFF TIME and the total amount of charge supplied. The reduction and deposition
of Si*" ions take place during the ON TIME of the forward cycle (positive cycle) while during the
ON TIME of the reverse cycle the deposited Si is stripped in the form of Si*" and enters the
electrolyte solution. During the OFF TIME there is no current introduced through the cell and there
is no reduction/oxidation taking place at the electrodes. However, during the OFF TIME there is
diffusion of Si*" ions from the bulk of the electrolyte towards the ionically depleted region formed
at the electrode — electrolyte interface. A typical input cycle of pulse current electrodeposition is
as shown in Figure 64b. In the current study, to prevent the complications arising from the
oxidation of Cu from the substrate into the electrolyte during reverse cycle, we have employed
only the forward deposition cycle as shown in Figure 64c. The percentage ratio of ON TIME (AB)
to forward TIME (AB+CD) in the pulsing cycle is termed as the DUTY CYCLE and is kept
constant at 20%.

The insulated coin cell testing (Figure 64d) was developed to study the Li plating behavior
and provides a way to restrict the Li flux on the negative electrode and prevent the spread of Li
plating. The soft elastic impervious layer on the SS backing plate in coin cells provide a way to
maintain the electrical contact/continuity as well as restrict the plating on the stainless-steel
backing in the coin cell. This provides an easy accurate method to match the electrode area along
whilst enabling the use of smaller electrodes for testing materials during initial development stage
to record accurate behavior of materials close to full cell pouch cell systems where the areal
mismatch of negative and positive electrode is less than 1%. Kindly note that the positive electrode

is devoid of this insulation since the plating phenomenon is absent at such high potentials.
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Figure 65 EDAX elemental mapping of electroless Ni plated Copper foils showing Ni deposition on Copper

Figure 66 EDAX elemental mapping of Vertically aligned carbon nanotubes grown on electroless Ni plated

Copper foils showing distinct growth of CNTs on Cu — Ni foil
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Figure 67 Electrochemical characterization of LINMC111 in Li/Li+ system. a) rate capability testing at

different current densities, b) voltage vs specific capacity plots during the initial charge discharge cycles, c)

differential capacity vs voltage plots indicating the reaction peaks, d) differential capacity vs voltage plots at

different current densities and different cycles of the rate capability testing, e) reaction peak voltages vs areal

current

density

LiINMCI111 cathode during the half cell testing at moderate areal loading shows a minor

activation peak during the first cycle (Figure 67b) which reflects as negative peak in the

differential capacity vs voltage plots (Figure 67c). This peak is absent in the second cycle at the
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same current density (Figure 67c¢) which further confirms that the peak is from activation of
LINMCI111 and the system activation is complete in the first cycle. However, with the change in
gravimetric current rate / areal current density, this negative peak still exists in the differential
capacity vs voltage plots (Figure 67d). However, this phenomenon / signal arises from the
nucleation potential of Li plating on the Li metal with the modulus/absolute value of the intensity
of this peak increasing with the increase in current density. Hence, the existence of this negative

peak on subsequent cycling indicates the initiation of plating phenomenon.
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Figure 68 Relaxation behavior of system under CV mode subjected to different CC mode current rate. All
insets indicate the actual current vs time response. Current ratio vs time responses of a-Si-MWCNT/Cu-Ni
during a) Deithiation, b) Lithiation in half cell configuration and c) that of full cell testing of LINMC111 with
a-Si-MWCNT/Cu-Ni system. The differential capacity vs current plots are derived by analyzing these

responses.

At higher current rate the system shows negative potential indicating Li plating profile
(Figure 69) under unrestricted lower voltage with the equilibrium voltage of plateau at ~ (-)0.1V.
However, under relaxation conditions the OCP of the system jumps back to ~0.15 — 0.2V
indicating that the system undergoes Li plating and Li reaction simultaneously. Hence, the

nucleation potential recorded under constant current conditions for Li plating on Li active materials
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has an overlapping signal arising from the Li reaction. However, when discharged under low
current rates (C/20) to 0.01V (~80-90% of specific discharge capacity) and then subjected to high
current the actual nucleation potential for Li plating is recorded.

This suppresses the signal from silicon lithiation and the nucleation and growth of Li
plating on silicon can be analyzed distinguishing the capacity contribution of Li reaction from Li
plating on the Li active system/substrate/electrode. It should be noted that the system after plating
(orange profile) tends to stabilize at ~0.002-0.005V which indicates that the sharp peak obtained

at low voltages in differential charge vs current in CV mode (Figure 54d) is probably due to Li

plating.
Plating vs Discharge at unrestricted Voltage
0.4
Open Circuit Voltage (V) vs Time (min)
Potential ~0.7V
0.3 Relaxation
Discharge i=0
i~8C-16C > Stabilization voltage ~0.2V
0.2 <€ >

Voltage (V)
(=2

-10 0 1 20 30 40 50 60
Time (min)

-0.1

-0.2

-0.3

Figure 69 Voltage vs time curves of EDSi-MWCNT/Cu — Ni system under unrestricted potential indicating

the difference in electrochemical data response
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Below are the recommendations for scientific study related to Li plating on Li active
materials.

1.Discharge the system to ~0.01V @ C/20 current rate till it attains ~80 - 90% of the
lithiation discharge capacity.

2.Subject the system to plating at a current rate >C/2 (10 times the current density in
the discharge cycle).

3.To analyze the stability of lithium plating restrict the deplating voltage cutoffto ~80%
of the lowest lithiation stabilization voltage (for example ~0.08V is the lowest stabilization
voltage for silicon)

4.In case the voltage cutoff is off the limits of the cycler, it is recommended to plate at

least 10 times capacity of lithium reaction with active system in that voltage cutoff range.

Voltage vs Capacity

Li deplating: OCYV to -0.5V
2 Current ~ 0.1mA/cm?
Capacity ~ 1.25mAh/cm?
Li ~ 0.33mg/cm?

-
L7

Deplating from Cu — Li (Reference electrode)
Plating on Copper

Voltage (V)

0.5

p L"IT_I_I_'
0.0001 000 0.0003 0.0005 0.0007 0.0009 0.001T 113

Capacity (Ah/cm?)

0.5
Complete deplating
of Li dispersion

Figure 70 Voltage vs capacity of Li deplating till complete removal of Li from Cu — Li electrode and plating

on Cu electrode
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Deplating of lithium from Cu — Li system and plating on to Cu electrode indicating Li
loading of ~0.33mg/cm? on copper by addition of Li dispersion. The voltage decreases to -0.5V

indicating the complete removal of Li in the electrochemical system.

