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Abstract

Effect of Fluoroethylene Carbonate on the
Electrochemical Battery Performance and
Surface Film Formation Mechanism of
Amorphous MoO, Lithium-lon Secondary

Battery Negative Electrodes

Jongwoo Park
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Lithium-ion secondary batteries (LIBs) are the most promising electrochemical
devices for energy storage system based on their superior energy storage performance. In
spite of their success, many intensive works have consistently been devoted to improve
capacity, energy and power density of LIBs by developing new electrode materials and
controlling stable interphase. Among the various electrode material candidates,
molybdenum dioxide (MoO,) has been reviewed as one of negative electrode materials
due to its attractive properties such as fairly low electrical resistivity, high thermal and

chemical stability. However, similar to other electrode materials, solid electrolyte



interphase (SEI) is also formed on MoO, electrode surface after repetitive galvanostatic
cycling. SEI formation is responsible for prolonged cycleability since it is an inevitable
side reaction that leads to battery performance degradation. Hence well characterization
and control of the highly ion conductive, mechanically and electrochemically stable, and
thin SEls are also required for MoO,-based LIBs.

In this research, the positive impact of fluoroethylene carbonate (FEC), a typical SEI
former additive, on the electrochemical battery performance and SEI formation
mechanism of nano-sized amorphous molybdenum dioxide (a-MoQO,) was investigated.
The various contents of FEC were combined in the electrolyte as an alternative co-
solvent to identify different SEI formation mechanism which can explain the
electrochemical behavior of a-MoO, electrodes. The capacity retention was enhanced as
a function of FEC concentration up to approximately 7% after 50 cycles. To explain the
electrochemical performance of a-MoO, in FEC-containing system, the surface
chemistry was characterized by using electrochemical impedance spectroscopy (EIS),
field emission-scanning electron microscope (FE-SEM), Fourier transform-infrared
spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). As a result of
successive reductive decomposition of FEC on the electrode surface, a highly ion
conductive, mechanically and electrochemically stable, and thin SEI was developed. It
originated from FEC-reduced products that are rich in polycarbonates and LiF. Based on
the findings, we identified the properties of the surface films and developed their
formation mechanism with and without FEC for ethylene carbonate (EC)-derived, FEC-
derived, and EC-/FEC-co-derived SEI, respectively. The identification of SEI formation

mechanism proposed herein might provide a good idea in understanding the effect of



FEC as an effectual alternative co-solvent for modifying the surface chemistry of typical
LIB negative electrodes. To the best of our knowledge, this is the first report on

identifying surface chemistry mechanism of a-MoO, negative electrode with FEC.

Key words: lithium-ion secondary batteries; amorphous molybdenum dioxide; solid

electrolyte interphase; fluoroethylene carbonate; surface chemistry.

Student Number: 2012-20947
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1. Introduction

1.1. Fundamentals of Energy Storage

A rapid development in the energy industry involved a new era of alternetive energy
sources and effective energy storage system. As the environmental challenge of global
warming resulted from the consumption of fossil fuel is growing more severe, the
importance of electrochemical energy conversion and storage devices for sustainable and
eco-friendly alternative energy and power sources is emphasized more than ever. To
break away from traditional energy generation methods and realize an eco-friendly
energy industry, it has become very important issue to establish a totally new energy
conversion and storage technology.

Richard E. Smalley expected that renewable energy sources, e.g. solar, wind, and
geothermal energy, will take up 50% of total energy supply by year of 2050. This
energy conversion issue cannot separately be discussed from energy storage method.
Because such alternative energy sources are sustainable but not continuous in everyday
life, it is essential to provide well-developed energy storage system to retain all the
advantages of renewable energy. Such a world’s energy breakdown requires new era of
advanced lithium-ion secondary batteris and/or other kinds of energy storage devices.

Lithium-ion secondary batteries, supercapacitors, fuel cells and other kinds of
secondary batteris are the typical electrochemical devices for energy storage system. In

Table 1.1, the various types of present and future secondary or rechargeable batteris and

1



their chemistries are listed. A variety of storage devices had developed their features and
performance accompanied with environmental impacts. There are many alternative
candidates of future battery system including sodium-ion, lithium-air, and lithium-orgnic
batteries. The trend of future battery system reflects academic and industrial efforts
toward the improvement in electrochemical battery performance, extension in
applications, as well as the environmental issues in materials and industry processes.
However, as shown in the table, despite of the several challenges facing lithium
chemistry, lithium-ion secondary batteries are the most promising system among the
established ones up to now.

Lithium-ion secondary batteries had received a great attention due to their high
specific capacity (3860 mAh/g) and energy density resulting from low atomic weight and
the lowest standard electrode potential (-3.04 V vs. NHE) of lithium. Therefore the
lithium-ion secondary batteries are comparatively small and light compared to other
storage devices or secondary batteries.[® Moreover they are relatively free in diversity of
active materials and regulation on the size of batteries. Along with these features,
lithium-ion secondary batteries became the most promising electrochemical device that
can satisfy the requirements of high energy and power capability. Nowadays lithium-ion
secondary batteries are extending their applications in portable electronic devices,
electric vehicles, implantable medical devices, building integration, and so forth!?! as
represented in Figure 1.1. In spite of the success of lithium-ion secondary batteries in the
energy storage market, many intensive works have continuously been devoted to
overcome critical challenges; high capacity electrode materials, new electrolyte materials,

enhanced energy and power density, and quality of interfaces at the electrode surface.
2



Table 1.1. The Various Types of Present and Future Secondary Batteries, and Their

Chemistries!?!!

Lead-acid Poor energy density, moderate power rate, High-temperature cyclability limited
(established)  low cost Lead is toxic but recycling is efficient to 95%
Applications: large-scale, start-up power,
stationary

Zinc-air Medium energy density, high power density ~ Mostly primary or mechanically
(established)  Applications: large-scale rechargeable
Zinc smelting not green, especially if primary
Easily recyclable

Lithium-air High energy density but poor energy Rechargeability to be proven
(future) efficiency and rate capability Excellent carbon footprint
Technology amenable to a low cost Renewable electrodes
Applications: large-scale, preferably Easy recycling
stationary

Al-CF, (future) Predicted: moderate energy density, power  Aluminium and fluorine are green but
density unknown industries are not
Recyclable
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Figure 1.1. Various application fields of lithium-ion secondary batteries. Excerpted from

the website of Panasonic, Panasonic’s Battery Business.



1.2. Lithium-lon Secondary Batteries

As the electronics become miniaturized, the batteries of small size and long-term
stability are required as well as the energy and power density, safety, reliability, and cost
issues. Based on their simple operating system accompanied with superior performance
to the other competitors, lithium-ion secondary batteries have been adopted as major

power sources in recent studies.

1.2.1. Lithium-lon Secondary Battery System

Figure 1.2(a) exhibits the fundamental operating system of the lithium-ion secondary
batteries. An external electrical energy is provided into the cell during charge process.
Lithium ions are extracted from the positive electrode and transferred to the negative
electrode through the electrolyte. At the end, lithium ions combine with electrons in the
negative electrode, and hence are stored as lithium atoms. An exact reverse reaction
occurs during spontaneous and galvanostatic discharge process.

The commercialized insertion type positive and negative electrodes are LiCoO, and
graphite, respectively. In discharge process, the negative electrode undergoes anodic
reaction and positive electrode follows cathodic reaction. The following equations

describe chemical reactions that occur while charge/discharge process at each electrode.

Discharge: Positive electrode; 2Li;sC00, + Li* + e — 2LiCoO, (reduction)



Negative electrode; LiCs — 6C + Li* + e (oxidation)
Charge: Positive electrode; 2LiCo0O, — 2LiysC00, + Li* + € (oxidation)

Negative electrode; 6C + Li* + & — LiCg (reduction)

According to the above reactions, the extracted lithium ions from negative electrode
move toward positive electrode while discharging, and vice versa while charging. Such
behavior of lithium ions in battery system is so called rocking chair mechanism.®® Since
the ions are extracted from and inserted into the host electrode materials, there are no
accumulations resulting from battery reaction. Moreover the active materials and
electrolyte are retained throughout the entire cycling because the main operating
mechanism only involves lithium ion transportation. De-/intercalation of lithium ions
from and into the host materials can generally be classified into three groups; insertion
reaction, alloying reaction, and conversion reaction. Each mechanism requires different
lithium chemistry and results in different electrochemical behaviors of battery.

The current researches focus not only on the individual components but also on the
total system of batteries. One of the most interested phenomena in the system is the
quality of interfaces, e.g. electrode and electrolyte. This interfacial issue or the formation

of surface film so called solid electrolyte interphase (SEI) will be reviewed further in this

paper.

1.2.2. Lithium-lon Secondary Battery Components



Commonly, the lithium-ion secondary batteries are composed of the negative electrode
(or anode), positive electrode (or cathode), electrolyte, and the separator as schematically
illustrated in Figure 1.2(b). For a superior electrochemical performance of the batteries,
each component must serve sufficient roles and be in harmony. The commercialized
major active materials for negative and positive electrode are graphite and LiCo;,M,O,
substituted by other atoms in position of M, respectively. Figure 1.3 briefly summarizes a
variety of positive and negative electrode materials along with their specific capacity and
working voltage. A fundamental review in the working principles and types of electrode

materials, and the electrolyte is employed in this chapter.

1.2.2.1. Positive Electrode Materials

Positive electrodes serve as cathodes for discharge process, which implies that lithium
ion insertion or lithium ion reduction occurs at the surface. They can roughly be
categorized into lithium-free and lithium-containing compounds. Mostly, these materials
have tunnel or layered structure where lithium is able to move between or de-
lintercalated, respectively. Typical examples of positive electrode materials are layered
rock salt structure LiCoO,, spinel structure LiMn,O,, and olivine structure LiFePO,.
Positive electrode materials require spaces for lithium ion diffusion inside their structure,
and their structural difference critically affects lithium ion diffusion path. The olivine,
layered, and spinel structures adapt 1-dimensional, 2-dimensional, and 3-dimensional

diffusion pathway, respectively, which may affect the power capability.



The use of Li,CoO, as positive electrode materials was suggested for the first time in
1980 and commercialized in the practical devices. LiCoO, has hexagonal layered
structure with alternate cobalt and lithium layer. Lithium ions can move between these
layers. LiCoO, has high operating voltage, and thereby obtains stable cycle performance.
However, the deposits of cobalt are rare in universe. Moreover the phase transition to
monoclinic lattice structure, which is caused by the degree of lithium reaction, leads to
structural instability. To overcome such drawbacks, dioxides of the transition metals, e.g.
V, Cr, Fe, Ni, are of interest as alternative positive electrode materials.

LiMn,Oy, is a typical example of the spinel structure (AB,O, structure) that has been
noticed much due to its facile synthesis and cheap price. During the lithium reaction,
spinel structure expands isotropically maintaining the cubic structure. It has more stable
structure compared to layered structure which undergoes anisotropic volume expansion
as cycle proceeds. In spite of its less volume change, it suffers from Jahn-Teller distortion
due to low oxidation state of manganese that leads to limited cycle performance.

LiFePQ,, the olivine structure, is regarded as the first positive electrode material with
potentially low cost and plentiful elements and also environmental friendliness. LiFePO,
shows no critical capacity fading as well as high capacity compared to other materials. A
major drawback is its poor electronic conductivity. This is a general characteristic of
material containing the poly-anion such as PO,* that leads to severe polarization during
discharge. It can be improved by carbon coating, doping with heterogeneous atom, and

using nano-sized particles."

1.2.2.2. Negative Electrode Materials
8



Lithium metal was initially used as negative electrode material for lithium secondary
batteries. It could attain high energy density due to the low operating voltage and high
specific capacity, but lithium dendrite was formed during repetitive charge/discharge
process as a result of inhomogeneous lithium deposition. The lithium dendrite
continuously grows and damages the separator, and contact with positive electrode. The
internal electrical short leads to risk of ignition or explosion. Thereof in terms of safety
issue, lithium metal is replaced by the materials that contain lithium ion or that can react
with lithium ions. The de-/intercalation or de-/alloying mechanism of lithium ions
governed by rocking chair mechanism had improved safety of the batteries.