Table 12 Fitting results using a complex non-linear least square (CNLS) method for EIS spectra of a-Si-

MWCNT/Ni-Cu with Li in half cell configuration using Zview

Cycle No 3 50 100
Rs (ohm-cm?) 1.02973 1.04215 1.27069
CPEsg1 T 4.50E-05 0.0001 7.87E-05
P 0.70499 0.62387 0.6138
RsEn (ohm-cm?) 16.1701 22.6828 44.0223
CPEct T 0.01 0.00185 0.00064
P 0.56 0.75363 0.79683
Rcr (ohm-cm?) 19.0063 77.1901 305.8
R 0.92115 0.94768 24.21
Wo T 0.03571 0.00516 0.18
P 0.51704 0.40046 0.70811

Table 13 Fitting results using a complex non-linear least square (CNLS) method for EIS spectra of a-Si-

MWCNT/Ni-Cu with critical loading LINMC in full cell configuration using Zview

Cycle 3 10 20 60
Rs (ohm-cm™) 7.56289 10.5456 10.5535 10.5597
o T 3.03E-05 9.64E-05 1.15E-05 2.64E-05
P 0.70784 0.57588 0.87982 0.61969
Rk (ohm-cm™) 10.7783 13.9764 16.9025 31.7296
T T 0.0012 0.00072 0.00068 0.00086
P 0.66698 0.80423 0.51943 0.51444
Rrim | (ohm-cm?) 5.00786 6.426 8.71069 32.5157
e T 0.01553 0.01701 0.01702 0.01228
P 0.75189 0.66324 0.86279 0.81121
Rcr (ohm-cm2) 8.47799 15.4135 16.2877 21.2421
T 1.41E-07 6.72E-08 9.29E-08 1.81E-07
Wo P 1.95E-10 9.60E-10 2.46E-10 7.15B-11
R 0.43705 0.48973 0.47768 0.42753
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Table 14 Fitting results using a complex non-linear least square (CNLS) method for EIS spectra of a-Si-

MWCNT/Ni-Cu with lower loading LINMC in full cell configuration using Zview

Cycle 3 8 50

Rs (ohm-cm?) 7.703 11.42 15.01
CPEsg1 T 1.68E-04 0.00127 8.37E-05
P 0.49715 0.28187 0.55034

RsE1 (ohm-cm?) 8.93814 11.039 25.99
CPEriim T 2.22E-04 3.23E-05 5.05E-05

P 0.91463 1.139 1.093
RFilm (ohm-cm?) 0.60702 0.75726 1.87994
CPEct T 6.12E-10 1.90E-05 0.00389
P 1.953 0.78355 0.84652
Rcr (ohm-cm?) 0.00265 5.84735 12.7547
T 5.41E-07 1.43E-05 0.00025
Wo P 8.18E-12 1.24E-09 2.11E-09
R 0.37512 0.39086 0.33965

Table 15 Gravimetric and areal current density of full cell testing of a-Si-MWCNT/Cu — Ni with LINMC111

(critical loading > 16 mg - cm2 and lower loading < 12 mg - cm2)

Areal
gﬂ . mA/g Alg current
=R Densit
R LINMC | Si | 1 ajoma
- 2R
52 S
= 5; R1 15 | 0.194575 | 0.233491
TS| R2[ 30 0.389151 | 0.466981
= E = | R3 50 | 0.648585 | 0.778302
R
O R4 75 | 0.972877 | 1.167453

R5 | 150 |1.945755 | 2.334906

Lower Loading LINMC111

vs a-Si-MWCNT/Cu - Ni

Areal

mA/g Alg current

. . Density
LINMC Si AT

R1 15 0.15566 | 0.186792
R2 30 0.311321 | 0.373585
R3 50 0.518868 | 0.622642
R4 75 0.778302 | 0.933962
RS 150 1.556604 | 1.867925
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Appendix B Development of Other Lithium Battery Based Systems

Appendix B.1 Supplementary Information: Carbon Based Electrodes for Lithium Plating

and De-plating

Appendix B.1.1 Experimental Method

Carbon Nanofiber (CNF) by Electrospinning Process (Figure 71):

Synthesis of Polyacrylonitrile Fibers:

Polyacrylonitrile (Sigma Aldrich): 0.8g — 1g

N, N Dimethyl Formamide (Sigma Aldrich): 15ml

Distance from Rotary Drum to tip of needle = 14 — 16cm

Applied Voltage = 13KV — 15KV

Stabilization / Oxidation Temperature: 240 C for 4 hour in air / oxygen atmosphere

Carbonization temperature: 750C — 1000C for 1 hour in Argon atmosphere in ramp rate of
1 — 2 C/min followed by ambient cooling.

PDMS curing Process (Sylgard 184):

Mixing of PDMS:

Sylgard 184 is packaged in lot matched kits with the base and curing agent in separate
containers. Mix the two components thoroughly using a weight or volume ratio of 10:1. Note: The
pot life is 2 hours for catalyzed Sylgard 184 at room temperature.

It is recommended to vacuum de-air, with a residual pressure of 10-20 mm mercury, which,

when applied for applied for 30 minutes, will sufficiently de-air the material.
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Curing of PDMS:
Cure using one of the following recommended schedules:
15 minutes at 150°C, 1 hour at 100°C, 4 hours at 65°C, 24 hours at 23°C

Svynthesis of CNF / PDMS structure: (Figure 71)

Coat the PDMS (~30micron) on cleaned Cu foil substrate (30 mins acetone / ethanol /
isoproponal and dried in ambient conditions) using doctor blade technique. Place the CNF on the
PDMS coated copper foil and apply a uniaxial force of ~30T in MTI Corp uniaxial press for 24
hours. If possible, keep checking every 30 mins to see the decrease in hydraulic pressure and keep
increasing it to 30T. Remove the pressure and place the CNF — PDMS — Copper in oven at 120°C
for another 12hours. There are chances that sometimes the curing may not happen due to the
impurities and behavior of PDMS.