Carbon negative electrode materials have been adopted as major material in typical
lithium-ion secondary batteries since the first commercialization by SONY in 1990s. Up
to now, carbons are used as the typical negative electrode material due to their higher
specific charges and more negative redox potentials (0.1 ~ 0.2 V vs. Li/Li*) compared to
other materials, and their better dimensional stability than lithium alloys. Carbon
materials possess superior conductivity and can roughly be classified into various forms,
e.g. graphitic, non-graphitic carbons, depending on the heat treatment temperature.
Among the several candidates, graphite shows excellent stability under repetitive cycling.
However, it has poor theoretical specific capacity, 372 mAh/g.

To increase the specific capacity, lithium alloy materials, e.g. Si, Sn, Ge, Ga, Al, and
transition metal oxides, e.g. MoO,, TiO,, V,0s, had been considered as alternative
negative electrode materials. The metallic or semiconducting elements which can alloy

with lithium ions over 0 V vs. Li/Li* at room temperature exhibit higher specific capacity
9



compared to graphite up to over 10 times. However, these materials have an intrinsic
drawback of severe volume change during repeated charge/discharge, which leads to
electrical disconnection, electrode disintegration and following abrupt capacity fading.
Nano-sized materials were suggested to reduce the massive volume change. Moreover,
the composite with alloy and inactive matrix have been studied to prevent pulverization
of particle and to maintain electrical pathway.

To overcome the demerits of lithium alloying materials, the intermetallic compounds
or transition metal oxides are also considered as electrode materials. Transition metal
oxides can be divided by two categories according to their reaction mechanism; insertion
and conversion reaction. These electrodes exhibit lower theoretical specific capacity
compared to that of metal electrodes. But the metals of lower reactivity or lithium oxide,
which are inactive matrix, serve as buffer material during lithium ion de-/lithiation. They
can release the stress that originates from volume expansion. The general demerits of
these materials include a large hysteresis between charge and discharge voltage, severe
volume change upon cycling, and a large irreversible capacity evolved at the first cycle.
These intrinsic drawbacks originate from an incomplete delithiation or oxidation of

metal/LiX nanocomposite.

1.2.2.3. Electrolyte

Electrolyte is a medium for lithium ion transport between the positive and negative

electrodes. The interfaces between the electrolyte and the two electrodes are the only

10



locations where electron exchanges can occur, thus generating a steady orientation flow
of electrons via an external circuit. Hence the electrolyte must simultaneously be an ion
conductor and an electronic insulator.

In electrolytes, lithium salt, e.g. LiPFg, LiClO,4, LiAsFg, is dissolved in non-aqueous
solvent. The fundamental qualifications include wide electrochemical stability window,
high boiling point, low freezing point, and thermal stability to remain inert during the
lifetime of the device. The most important of requirements for the electrolyte in lithium-
ion secondary batteries is its ion conductivity. For the selection of electrolyte solvents,
the dielectric constant and viscosity of them must be considered. Carbonate based
electrolyte should possess high dielectric constant for easy ionization of lithium salts and
proper viscosity for high lithium ion conductivity, respectively. An appropriate
combination between the degree of lithium ion dissociation and ease of ion transport can
satisfy a fine level of lithium ion transport. The cyclic carbonates, e.g. ethylene carbonate
(EC), propylene carbonate (PC), incorporate high dielectric constant and viscosity due to
the presence of electron conjugation structure around the carbonate. Whereas the linear
carbonates, e.g. diethyl carbonate (DEC), dimethyl carbonate (DMC), exhibit low
viscosity and high conductivity due to low bulk hindrance from the atomic structure.
However their attached group on linear carbonates cannot serve as electron polarization,
and thereby possess low dielectric constant.’?® Based on these facts, the cyclic and linear
carbonates are properly mixed to accomplish high dielectric constant and low viscosity,
and be used as electrolyte solvent. The organic carbonates and esters applied as
electrolyte solvents are listed in Table 1.2,

The properties of electrolyte are responsible for better electrochemical battery
11



performance; the facilitate formation of surface film on the electrode surface, reduction
in irreversible capacity and gas generation for side reaction, protection of cathode
materials from dissolution and overcharge, and so forth. Furthermore, for better battery
safety, the lower flammability of organic electrolytes, increase in overcharge tolerance,

and the termination of battery operation in abuse conditions are necessary.
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Figure 1.2. (a) The fundamental operating system of lithium-ion secondary batteries®

and (b) the basic components in the battery system.
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Table 1.2. Organic Carbonates and Esters as Electrolyte Solvents

[26]

Solvent Structure M.Wt T,/°C Ty °C  n/cP € Dipole T/°C  d/gem™,25°C
25°C 25°C Moment/debye
EC Q_, 88 36.4 248 1.90, 89.78 461 160 1.321
(40°C)
PC \Ez 102 -488 242 2.53 64.92 4.81 132 1.200
BC 116 -53 240 3.2 53
YBL 0_0 86 -43.5 204 1.73 39 4.23 97 1.199
YL A 100 -31 208 2.0 34 429 81 1.057
NMO 1 101 15 270 25 78 452 110 1.17
DMC 90 4.6 91 0.59 3.107 0.76 18 1.063
- (20 °C)
DEC J\ 118 -743° 126 0.75 2.805 0.96 31 0.969
o o
EMC /\nj\ 104 -53 110 0.65 2.958 0.89 1.006
o~
EA /g\ 88 -84 77 0.45 6.02 3 0.902
o
MB 102 -84 102 0.6 11 0.898
/\/to/
EB v 116 93 120 0.71 19 0.878
/\io/'\
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1.3. Transition Metal Oxide Negative Electrodes

1.3.1. General Properties of Transition Metal Oxide Materials

Among the wide range of negative electrode materials as already been reviewed in
previous chapter, e.g. graphite, Si, Sn, and transition metal oxides, transition metal oxides
exhibit competitively high specific capacity and fine mechanical stability of their
composite electrodes. Lithium ion intercalation of transition metal oxides is governed by
either insertion or conversion reaction as schematically represented in Figure 1.4. Such
lithium ion chemistry depends on the degree of native bond strength between metal and
oxygen.