Characterization

The electrochemical testing of CNF was conducted in a coincell in the voltage range of
~0.001V to 1.2V at a current rate of ~25 mA-g! and areal current densities of 0.1 mA-cm™ and 4
mA-cm™ to record the lithiation and de-lithiation behavior and performance of fibers. The Sands
time experiment was conducted in a flooded electrolyte two electrode cell at different current
densities ranging from ImA/cm™ to 5 mA-cm after subjecting the electrode to ~25mA-g™! current
density in the positive cycle till ~0.001V. Subsequently, the electrodes were tested in modified
coin cell using PDMS as the blocking agent to prevent irregular lithium plating in the coincell and
focus the flux of lithium ions to the electrode. Scanning electron microscopy (SEM, Philips XL 30
or Zeiss) was used to study the morphological and electrode structure. Raman spectroscopy, if
applicable was performed using a Renishaw in-via Raman microscope equipped with a 633 nm

red laser.
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Appendix B.1.2 Characterization and Electrochemical Results

3
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Syringe pump Rotating Al foil
substrate
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Cross Section CNF-PDMS/Cu

Carbon nanofiber
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Figure 71 Pictorial Representation of electrospinning set up, SEM images of polyacrylonitrile, carbon

nanofiber and cross section of CNF/PDMS/Cu substrate
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Characterization of Contribution from electrochemical lithiation and delithiation
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Figure 72 Electrochemical cycling of carbon nanofiber under lithiation and delithiation conditions along with

a)stabilization voltage, b) and c) voltage — capacity plots at different current rates

The FIR loss in CNF system ~250-300mAh/g with very low capacities ~100-150mAh/g
and ~40-50mAh/g at low and high current rates, respectively (Figure 72). The contribution of Li
intercalation reaction is very low, and CNF show low capacity to intercalation. The stabilization

voltage on intercalation is ~0.25V which is equilibrium potential for Li — carbon reaction.

a) ‘Working System: CNF-PDMS/Cu b) Li Plating Potentials vs Current Density
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Figure 73 a) Stable regime of plating (Sands time experiment) and b) Different Li plating potentials with

respect to current density
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The stable plating regime shows minimal fluctuations before hitting the undesired mossy
or fractal Li growth. (Figure 73) This region indicates stable reversible Li plating with the
formation of hemispherical growth sites and coalescence of these structures on CNF. Hence, these
CNF based systems are expected to show high CE within this region of plating and deplating. The
possible capacity of these CNF based architectures is ~3000mAh/g w.r.t CNF competing with that
of silicon - based anode systems at a gravimetric current rate of ~2A/g. The systems suffer from
an irreversible loss of ~300-350mAh/g (~10-20%) due to the initial formation /intercalation

reaction followed by initial CE fluctuations.
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Figure 74 a) Pictorial representation of dual channel set up, b) rate capability and columbic efficiency study
of CNF/PDMS-Cu working electrode, c) voltage profile of working electrode in control channel A and d)

voltage profile of counter electrode in Channel B
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Channel A is used to control and set the parameters for plating and deplating study for the
working electrode CNF-PDMS/Cu. Channel B is used to monitor the voltage of Counter electrode
with respect to the reference Lithium. (Figure 74) The counter electrode was replaced with Li-
CNF-PDMS/Cu instead of plain Li foil to simultaneously check for voltage profile of plating /
deplating when Li is melted into CNF-PDMS/Cu. The voltage profile of CNF-PDMS/Cu (working
electrode) and Li/CNF composite (Counter electrode) with respect to reference Li shows minimal
fluctuations and stable plating and deplating. This test confirms the stability of Li plating /

deplating before moving into coincell testing.
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Figure 75 a) and c) Traditional testing and insulated coin cell testing in coincell with their respective

electrochemical responses b) and d) for bare copper electrode

The traditional coin cell testing employed shows stabilized CE region during initial plating
which is due to the spread of Li plating on the working electrode. (Figure 75) The insulated
coincell testing focuses the Li flux to the working electrode and hence, the true performance of the

system is recorded.
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a)Insulated coincell Testing

b) CNF on Cu without PDMS in architecture
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Figure 76 a) Schematic of the expected plating behavior in the CNF on Cu without architecture and b) the

electrochemical response of CNF without the electrode architecture

Li plating is associated with porous insulating SEI formation and probability of plating is
higher in electron rich region. (Figure 76) Without the PDMS architecture CNF/Cu shows
improved performance as compared to Cu foil due to distribution on lithium plating on Cu and
CNF. However, CNF/Cu approaches Cu foil behavior due to loss of electrical contact between Cu

foil and CNF (formation of SEI layer / liftoff of CNF) and preferential plating of Li on Cu foil due

to high electron density on Cu foil.
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Insulated coincell Testing
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Figure 77 a) Schematic of the expected plating behavior in the CNF/PDMS-Cu and b) the electrochemical

response of CNF with the electrode architecture

The architecture provides no loss of electrical contact and prevents the lift of CNF from

copper substrate. (Figure 77) Replacing the Cu foil with CNF may effects/adds to the impedance

in full cell system depending on the electronic conductivity of the CNF. Hence, CNF-PDMS/Cu

architecture provides improved performance and better design.
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Figure 78 a) Long Term testing of CNF-PDMS-Cu and b) rate capability electrochemical testing in insulated

coin cell testing

216



CNF based architecture shows a high columbic efficiency of ~99.70 — 99.85% for over 600
cycles. The rate capability study shows stable plating efficiency from areal current rates of
ImA/cm? to 6mA/cm? and charge density of 4mAh/cm® to 6mAh/cm?. (Figure 78) The
gravimetric specific capacity of the CNF based systems for plating is ~2000-2500mAh/g based on

the areal charge density of plating.
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Appendix B.2 Supplementary Information: Flexible Nano Silicon Based Carbon Nanofiber

Composite: Versatile Anode for Li-Ion Batteries

Appendix B.2.1 Experimental Method

Si - Carbon Nanofiber (Si/CNF) by Electrospinning Process:(Figure 79)

Synthesis of Si/ Polyacrylonitrile Fibers:

Polyacrylonitrile (Sigma Aldrich): 0.8g — 1g (polymer)

Nano silicon (MTIXTL) = Variable depending on loading in final CNF (0.3 g and 0.5 g)

N, N Dimethyl Formamide (Sigma Aldrich): 15ml

Distance from Rotary Drum to tip of needle = 14 — 16cm

Applied Voltage = 13KV — 15KV

Y
Solvent Electrospinning ‘ Heat
—
— b treatment
- Stable suspension solution J
Polymer
] _ l embedded in and
. decorated on polymer fibers
Polymer

As Spun Composite Mats

Flexible conductive
composite electrode

embedded in and
decorated on carbon fibers

Carbonized Mats

Flexibility

Coincell
Electrodes

Figure 79 Schematic showing the different stages of the synthesis process along with macro images

Stabilization / Oxidation Temperature (iHT): 180 - 240 C for 4 hour in air / oxygen

atmosphere
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Carbonization temperature: S00C — 700C for 1 hour in Argon atmosphere in ramp rate of
1 - 2 C/min followed by ambient cooling. HT1 = 500C and HT2 = 700C
Subsequently, the Si-CNF electrodes were dipped in 2 wt.% solution of sodium salt of

alginic acid in DI water and dried.