Early transition metal (e.g. Ti, V, Cr, Zr, Nb, Mo) oxides undergo insertion reaction
with lithium ions at room temperature due to strong bond between transition metal and
oxygen. In the case of insertion reaction, lithium ions de-/intercalate from and into the
host metal oxide lattice with metal-oxygen bonds maintained. For a long time, numerous
insertion or intercalation materials have been proposed as both of positive and negative
electrode materials in lithium-ion secondary battery systems. Hence the electrode
structure is retained but specific capacity is limited to a certain degree.

On the other hand, late transition metal (e.g. Mn, Fe, Co, Tc, Ru, Rh) oxides can
reversibly react with lithium ions by conversion reaction at room temperature due to
weak bond between transition metal and oxygen. In the case of conversion reaction, the

lattice structure of the host metal oxide is changed due to metal-oxygen bond breaking.
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Despite of the possibility of collapse of electrode structure, conversion reaction
mechanism guarantees extended capacity based on complete reversible reaction of active
material. These materials have attracted much interest owing to the following merits;
larger reversible capacity, electrochemically-driven metal/Li,O nanostructure which
enables the re-oxidation of metal, and the possibility of good cycle performance based on

the following general equation.®!

MX +nLi* +ne” — M + nLiX (M: transition metal)

The relevant studies show that a corresponding uptake of lithium ions transforms the
transition metal oxide into M/Li,O nanocomposite in which 2 ~ 5 nm metal grains are
embedded in an amorphous Li,O matrix. Li,O shows an unusual reactivity at room
temperature in such cases. It is contributed to the formation of extremely small
separation distances between Li,O and metal nanograins.?! It implies that the conversion
reaction of transition metal oxides with lithium ions is thermodynamically feasible in
non-aqueous electrolyte systems.

Crystallinity of the materials also affects lithium ion chemistry. The crystalline
structure exhibits crystallographically restricted lithium ion storage sites, and thereby
results in limited specific capacity. On the other hand, the counterpart amorphous
structure possesses disordered atomic-scale structure provided with cation vacancies and
defects sites that leads to additional lithium ion storage sites inside the active material.
Therefore the amorphous structure is preferred to obtain higher theoretical specific

capacity.
17



1.3.2. Molybdenum Dioxide

Molybdenum dioxide (MoO,) is one of the transition metal oxides that have
consistently been reviewed as a negative electrode for lithium-ion batteries. MoO, has
several attractive properties such as fairly low electrical resistivity, high thermal and
chemical stability.®®! There have been many trials on the modification of MoO, electrode
structure (Figure 1.5) to maximize its advantages. However, lithium ion intercalation for
MoO, is limited to the insertion reaction or one-electron redox reaction at room
temperature due to the strong bond between transition metal and oxygen that leads to low
specific capacity.®*'” The large activation energy for breaking the bond between metal
and oxygen leads to difficulty in realizing conversion reaction for MoO, at room
temperature.

To overcome such a drawback and extend the lithiation to the conversion reaction,
downsizing the material to nano-scale®®®*** and amorphization of the material™*?% are
considered to be proper approaches. Then the reversible reaction of nano-sized
amorphous MoO, (a-Mo0O,) with lithium ions is governed by the following theoretical

four-electron redox conversion reaction at 25°C.5

MoO, + 4Li" + 4e” <> Mo + 2Li,0 (theoretical specific capacity of 838 mAh/g)

It results from the lowered onset temperature for conversion reaction and extra lithium

ion storage sites provided with its structural defects such as vacant sites that significantly
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enlarge the specific capacity. In fact, a lattice structure change due to the conversion
reaction™ and a massive volume change of typical transition metal oxides,
approximately 100%, have been reported on repetitive cycling which is responsible for
electrode degradation.”?! In spite of the chance of electrode degradation, its modified
lithium chemistry allows large specific capacity along with original merits of a-MoO,

active material.
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Figure 1.4. Schematic representation of lithium ion reaction mechanisms during charge
and discharge process; insertion and conversion reaction. The insertion reaction
demonstrates a maximum of one electron transfer per transition metal designated as M,

whereas the conversion reaction can transfer 2 to 6 electrons.!
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Figure 1.5. Various types of modified structure of MoO, electrode; (a) layer-by-layer

assembled MoO,-graphene thin film®3], (b) core-shell MoO, hierarchical microcapsulel®,

and (c) carbon coated MoO, nanobelts®®".
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1.4. Solid Electrolyte Interphase

Improving the cycle performance involves stabilizing two critical components of the
battery electrodes; the active materials and their interfaces with the electrolyte, SEI. The
very first definition of SEI is stated as a passivating layer between an electrode and the
electrolyte that arises from the reductive decompositions of a small amount of organic
electrolytes by E. Peled. The surface film formation on graphite negative electrodes and
their composition have already been thoroughly investigated.?**¢1 Controlling the SEI
formation mechanism accompanied by the surface chemistry modification is an essential
step in optimizing the combination of electrode-electrolyte for lithium-ion secondary

batteries.