Characterization:

Raman spectroscopy was performed using a Renishaw inVia Raman microscope
(Renishaw, Gloucestershire, UK) equipped with a 633 nm red laser to evaluate the vibrational and
rotational modes of the deposited films. PANalytical Empyrean XRD diffractometer (PANalytical,
Almelo, Netherlands) was used for collecting the XRD spectrum of the system. The electrodes
were assembled under argon atmosphere in a half cell (2025 coin cell) using lithium foil as the
counter electrode and 1M LiPFs in ethylene carbonate (EC), diethylene carbonate (DEC), and
fluoroethylene carbonate (FEC) with EC:DEC:FEC = 45:45:10 by volume as electrolyte. The
assembled coin cell was tested in the potential window of 0.01V-1.2V with respect to Li/Li", at

various current rates to study their performance as anode material.
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Appendix B.2.2 Experimental Results
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Figure 80 XRD analysis of the electro spun system indicating the phases at different conditions and stages of

the synthesis procedure

Electro spun polymer with Sinp show low intensity amorphous peaks and high intensity
peaks corresponding to polymer and Sinp respectively (Figure 80). Electro spun polymer after
carbonization heat treatment retains the amorphous nature. There is no evolution of new peaks in

the heat-treated polymer+ Sinp mats. The electrodes formed after heat treating the electro spun
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mats are, hence, composite in nature. The heat - treated mats show peak at ~515 cm™! corresponding
to Sinp. The small peak difference from 520cm™ for crystalline Si can be attributed to the small
size of the Sinp as compared to bulk crystalline Si. (Figure 81) The heat-treated mats show two
broad bands at ~1350 cm™! — 1360 cm™ and at ~1585 cm™ — 1590 cm™ corresponding to D and G
bands of carbon. By tailoring the heat treatment schedule the ratio of disordered and graphitic

carbon can be controlled D/G ratio influences mechanical and electrical properties of the matrix.
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Figure 81 Raman Analysis of silicon and polyacrylonitrile with respect to temperature at various stages of

electrode development

As spun pure polymer mats show interconnected nano fibrous structure. The composite
polymer — Sinp mats show polymer nanofibers decorated with Sinp. The composite nanofiber

structure has been retained after carbonization heat treatment and the Sinp are still adherent
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to/embedded in the nanofibers. The composite mats are porous in nature and allow percolation of
electrolyte hence, ensuring uniform, easy and complete wetting as compared to slurry coating

method.

¢) after carbonization heat treatment

Carbon/Siy, Composite Mats 50-55% Si/C

Figure 82 SEM analysis of a) as spun PAN polymer mats, b) as spun composite mats and c) after

carbonization heat treatment

As spun pure polymer mats show interconnected nano fibrous structure. (Figure 82) The
composite polymer — Sinp mats show polymer nanofibers decorated with Sinp. The composite
nanofiber structure has been retained after carbonization heat treatment and the Sinp are still
adherent to/embedded in the nanofibers. The composite mats are porous in nature and allow
percolation of electrolyte hence, ensuring uniform, easy and complete wetting as compared to

slurry coating method.
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Figure 83 TEM analysis of Si/ CNF nanofibers at different magnifications

The diameter of the fibers ~350 — 500 nm. The particles (~100nm) are distributed both
inside and on the surface of the carbon fibers. Agglomeration of particles occurs in certain regions.

Sine on the surface are encapsulated by carbon layer. (Figure 83)
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Figure 85 Electrochemical performance of Si/CNF electrode at current rates of 0.2 A-g™! and 0.5 A/g tested in

coin cell for Li battery
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The electrical continuity of the electrode was measure by using a simple DC powered
circuit. The LED light turned on when the two ends of the heat - treated electrode was connected
in the circuit. The electrodes are continuous and electrically conducting from end to end. The
electrode is used without Cu backing foil. (Figure 84) The electrochemical performance of sodium
alginate coated Si/CNF mats showed a FIR loss of ~35 —40% and stable specific capacity of ~1750

~ 1850 mAh-g " at 0.2A/g and ~1200 — 1250 mAh-g”' at 0.5 A/g. (Figure 85)
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Appendix B.3 Supplementary Information: Hybrid Solid State Electrolytes using ZSM

Problem Statement:

Stabilization of lithium plating (~20-30micron) is critical for the development of high
energy density lithium ion batteries (LIBs) involving high voltage cathode and lithium-sulfur
systems. Ceramic electrolytes based on cubic and garnet structure have shown good solid-state
Li+ conductivity. However, these systems are still far from being commercialized due to
mechanical/crystallographic instability and high volumetric mass densities. Hence, garnet-based
electrolytes are currently rendered ineffective for immediate application in LIBs. Polymer based

electrolytes suffer from extensive deformation due to low elastic modulus and high ductility.

Fundamental Approach:

Solid state Li" migration is a compounded effect of bulk and grain boundary diffusion
phenomenon which suffer from high activation energy and ionic scattering effect, respectively.
However, surface diffusion has the least activation energy and shows promise for exhibiting the
highest Li+ conductivity. (Figure 86)

The fundamental approach here involves creation of aligned surface diffusion pathways
within the grain thus, reducing the activation energy for Li" diffusion thus forming a novel hybrid
ceramic electrolyte (HCE).

Surface diffusion being the dominant phenomenon in bulk electrolyte and at the
anode/electrolyte interface stabilizes Li plating profile by minimizing the mismatch in the Li+ flux
occurring in the bulk and at the interface. The electronic conductivity is low marked by the wide

band gap >4 -6 ¢eV.
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Figure 86 Schematic representation of surface diffusion vs pore diffusion in a particle and the low activation

energy of surface diffusion leading to growth of CNT

Experimental Method: (Figure 87)

Weight of ZSM - 5 = 0.95g; Weight of binder (stearic acid) = 0.05g; Solvent = DI water
Pelletizing pressure = 40T (MTI XTL)

Heat treatment temperature = 500 — 600C for 6 hour in air

Ion exchange with LiPFs EC:DEC:FEC and drying with lithium carried in glove box.

The electrochemical testing was conducted in symmetric Li/HCE/Li configuration.

Novel hybrid ceramic electrolytes (HCE) were developed from ZSM - 5 with enhanced Li*
diffusion utilizing the low activation energy for surface migration. The crystallographic channels
in the inorganic framework provide pathways for efficient transport of Li" ions thus making them

attractive ceramic electrolyte materials.
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Figure 87 Flow chart representing the steps for the synthesis of hybrid ceramic electrolyte
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Figure 88 Graphical representation of surface diffusion of Li+ assisted by ZSM-5 surface
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Reduction in activation energy due to molecular interaction between Li" with surface
functional groups in organic molecule and ZSM-5 structure. (Figure 88) Surface migration sites
provide low activation energy sites as compared to interstitial crystallographic stable atomic sites

in traditional solid-state electrolytes.
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Figure 89 a) EIS spectra of hybrid ceramic electrolyte in Li/Li+ and b) electrochemical performance in

symmetric coin cell.

Hybrid Ceramic Electrolytes are developed using ZSM - 5 as electrolyte framework
systems. These novel ceramic electrolytes show a Li* conductivity of ~ 1.2557 x 10* S/cm or
0.12557 mS/cm (in the range of 10! to 10> mS/cm) at room temperature very close to that of
liquid electrolytes (Figure 89). The electrolytes show low plating / deplating potentials ranging
from 100mV@I1mA/cm? — 450mV @4mA/cm? surpassing garnet / polymer-based electrolytes.
Currently, efforts are underway to stabilize the electrolyte architecture, establish repeatability

along with overpotential and coulombic efficiency studies on copper substrate/lithium.
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Figure 90 The long - term cycling of Li/ZSM-5/Li system at different current densities over a time of 500h

The initial stages are marked by the development of stable electrochemical interface

@L1/HCE interface. The low current density testing indicates stable plating and deplating without

any nucleation over potential indicating stable plating at the interface (Figure 90). The rate

capability testing shows plating potential of ~0.1V to 0.4V for a 300-500p electrolyte at current

density of ~ImA/cm? — 4mA/cm?.

Table 16 Different plating over potentials of Li in hybrid ceramic electrolytes

Current Density (In)

1 mA/cm?

2 mA/cm?

3 mA/cm?

4 mA/cm?

Voltage (V)

0.1-0.11

0.3-0.34

0.38-0.39

0.4-0.41
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Appendix C Supplementary Information: Standard Operating Procedures for Different

Systems

Appendix C.1 Atmospheric Pressure Chemical Vapor Deposition (CNT)

Foreword:

Kindly refer/study the manuals of every component of the system in case it is assembled
system. Additionally, study the behavior of precursors (SDS, MSDS, OSHA, GHS, etc.).

Watch/study/assimilate/practice the general operational videos related to operation of
quarter turn valve, ball valve, needle valve, switching on vacuum pump, etc. separately (away from
the system), before operating the system. Watch the videos from manufacturer if available and
contact the manufacturer about the capabilities / compatibility of the equipment before proceeding
with the process. Sometimes the manufacturer may relinquish/decline the responsibility of the
gases or materials used for the system and suggest upgrading / new system / modifications. The
gases are required to be vented into scrubber system installed in operational fume hood. If existing,
the vacuum pump and the outlet / inlet to ambient atmosphere are required to be installed in the
operational fume hood.

Additionally, please study/read the manual and identify the different parts / components of
the reactor system before operating the system. The use of spontaneously pyrophoric gases (silane,
etc.) and the use of toxic/poisonous gases (or reactor gases resulting in pyrophoric/toxic/poisonous

gases as by products) is not at all recommended for the system at NECST laboratory.
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Figure 91 Schematic diagram of CVD setup for CNT deposition

Steps for Atmospheric Pressure Chemical Vapor Deposition (CNT)

1.Clean all the fittings / valves with ethanol along with the piping to remove blockages
due to previous usage. If required use high pressure air or vacuum pump to clear the blockages
depending on convenience.

2.Load substrate into a quartz tube.

3.Load the quartz tube into CVD system. Adjust the substrate location to match the
deposition zone.

4.Seal the interface of the quartz tube and metal connector by tightening the metal nuts /
screw fixture at two ends of the quartz tube.

5.Close the furnace.

6.Set furnace temperature Zone 1 to 200°C (Ramp=less than 10°C/min) and Zone 2 to
770°C (Ramp= less than 10°C/min) and switch on the furnace.

7.Set the temperature of evaporator to 200°C and switch on the heating.

8.Switch on the argon gas line on the mass flow controller and set the flow rate to 180

sccm.
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9.Switch on the H» gas line on the mass flow controller and set the flow rate to 15 sccm.
Switch off the mass flow controller after the set point of flow is reached.

10.Allow the system to stabilize at the set temperatures and flow rate of argon (~5 — 7
hour). Keep checking every 30 mins for any fluctuations or malfunction of the furnaces.

11.Switch on the hydrogen gas and allow for the flow to stabilize (~15 — 30 mins)

12.Load freshly prepared mixture of liquid precursor (for CNT deposition 70 mg ferrocene
in 10 ml m-xylene stirred for 1hr) in the syringe pump and set the flow rate to 0.1 ml/min to drop
into the evaporator

13. After achieving the required time of deposition switch off the syringe pump.

14.Subsequently, switch off the hydrogen gas in the flow meter.

15.Switch off the temperature control of evaporator, followed by the two furnaces (Zone
I and Zone II)

16.Allow the system to cool down in argon atmosphere. (takes ~7 — 8 hour or may be
more)

17. Switch off the argon flow

Disclaimer: The author of this document / dissertation along with the committee is not
responsible for the results and damages to the personnel / equipment / material / assets arising from
the use / practice of this operational procedure. Under the circumstances that any such type of
incident / event occurs the individual/organization requesting the procedure to be utilized and the
laboratory executing the procedure would be liable for any kind of damages incurred. Kindly
recommend the user to figure out with a law practicing individual / attorney / legal department of

the organization before employing the standard operating procedure.
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Parameters for CNT deposition:
Ferrocene = 0.07g, m-Xylene = 10ml, Flow rate of Ferrocene/Xylene = 0.1ml/hour
Argon Flow rate = 180 sccm, hydrogen flow rate = 15sccm

Zone I =200°C and Zone 11 = 770°C
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Appendix C.2 Low Pressure Thermal Chemical Vapor Deposition
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Figure 92 Schematic diagram of low - pressure thermal chemical vapor deposition set up

Foreword:

Kindly refer/study the manuals of every component of the system in case it is assembled
system. Additionally, study the behavior of precursors (SDS, MSDS, OSHA, GHS, etc).

Watch/study/assimilate/practice the general operational videos related to operation of
quarter turn valve, ball valve, needle valve, switching on vacuum pump, etc. separately (away from
the system), before operating the system. Watch the videos from manufacturer if available and
contact the manufacturer about the capabilities / compatibility of the equipment before proceeding
with the process. Sometimes the manufacturer may relinquish responsibility of the gases or
materials used for the system and suggest upgrading / new system / modifications. The gases are
required to be vented into scrubber system installed in operational fume hood. The vacuum pump
and the outlet / inlet to ambient atmosphere are required to be installed in the operational fume

hood.
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Additionally, please study/read the manual and identify the different parts / components of
the reactor system before operating the system. The use of spontaneously pyrophoric gases (silane,
etc.) at flow rates beyond 10sccm is not recommended and the use of toxic/poisonous gases (or
reactor gases resulting in pyrophoric/toxic/poisonous gases as by products) is NOT AT ALL

recommended for the system at NECST laboratory.