1.4.1. SEI Formation in Battery System

The surface film formation occurs on any form of lithiated negative and positive
electrodes due to the fact that the operating potentials of these electrodes are out of
electrochemical stability window of electrolyte implying the organic electrolyte solutions
are thermodynamically unstable.? It results in reduction and oxidation of electrolyte
species on negative and positive electrode surface, respectively. A typical illustration of
SEI formation mechanism in battery system and the chemical structure of SEI are shown
in Figure 1.6. It mainly consists of insoluble reduced solid products such as lithium alkyl

carbonates, lithium carbonate, lithium alkoxide, polycarbonates, and ethers®® as a result
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of electrolyte solvent decomposition. These surface films grow to a certain thickness, and
serve as an electronic insulator but an ion conductor. Thus lithium ions can be
intercalated into the electrode material through the surface film without degrading the
host lattice structure.®”

The surface films are heterogeneously grown throughout the entire cycling even at low
rate that can suppress further reaction between the electrolyte species and electrode as
well as the surface oxidation of electrodes. On the other hand, since the film formation is
a continuous and inevitable side reaction that results in cell degradation with internal
impedance rise, capacity and power fading, such a process is an important factor that is
responsible for advanced cycleability. Therefore the interphase control must focus on
the foundation on which lithium ion chemistry could operate reversibly by satisfying
several requirements; high ion conductivity, uniform morphology and chemical
composition, good adhesion to electrode surface, thin thickness, fine mechanical strength
and flexibility, and low solubility in electrolytes.” The relevant reports on surface
chemistry emphasize that the property of SEI critically affects the electrochemical
battery performance, and thereby well characterization and control of the films with
physical and chemical methods are crucial issues for lithium-ion secondary batteries."!

In recent relevant studies of interfaces, the artificial SEls are also interested, as
depicted in Figure 1.7. A development of a water-stable artificial ceramic SEI in the
aqueous system is proposed. This solid state lithium-ion conductor is somewhat different
from the complicated natural SEI formed by reduction of the electrolyte.®™ Atrtificial
SEls have advantages in improving the cell performance by reducing irreversible

capacity loss due to surface film formation. However the retention of sufficient lithium
23



ion conductivity in terms of ion conducting film is the most challenging issue in realizing

the artificial SEls.
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Figure 1.6. (a) Schematic illustration of the SEI formation mechanism via the
decomposition of non-aqueous electrolyte solvents in battery system.® (b) Schematic

presentation of a polyhetero microphase SEI on lithium or carbon electrode.®
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Figure 1.7. Schematic drawing of the lithium metal-electrolyte interface choices. Both of
the complicated natural SEI formed by reduction of the electrolyte and an artificial SEI,

e.g. lithium-ion conducting ceramic, are shown as examples.
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1.4.2. SEI Former Additives

Figure 1.8 demonstrates the schematic diagram of the reduction mechanism of
electrolyte solvents and optional additives included in electrolyte at the negative
electrode surface. The intercalation of solvated lithium ions into conventional graphite
negative electrode occurs at 0 ~ 0.2 V vs. Li/Li*. However an unexpected reaction
between lithium ions and electrolytes, generally at the voltage range of 0.4 ~ 0.9 V vs.
Li/Li", arise since the reduction potential of organic solvents, e.g. EC (Figure 1.9(a)),
DEC, DMC, are far above than that of lithium ion intercalation into graphite. This step
corresponds to SEI formation or generation of the reduced solid products, where the
conventional carbonate-based electrolyte decomposition occurs at around 0.5 V vs. Li/Li".

To obtain high quality interface, the change of surface species by using organic
additives is regarded as one option. From this vantage point, a use of SEI former
additives is widely being studied for prolonged cycle performance accompanied with
surface chemistry modification.”® The presence of SEI former additive molecular
moieties in the SEI modifies the entire property and/or chemical structure of the surface
films derived by a significant change in the surface reaction. They are reported to be
effective in the formation of mechanically and electrochemically stable, highly ion
conductive, and thin films. To select and design the appropriate additives for SEI at
negative electrode, the reduction tendency of functional materials must be investigated. It
is possible to theoretically predict the electrochemical reduction and oxidation tendency

through the molecular orbital energy of molecules without experiments. A compound
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with a low lowest unoccupied molecular orbital (LUMO) energy value is a good electron
acceptor and decomposes more easily at the surface of negative electrode, which forms
negative electrode-protecting SEI. This is so called reduction type additive, one of the
typical example of SEI former additives.

The reduction type additives undergo preferential electrochemical reduction to
electrolyte solvents and form the preliminary film on active material due to their lower
LUMO energy level or higher reduction potential.” The reduction potential of reduction
type additives are slightly higher than that of carbonate solvents, around 0.8 V vs. Li/Li".
The preferentially formed SEI via reduction type additives stabilizes the negative
electrode-electrolyte interface at low potential of 0 V vs. Li/Li*. These materials include
fluoroethylene carbonate (FEC), vinylene carbonate (VC), vinyl ethylene carbonate
(VEC), and vinyl acetate (VA).

FEC depicted in Figure 1.9(b) is a typical reduction type additive, and it is also
considered as an alternative co-solvent in electrolyte for a variety of negative
electrodes.?**“2 The adsorption of FEC-reduced products such as polycarbonates or
poly(VC), depicted in Figure 1.9(c), onto active sites of electrode surface assists
formation of high quality SEI, and thereby results in the promotion of battery
performance. The consecutive chemical reactions to generate polycarbonate are
represented in Figure 1.9(d) and (e). The reductive decomposition mechanism of FEC
brings out VC and HF molecules generation followed by electrochemically induced
polymerization of VVC obtained from the precedent reaction owing to a double bond
contained in the molecule.®*2 When the FEC-reduced products are successfully formed

at electrode surface, it may lead to a significant impact on the surface film properties.
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Figure 1.8. Schematic diagram of the reduction mechanism of electrolyte solvents and

additives at the negative electrode surface.
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(d)

Figure 1.9. Chemical structures of (a) EC, (b) FEC, and (c) poly(VC). (d) Reductive
decomposition of FEC followed by (e) electrochemically induced polymerization of

VC™®!, The resulting VC and HF from a successful FEC decomposition form insoluble

and stable products as the preliminary SEI nuclei.
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1.5. Purpose of the Study

In this paper, the positive impact of FEC, reduction type SEI former additive, on the
electrochemical battery performance and surface chemistry of nano-sized a-MoO,
negative electrode prepared via chemical reduction was investigated. FEC was added in
electrolytes as a co-solvent with various contents. The electrolyte system could roughly
be classified into FEC-free and FEC-containing system. FEC-containing system is
categorized by FEC-based electrolyte that EC is totally replaced with FEC and EC/FEC
coexisting electrolytes. The electrochemical battery performance, especially a prolonged
cycleability, of a-MoO, negative electrodes as a function of FEC concentration was
investigated.

To find out the underlying relationship between electrochemical behavior of a-MoO,
and FEC involvement, identification of surface chemistry modification depending on the
electrolyte system was necessary. The surface characterization was conducted to have an
insight into a successive reductive decomposition of FEC on the electrode surface.
Electrochemical impedance spectroscopy (EIS), field emission-scanning electron
microscope (FE-SEM), attenuated total reflection Fourier transform-infrared
spectroscopy (ATR FT-IR), and X-ray photoelectron spectroscopy (XPS) were employed
in the characterization.

Based on the findings in electrochemical battery performance and surface
characterization, we developed the SEI formation mechanism of EC-derived, FEC-
derived, and EC-/FEC-co-derived SEI. A fine understanding of each film properties and

their formation mechanism is able to explain the battery performance accompanied with
31



each surface films. The identification of such mechanisms proposed herein might provide
a good idea in understanding the effect of FEC as an effectual alternative co-solvent for
modifying the surface chemistry of typical lithium-ion secondary battery negative
electrodes. To the best of our knowledge, this is the first report on identifying surface

chemistry mechanism of a-MoO, negative electrode with FEC.
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2. Experimental

2.1. Amorphous MoO, Electrode Preparation

Reduction of aqueous K,MoO, with proper reducing agent solution at ambient
temperature has been investigated to obtain lower valence molybdenum oxides, e.g.
MoO,. Alkali metal borohydrides such as NaBH,; and KBH, can be used as effective
reducing agents in aqueous solutions to obtain reduced transition metal oxides. Only
MoO, has been obtained as single-phase product while many compounds are formed
during reduction process. The products formed are amorphous in nature, and thereby may
become attractive for battery electrodes, catalysis, sensors, optoelectronics, and so

forth,[156]

2.1.1. Amorphous MoO, Synthesis

a-MoO, particles were synthesized via generally reported chemical reduction.!**3

Mo® aqueous solution (0.25 M K,MoO, precursor/distilled water) was reduced by
separately prepared reducing agent solution (2.5 M KBH,/dilute KOH) to obtain Mo** or
MoO,. Reducing agent solution was slowly injected into precursor solution with
hydrochloric acid to form reaction mixture. High pH of reaction mixture caused by KOH
solvent is necessary to suppress hydrolysis of borohydride, and prevent rapid loss of

hydrogen and of reducing power of borohydride.®? Meanwhile hydrochloric acid
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addition is essential to attain and maintain a target pH value of reaction mixture. A
decrease in pH of reaction mixture intensifies condensation of MoO,* ions, and the
nano-sized particles can be obtained at pH 2. Then the repeated filtering and washing of
black colored MoO, precipitates obtained from the reaction mixture were followed. The
residuals of reducing agent and HCI were washed out to success in desired size and
valence of MoO, particles. The precipitates were dried at 80°C for overnight and at
300°C under vacuum condition for 2 hours for amorphization of them. A schematic
diagram of overall procedure of a-MoO, synthesis is presented in Figure 2.1(a). X-ray
diffraction (XRD) and FE-SEM were employed for characterization of as-synthesized

particles.

2.1.2. Electrode Fabrication

The a-Mo0O, composite electrode was fabricated by casting the slurry on 10-um-thick
Cu foil using doctor blade. The slurry consisted of a-MoO, active material particle,
Super-P conducting agent, and polyvinylidene fluoride (PVdF) binder (7:2:1 in wt%)
dispersed in N-methyl pyrrolidone (NMP). Then it underwent drying at 120°C in vacuum
and pressing for the improvement of adhesion strength to the Cu current collector. A
schematic diagram of composite electrode and its fabrication process is briefly depicted
in Figure 2.1(b). FE-SEM was employed for characterization of as-fabricated electrode.
In addition, energy dispersive X-ray spectroscopy (EDS) mapping was conducted to

observe the dispersion of active material and its composites on electrode surface.
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2.2. Electrochemical Characterization

2.2.1. Galvanostatic Battery Cycling

The electrochemical half-cell tests were conducted with 2032-type coin-cells (Figure
2.2), which was assembled in argon-filled glove box. a-MoO, electrode (1.1 cm in
diameter) and Li foil (Cyprus Co.) were employed as working and counter/reference
electrode, respectively, and polypropylene/polyethylene/polypropylene tri-copolymer
(Celgard™) was used as a separator. After assembly, the cells were stored at room
temperature for a day to ensure the complete impregnation of the electrodes and
separators with electrolyte. 1.3 M LiPFg was dissolved in the mixture of EC/FEC/diethyl
carbonate (DEC) at various volume ratios for electrolyte systems. In this research, FEC
was added as a main and/or co-solvent in the electrolytes and varied in its contents. A
detail composition of each electrolyte is listed in Table 2.1; EC-based F00 system (1.3 M
LiPFs/EC:DEC = 30:70 vol%), FEC-based F30 system (1.3 M LiPF¢/FEC:DEC = 30:70
vol%), and EC/FEC coexisting F20, F10 system (1.3 M LiPF¢/EC:FEC:DEC = 10:20:70
vol%, 1.3 M LiPF¢/EC:FEC:DEC = 20:10:70 vol%). The galvanostatic charge/discharge
cycling was conducted at constant current density of 100 mA/g and cut-off voltage of
3.00 V ~ 0.01 V (vs. Li/Li") using an automatic battery cycler (WBCS3000, WonA Tech.
Co.) at room temperature, 25°C. In this paper, lithiation and delithiation refer to charge

and discharge process, respectively.
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2.2.2. Electrochemical Impedance of Charge Transfer

EIS was applied to investigate the interfacial lithium ion charge transfer resistance.
The main problem associated with EIS measurements is the ambiguous interpretation of
the spectral features.'®® Nevertheless, EIS can be an efficient technique for comparing the
general behavior of electrode-electrolyte interfaces. Alternating current (AC) impedance
of the coin-cells was potentiostatically measured (Parstat 2273) in the frequency range of
0.1 Hz ~ 100 kHz and AC voltage amplitude of 5 mV. Impedance spectra were measured
at the state of equilibrium potential, 2.0 V, after delithiation to guarantee equivalent state

of discharge.*”! The interpretation was possible after spectra fitting by Z-view program.