Low Pressure Chemical Vapor Deposition Procedure

1.Clean all the fittings with ethanol along with the piping to remove blockages due to
previous usage. If required use high pressure air or vacuum pump to clear the blockages.

2.Close all the valves connected leading in / out to the reactor and mass flow controller
before (and after) operation.

3.Load substrate material into a quartz tube.

4.Load the quartz tube into CVD system. Adjust the substrate location to match the
deposition zone (center of Zone II).

5.Seal the interface of the quartz tube and metal connector by tightening the metal nuts
/ screw fixture / fittings at two ends of the quartz tube.

6.Gently close the lids of both the furnaces (Zone 1 and Zone 2).

7.Turn the three - way needle valve to connect/open vacuum pump/line to the quartz
tube. Usually it is 90 degrees rotation angle.

8.Switch on the vacuum pump and allow the system to reach stabilization and low

pressure (-30 inch vacuum pressure) and wait for 30 min.
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Leak Test Procedure 1:

9.Turn off/close the entry line cut off valve (needle valve) and then turn off/close the
vacuum line cut off valve (quarter turn ball valve). Switch off the vacuum pump.

10.Allow the system to rest for 5 - 6 hour and check for loss in vacuum or increase in
pressure. Keep checking every 30 mins.

Note: If there is an increase in pressure, then the stainless - steel end fittings of quartz
tube may have leak. Hence, tighten the screws, check for cracks in O-rings or cracks in quartz
tube. There are chances for the valves to be leaking too. Depending on analysis replace the
parts or consult with a certified piping / plumbing / reactor expert/professional.

11.If there is no pressure change / loss of vacuum / increase in pressure, switch on the
vacuum pump (wait for 5 min)

12.Turn the three - way valve to connect the pump to the reactor (wait for 5 min)

13.0pen the quarter turn valve (wait for 5 min)

14.0pen the needle valve (wait for 5 min).

Leak Test Procedure 2:
15.Turn off/close the vacuum line cut off valve (quarter turn ball valve) to cut off the
vacuum line.
16.Switch off the vacuum pump.
17.Allow the system to rest for 5 - 6 hour and check for loss in vacuum or increase in

pressure. Keep checking every 30 mins.
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Note: If there is an increase in pressure, then the flow meter to needle valve is having a
leak. Depending on analysis replace the parts or consult with a certified piping / plumbing / reactor
expert/professional.

18.1If there is no pressure change / loss of vacuum / increase in pressure, proceed with

the operation.

Operational Procedure:

19. If there is no pressure change / loss of vacuum / increase in pressure, switch on the
vacuum pump (wait for 5 min)

20.Turn the three - way valve to connect the pump to the reactor (wait for 5 min)

21.0pen the quarter turn valve (wait for 5 min)

22.Turn on / Open the valve of argon gas line leading to reactor mass flow controller.

23.Switch on the argon gas line on the mass flow controller and set the flow rate to
required value.

24 .Set furnace temperature Zone 2 to required temperature and ramp rate and switch
on the furnace.

25.Allow the system to stabilize at the set temperatures and flow rate of argon (~5 — 7
hour). Keep checking every 30 mins for any fluctuations or malfunction of the furnaces and
other parts.

26.Turn on / Open the valve of secondary gas line leading to reactor mass flow
controller.

27.Switch on the secondary precursor gas line on the mass flow controller with preset

flow rate to start the deposition.
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NOTE 1: Under the circumstances that there are fumes / fire / residue / blasting / popping
sound / odor in the vacuum pump or anywhere in the reactor (for example, when using pyrophoric
/ spontaneously combustible / poisonous gases) within 1 min of switching “ON” the gas line
flowmeter follow the below steps:

a)Cut off the main inlet line of the gas (safest and most easily accessible point)
b)Leave the laboratory premises.

¢)E-mail the situation to higher authorities.

d)Raise an alert to EHS.

NOTE 2: There may be detectors installed for gases, etc. However, depending on the
behavior of reactants the detectors may be rendered ineffective. A detector in ambient conditions
for spontaneously combustible gas may not be effective due to high reactivity of gas to form the
respective by products (solid, moisture, etc) resulting in an explosion / catastrophic effect before
reaching the detector installed in ambient condition.

28. After achieving the required time of deposition switch off the mass flow controller
of secondary precursor gas line. Wait for 30 min for argon purging and cleaning residual
precursor gas. If required, increase the argon flow rate to 300 sccm after 15min.

NOTE 1: Longer deposition times may lead to clogging of piping and valves at the outlet.

29.Switch off / shut down the furnace of Zone II with argon flow still ON and wait till
temperature reaches to less than 30°C (5 — 7 hours)

30.Close the quarter turn ball valve at the exit and allow the pressure to increase to (-
)15mm Hg vacuum.

31.0pen the quarter turn ball valve to vacuum the reactor to (-) 30 inch vacuum pressure

(for 5 mins).
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32.Repeat steps 27 and 28 for 5 times.

33.Reduce the argon flow rate to 200 sccm.

34.Close the quarter turn ball valve at the exit and allow the pressure to increase to (-
)I5mm to (-) 10mm Hg vacuum.

35.Shut off the argon flow control and then shut off the vacuum pump.

36.Turn the three - way valve slowly to connect the reactor to ambient surrounding
(non — vacuum line) to bleed so that the reactor reaches atmospheric pressure.

37.Disassemble the exit stainless steel fitting of the quartz tube and remove the
sample/material from the deposition zone.

38.Switch off / turn off / close all the valves / inlets leading to the reactor.

Disclaimer: The author of this document / dissertation along with the committee is not
responsible for the results and damages to the personnel / equipment / material / assets arising from
the use / practice of this operational procedure. Under the circumstances that any such type of
incident / event occurs the individual/organization requesting the procedure to be utilized and the
laboratory executing the procedure would be liable for any kind of damages incurred. Kindly
recommend the user to figure out with a law practicing individual / attorney / legal department of

the organization before employing the standard operating procedure.

Parameters used for Silicon deposition on MgO template:
Argon = 180 sccm, Silane/SiH4 = 20sccm, Temperature Zone II = 500°C, Time of
deposition = 10min, 15min and 20min, weight of MgO template = 0.9 — 1.0g

Parameters used for Silicon deposition on NaCl template:

240



Argon = 180 sccm, Silane/SiH4 = 20sccm, Time of deposition = 15min and 20min, weight
of NaCl template = 3 grams

Length of deposition zone = 1 inch, center of the Zone II reactor.

Parameters used for CVD Si deposition of CNT (NECST - Super C Inc, E36EAOBA-F43E-
4CDS5-B5D3-2FFAC4698916):
Argon = 500 sccm, Silane/SiH4 = 20sccm, Temperature Zone 11 = 550°C, Time = 20 min,

25 min
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Appendix C.3 Plasma Enhanced Low Pressure Chemical Vapor Deposition
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Figure 93 Schematic diagram of low - pressure thermal chemical vapor deposition set up
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Foreword:

Kindly refer/study the manuals of every component of the system in case it is assembled
system. Additionally, study the behavior of precursors (SDS, MSDS, OSHA, GHS, etc).

Watch/study/assimilate/practice the general operational videos related to operation of
quarter turn valve, ball valve, needle valve, switching on vacuum pump, etc. separately (away from
the system), before operating the system. Watch the videos from manufacturer if available and
contact the manufacturer about the capabilities / compatibility of the equipment before proceeding
with the process. Sometimes the manufacturer may relinquish responsibility of the gases or
materials used for the system and suggest upgrading / new system / modifications. The gases are
required to be vented into scrubber system installed in operational fume hood. The vacuum pump

and the outlet / inlet to ambient atmosphere are required to be installed in the operational fume

hood.
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Additionally, please study/read the manual and identify the different parts / components of
the reactor system before operating the system. The use of spontaneously pyrophoric gases (silane,
etc.) at flow rates greater than 10sccm is not recommended and the use of toxic/poisonous gases
(or reactor gases resulting in pyrophoric/toxic/poisonous gases as by products) is NOT AT ALL

recommended for the system at NECST laboratory.

Plasma Enhanced Low Pressure Chemical Vapor Deposition Procedure

1.Clean all the end fittings with ethanol along with dismantlable piping to remove
blockages due to previous usage. If required use high pressure air or vacuum pump to clear the
blockages.

2.Close all the valves connected leading in / out to the reactor and mass flow controller
before (and after) operation.

3.Load substrate material into a quartz tube.

4.Load the quartz tube into CVD system. Adjust the substrate location to match the
deposition zone (Zone I).

5.Seal the interface of the quartz tube and metal connector by tightening the metal nuts
/ screw fixture / fittings at two ends of the quartz tube.

6.Gently close the lids of the furnace (Zone 2).

7.Turn on / open the vacuum valve to connect/open vacuum pump line to the quartz
tube.

8.Switch on the vacuum pump and allow the system to reach stabilization and low
pressure (5 to 20 mTorr) and wait for 30 min.

Leak Test Procedure 1:
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9.Turn off / close the entry line cut off valve (needle valve / quarter turn valve)

10. Then turn off / close the vacuum line cut off valve (vacuum valve). Switch off the
vacuum pump.

11.Allow the system to rest for 3 - 4 hour and check for loss in vacuum or increase in
pressure (not to exceed 40 mTorr). Keep checking every 30 mins.

Note: If there is an increase in pressure gauge reading, then the stainless - steel end
fittings of quartz tube may have leak. Hence, tighten the screws, check for cracks in O-rings
or cracks in quartz tube. There are chances for the valves to be leaking too. Depending on
analysis replace the parts or consult with a certified piping / plumbing / reactor
expert/professional/manufacturer.

12.1f there is no pressure change, switch on the vacuum pump (wait for 5 min)

13.Turn on/Open the vacuum valve to connect the pump to the reactor (wait for 5 min)

14.Turn on / Open the quarter turn valve (wait for 5 min)

15.Tun on / Open the needle valve (wait for 5 min).

Leak Test Procedure 2:

16.Turn off / close the vacuum line cut off valve (quarter turn ball valve) to cut off the
vacuum line.

17.Switch off the vacuum pump.

18.Allow the system to rest for 3 - 4 hour and check for loss in vacuum or increase in
pressure (not to exceed 40mTorr). Keep checking every 30 mins.

Note: If there is an increase in pressure, then the flow meter to needle valve is having a
leak. Depending on analysis replace the parts or consult with a certified piping / plumbing / reactor

expert/professional/manufacturer.
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19.1f there is no drop in pressure proceed with the operation.
Operational Procedure:

20. If there is no pressure change, switch on the vacuum pump (wait for 5 min)

21.Turn on / open the vacuum valve to connect the pump to the reactor (wait for 5 min)

22.Turn on / Open the quarter turn valve (wait for 5 min)

23.Turn on / Open the valve of argon gas line leading to reactor mass flow controller.

24.Switch on the argon gas line on the mass flow controller and set the flow rate to
required value.

25.1f required, set furnace temperature Zone 2 to required temperature and ramp rate
and switch on the furnace (only if required). Else skip the step.

26.Allow the system to stabilize at the set temperatures and flow rate of argon (~3 — 5
hour). Keep checking every 30 mins for any fluctuations in pressure gauge or malfunction of
the furnaces and other parts.

27.Set the power in RF plasma generator to required level and switch on the RF plasma
generator (Zone 1) to generate plasma in the reactor. The color of plasma varies with type of
gases and conditions.

Note 1: Recommend maximum power: 80% of the upper rated/value or power
threshold of the generator. Additionally, try to ensure maximum decomposition of the
precursor gas (when using specialty / pyrophoric gases / poisonous gases) depending on the
system.

28.Wait for 10mins for the plasma to stabilize.

Note: If the plasma is fluctuating switch off the RF plasma generator. Email the

authorities and if required contact the manufacturer.
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29.1f the plasma is stable: Turn on / open the valve of secondary gas line leading to
reactor mass flow controller.

30.Switch on the secondary precursor gas line on the mass flow controller with preset
flow rate to start the deposition.

NOTE 1: If the plasma is fluctuating / absent / noisy after switching on the secondary gas
(when using pyrophoric, spontaneously combustible gases, poisonous gases) follow steps below:

a)Cut off the main inlet line of the gas (safest and most easily accessible point)
b)Leave the laboratory premises.

¢)E-mail the situation to higher authorities.

d)Raise an alert to EHS.

NOTE 2: Under the circumstances that there are fumes / fire / residue / blasting / popping
sound in the vacuum pump or anywhere in the reactor (for example, when using pyrophoric,
spontaneously combustible gases / poisonous) within 1 min of switching “ON” the gas line
flowmeter follow the below steps:

a)Cut off the main inlet line of the gas (safest and most easily accessible point)
b)Leave the laboratory premises.

c)E-mail the situation to higher authorities.

d)Raise an alert to EHS.

NOTE 3: There may be detectors installed for gases, etc. However, depending on the
behavior of reactants the detectors may be rendered ineffective. A detector in ambient conditions
for spontaneously combustible gas may not be effective due to high reactivity of gas to form the
respective by products (solid, moisture, etc) resulting in an explosion / catastrophic effect before

reaching the detector installed in ambient condition.
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31. After achieving the required time of deposition / run time switch off the mass flow

controller of secondary precursor gas line.
NOTE 1: Longer deposition times may lead to clogging of piping and valves both at the
inlet and outlet.