2.3. Surface Analysis

After electrochemical analyses, a-MoQO, electrodes were removed from the coin-cells
and rinsed with dimethyl carbonate to eliminate residual electrolyte. The microscopic and
spectroscopic investigations were employed for surface chemistry characterization of the
cycled electrodes after certain cycles. FE-SEM was used for microscopic observation of
SEI morphology and electrode structure. Qualitative analysis of chemical composition of
surface films was accomplished by ATR FT-IR (Nicolet 6700) and XPS (Sigma Probe).
Additionally, the thickness of surface films derived by different electrolyte components
could be indirectly estimated with XPS spectra. All of the surface characterizations were

carried out in the state of delithiated a-MoO, electrodes in ex-situ mode.
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Figure 2.1. (a) Schematic diagram of amorphous MoO, synthesis procedure. (b)

Schematic diagram of composite electrode fabrication process and its configuration.
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Figure 2.2. Schematic diagram of 2032-type coin-cell.
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Table 2.1. Electrolyte Conditions with Various FEC Contents. FOO Stands for FEC-free

System and The Rest of Electrolytes Are FEC-containing System with A Gradual Change

in FEC Concentration

Electrolyte Li salt Organic solvents (in vol%o)
abbreviation EC FEC DEC
FOO 30 - 70
F30 1.3 M - 30 70
F20 LiPFs 10 20 70
F10 20 10 70
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3. Results and Discussion

3.1. Electrode Characterization

a-MoO, particles were obtained from the prepared reaction mixture of Mo®" aqueous
solution and reducing agent solution. The crystallinity and oxidation state of the active
material was analyzed by XRD. The oxidation state of the synthesized a-MoO, can be
estimated by crystallization of a-MoO, (c-Mo00,). c-Mo0O, was obtained by annealing a-
MoO, at 600°C in argon atmosphere for 4 hours. Figure 3.1(a) shows each sample of a-
MoO; and ¢c-Mo0..

XRD peak for as-synthesized a-MoO, particle (Figure 3.1(b), blue line) demonstrates
a broad pattern, indicating that the synthesized MoO, particles were amorphous. XRD
pattern of c-MoO, is shown as a red line in Figure 3.1(b). The patterns nearly correspond
to those of the monoclinic MoO, phase (MoO, JCPDS No. 32-0671). However a
marginal amount of the other reduced chemical of molybdate solution, M0,Oy;, is
detected along with MoO, phase. It is contributed to the partial insufficient reduction of
Mo® during the synthesis and/or a slight surface oxidation of metastable MoO, in
air.®*™ Figure 3.1(c) demonstrates the FE-SEM image of the nano-sized material in size
of approximately 100 nm.

The composite electrode fabricated with a-MoO, nanoparticle exhibited roughly 40
um in thickness (Figure 3.2(a)). The electrode showed a good bonding between active

material composite and current collector, and continuous contact of the composites. A
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fine surface morphology without much of agglomeration among the particles was
confirmed from the surface image of the as-fabricated electrode (Figure 3.2(b)). The
uniform dispersion of active material and other components is an important factor for an
even current flow inside electrodes and to prevent local over(dis)charge. To support a
good dispersion of the slurry, EDS mapping was additionally conducted. The
homogeneous distribution of a-MoO, and other components of slurry were observed as
shown in Figure 3.2(c). The elements of interest were Mo, O, C, and F. Mo and O, C, and

F were originated from active material, conducting agent, and PVVdF binder, respectively.
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Figure 3.1. (a) Sample images of c-MoO, (left) and a-MoO, (right) particles. (b) XRD
patterns of a-MoO, (blue line) and c-MoO, (red line) particle. (c) Microscopic
investigation of as-synthesized a-MoO, particles, which exhibited the size of

approximately 100 nm.
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As-fabricated a-MoO, electrode

(©)

Figure 3.2. FE-SEM images of (a) cross-sectional and (b) surface view of the as-

fabricated a-MoO, composite electrode. The cross-section image is obtained after cross-

sectional polishing in argon. (¢) EDS mapping of the as-fabricated electrode.
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3.2. Electrochemical Battery Performance

3.2.1. Electrochemical Behavior

From the reversible reaction of a-MoO, nanoparticle with lithium ions, the nano-sized
molybdenum metal particles that are dispersed in the Li,O matrix are formed by
lithiation but restored to the original oxides by delithiation.”***" Figure 3.3(a)
demonstrates voltage profiles obtained from each electrolyte system. The sloping voltage
profiles indicate lithium ion storage sites are continuous and electrochemically
nonequivalent in active material, which has amorphous disordered atomic-scale
structure.®® From the differential capacity plot (Figure 3.3(b)), the chemistry change
responsible for lithium ion storage behavior and phase transformation of active material
during cycling could be informed. The conversion reaction plateau was observed from
lithiation peak at around 0.4 V, which was attributed to the reaction of a-MoO, ((1)). The
conversion reaction for the second and consecutive lithiation of typical transition metal
oxides differ from that of the first lithiation due to the formation of intermediates./®! In
the same manner, the plateau of its structurally transformed intermediate oxide, M0O,;s,
is a bit shifted ((2)). The two amorphous delithiaion peaks ((3), (4)) appeared throughout
electrochemical cycling. It is ascribed to the maintenance of amorphous structure after
repeated full charge and discharge without transition to crystalline phases.®**"!