32.Wait for 30 min for argon purging and cleaning residual precursor secondary gas. If
required, increase the argon flow rate to 300 sccm after 15min while monitoring the pressure
gauge at the outlet.

33.Switch off / shut down the RF generator with argon flow still ON.

34.1f the Zone Il furnace is used/utilized, switch off the furnace of Zone II with argon
flow still ON and wait till temperature reaches to less than 30°C (3-4 hours).

35.Close the vacuum valve at the exit and allow the pressure to increase to 30 torr.

36.0pen the vacuum valve to vacuum the reactor to 5 — 20 mTorr vacuum pressure (for
5 mins).

37.Repeat steps 27 and 28 for 5 times.

38.Reduce the argon flow rate to 200 sccm.

39.Close the vacuum valve at the exit and allow the pressure to increase to 100 Torr.

40.Shut off the argon flow control and then shut off the vacuum pump.

41.Turn on / Open the quarter turn valve / needle valve at exit (ambient atmosphere)
slowly to connect the reactor to ambient surrounding (non — vacuum line) and to bleed air so
that the reactor reaches atmospheric pressure.

42 Disassemble the stainless — steel fittings at the exit of the quartz tube and remove
the sample/material from the deposition zone.

43.Switch/turn off/close all the valves / inlets leading to the reactor.
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Disclaimer: The author of this document / dissertation along with the committee is not
responsible for the results and damages to the personnel / equipment / material / assets arising from
the use / practice of this operational procedure. Under the circumstances that any such type of
incident / event occurs the individual/organization requesting the procedure to be utilized and the
laboratory executing the procedure would be liable for any kind of damages incurred. Kindly
recommend the user to figure out with a law practicing individual / attorney / legal department of

the organization before employing the standard operating procedure.
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Appendix C.4 Dual Target Torus Magnetron Sputtering Machine

Sputtering Guns
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A 4 A 4
v Electronic PLC Control
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€| RF Suppl

Tuner PPLY

A = Pfeiffer Turbo Pump

Green Lines: Power Cables

Red Lines : Communication Cable
Blue Line: Plumbing

® Pneumatic Valve

Figure 94 Schematic diagram of Dual Target Torus Magnetron DC/RF Sputtering Machine
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PE7139: SPDT N Manual Knob Switch
Surge Protection, DC to 1.3 GHy, Rated to
500 Watts.

Torus Sputtering
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WPDE/PET139 pdl il Gun Connection
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- S Feet
N ] £ To Torus
RG8 A/U = d{lu“ 5 assembl
Cable from E Sw1tc3|19 =
Power Suppl PET] £
PPl 3 5 Feet
RG8 A/U )PE4482
cable

RG8A/U: Flexible RG8 Coax Cable Single
Shielded with Black PVC (NC) Jacket
hittps:/Awww.pasternack.com/images/ProductPDE/R
G8A-TT pdf
htps/iwww.pastemack.com/[lexible-0.405-rg8-52-
ohm-coax-cable-pve-jacket-rg8a-u-p.aspx

PE4482: N Male Right Angle Connector
Crimp/Solder Attachment For RG213,
RGE&

hittps://www pasternack com/images/Prod
uctP 82.pdf

hitps:/www pasternack.com/n-male-
standard-rg? 1 3-rg8-connector-ped482-
paspx

Figure 95 Electrical connections and upgradation set up for Dual Target TORUS Magnetron Gun

Foreword:

Kindly refer/study the manuals of every component of the system in case it is assembled
system. Additionally, study the behavior of precursors (SDS, MSDS, OSHA, GHS, etc).

Watch/study/assimilate/practice the general operational videos related to operation of
quarter turn valve, ball valve, needle valve, switching on vacuum pump, etc. separately (away from
the system), before operating the system. Watch the videos from manufacturer if available and
contact the manufacturer about the capabilities / compatibility of the equipment before proceeding
with the process. Sometimes the manufacturer may relinquish responsibility of the gases or
materials used for the system and suggest upgrading / new system / modifications.

Additionally, please study/read the manual and identify the different parts / components of
the sputtering system before operating the system. The wuse of spontaneously

flammable/pyrophoric ~ gases/materials  (silane, lithium, etc.) and the use of
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toxic/poisonous/radioactive gases (or gases/materials resulting in
flammable/pyrophoric/toxic/poisonous/radioactive gases/materials as by products, especially
arsenic, phosphorus, selenium, tellurium, chlorine, bromine, iodine, lanthanide, actinide series,
etc. and not limited to mentioned elements) is NOT AT ALL recommended for the system at
NECST laboratory.

Standard Operation Procedure: Dual Target Torus DC/RF Magnetron Sputtering
1.0pen Gas 1 (Ar-inside sputtering chamber) and Gas 2 (N2-to open the pneumatic valves, target
cover opening), start vacuum pump
2.Turn on GREEN button, Navigate Screen: Menu=» set system parameters Login: ADMIN,
Password: 100
3.Check parameters in all configurations (total 16)
4.Click on: Power button on machine
5.Select Target (open valve for desired target)
6.Remove targets and substrate holder
7.Put both the targets, substrate inside the chamber

Check water level, Switch ON Water (coolant)

Close the door screw
8.Click System Overview=>» Start vacuum

CG-2: Increasing, CG-1: Decreasing via roughing pump (pressure inside chamber)

HV is closed (no vacuuming inside chamber yet)

HV opened=>» Ultra vacuuming on

Leave it for ~ 30 mins

CG-2: Coming/pumping down
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When the frequency ~ 1200 Hz=» Turbo Pump will start (green)
9.Manual: Green i.e. active
10.Select Target 1, check/change time for spluttering, Select DC or RF mode
11.Select the direction of Black Knob on manual Switch direction
12.Stop on Screen (can resume again by clicking Start)
13.Click Vent
14.0pen the chamber door screw lock slowly
15.Power Button (red—on the machine—offt)
16.Water switch off
17.Gas valves, pump closed
18.Take out substrate

Disclaimer: The author of this document / dissertation along with the committee is not
responsible for the results and damages to the personnel / equipment / material / assets arising from
the use / practice of this operational procedure. Under the circumstances that any such type of
incident / event occurs the individual/organization requesting the procedure to be utilized and the
laboratory executing the procedure would be liable for any kind of damages incurred. Kindly
recommend the user to figure out with a law practicing individual / attorney / legal department of
the organization before employing the standard operating procedure.
Equipment Contact:
1. Anatech USA (PLC, electronics, pneumatics, plumbing, electrical)
2. Kurt J Lesker (Chamber / Torus Magnetron sputtering guns)
3. Bharat Gattu, NECST Lab / Dept. of Chem. & Petroleum Engineering (Upgradation of system,

semi — automation, connections, operation, thin film battery, solid state battery)
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