Figure 3.4 shows the specific capacity, coulombic efficiency, and discharge capacity

retention of a-MoO; negative electrode cycled in four different electrolytes. Superior

4 4



reversible capacities in the presence of FEC can be explained by reduction in lithium ion
consumption during the first cycle for SEI formation and/or lithium ion trapping inside
the a-MoO, matrix.*"! A close investigation of initial specific capacity in each electrolyte
informed that the first delithiation capacity was slightly increased as a function of FEC
content. Since FEC-containing system reduces irreversible capacity loss for surface film
formation, it could enhance the reversible reaction of lithium ions with active material. It
is also reflected in the coulombic efficiency. Coulombic efficiency is closely related to
the interfacial issues since it originates from lithium ion migration across the surface
films along with lithium solid diffusion in active material. Coulombic efficiency of cells
cycled in FEC-containing system was close to 99%, which was higher than that of FEC-
free system. It implies the surface films formed in the presence of FEC allowed easy and
fast lithium ion migration. Finally a-MoO, cycled in FEC-containing system resulted in
promotion of discharge capacity retention as a function of FEC content (Figure 3.4(c)). It
is clear that the more FEC involved in the electrolyte, the better the cycling performance.
Especially when EC was totally replaced by FEC, the capacity retention was 82.75%
after 50 cycles, which was about 7% higher than that cycled in FOO electrolyte. A
promotion in cycleability and other electrochemical behavior with FEC addition must
originate from the surface reaction modification.

A superior film must possess appropriate ion conductivity, mechanical and
electrochemical stability, and so forth throughout the cycling, which minimizes the
battery degradation. To have an insight into the underlying relationship between the
battery performance and superior SEI formation, the surface characterization was

conducted.
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3.2.2. Electrochemical Impedance Spectroscopy

The kinetics of lithium ion migration across interfaces in battery system can be
measured with EIS technique. Nyquist plot consists of two semicircles in high frequency
region that attributes to charge transfer process and a sloped line in low frequency region
related to mass transfer process of lithium ions. Semicircles in high frequency region can
be deconvoluted into two semicircles by Z-view fitting program based on corresponding
equivalent circuit (Figure 3.5(a)). The first semicircle represents the charge transfer
between electrolyte-SEI and across the SEI, Rsg, and the second semicircle signifies the
charge transfer between SEl-active material, Rcr. Ry Stands for ohmic resistance of
electrolyte, Csg and Cgy, for capacitance of SEI and double layer capacitance on a-MoO,,
respectively, and Z, refers to Warburg impedance describing solid state diffusion of
lithium ions. 14249

Investigation of impedance spectra after 50 galvanostatic cycles in FOO, F30, and F20
electrolytes was performed in order to address the different charge transfer phenomena
related to the surface films formed in FEC-free and FEC-containing systems. Further
analyses for F10 electrolyte are omitted since F20 electrolyte can represent the system of
which EC and FEC coexist in electrolyte. Impedance spectra were measured at the state
of equilibrium potential, 2.0 V, after delithiation to guarantee equivalent state of
discharge." Figure 3.5(b) and Table 3.1 demonstrate the impedance spectra and
resistance values, respectively. FEC-derived SEI formed from F30 electrolyte exhibited

the lowest Rgg and Rer, and vice versa for EC-derived SEI from FOO electrolyte. EC-
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/FEC-co-derived SEI formed from F20 electrolyte showed higher Rsg and Rer than those
of FEC-derived SEI, but lower than those of EC-derived SEI. It was indicative that FEC
addition possessed a critical role in lowering the charge transfer resistance of the films,
hence increased the ion conductivity of FEC-derived and EC-/FEC-co-derived SEIS. Rg
in all the cases was negligible compared to other resistance parameters in studying
charge transfer phenomena of surface films, and thereby excluded in calculation of the
total charge transfer resistance.

Additionally, we measured the impedance of each system for several selected cycles to
observe their variation upon cycling. The impedance variation is considered to be
determined by the lithium ion migration distance and electrical properties of surface
species. Therefore it reflects the surface film thickening as well as lithium ion
conductivity of the films. Figure 3.6(a) summarizes the variation of Rgg, alone, which
indicates resistance associated with lithium ion migration at the interface of electrolyte-
SEI and across the SEI. Figure 3.6(b) demonstrates the variation of the sum of Rsg and
Rer, which refers to the total resistance for interfacial faradaic charge transfer reaction of
lithium ions. In both results, charge transfer resistance of the films formed in FEC-
containing system kept at lower level throughout the whole cycling. It was indicative of
the ease of interfacial charge transfer between a-MoO, negative electrode and FEC-
derived and/or EC-/FEC-co-derived SEI. Hence we could conclude that hindered film
thickening and higher lithium ion conductivity in electrolyte-SEl-active material system

could be achieved with FEC due to the positive impact of FEC-reduced products.
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Figure 3.5. (a) An ordinary equivalent circuit used in impedance data fitting and (b)
Nyquist plots obtained after 50 cycles in three different electrolytes. The green arrow in

the inset of (b) indicates the first semicircle, Rgg,.

Table 3.1. A Table of Resistance Values: Ry, Rsg;, and Rer. The Total Resistance for
Interfacial Faradaic Charge Transfer Reaction of Lithium lons Is Calculated by Adding
Up Rsg and Rer, which Are The Main Parameters that Reflect The Charge Transfer

Phenomena of Surface Films

R (Q) Rsol Rse Recr Rser + Rer
FOO0 4.0 31.8 40.0 71.8
F30 4.6 11.5 225 33.9
F20 4.6 16.2 33.7 499
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3.3. Surface Characterization

The modification of surface chemistry at the electrode surface using SEI former
additives depends on the electrode nature.[*! Thus it is essential to understand the surface
chemistry of a-MoO, negative electrode with and without FEC in electrolytes studied
herein. To have an insight into the relationship between the improvement in battery
performance discussed so far and features of surface films influenced by FEC, the EC-
derived, FEC-derived, and the EC-/FEC-co-derived SEI were characterized by using ex-

situ FE-SEM, FT-IR, and XPS.

3.3.1. Field Emission-Scanning Electron Microscope

FE-SEM images of a-MoO, electrodes after 50 cycles in FEC-free and FEC-containing
electrolytes are presented in Figure 3.7. The foreign materials were deposited on the
electrode surfaces compared to as-fabricated electrode and/or as-synthesized particles,
which must be the surface films.*”’" The SEls derived from FEC-free and FEC-
containing system effectively covered the active materials with smooth and uniform
morphology. Fine film morphology guarantees the even flow of electrons and ions
through the film, and the mechanical stability of SEI itself upon repetitive cycling as well.

Additionally the electrodes observed herein retained their structure upon cycling
without severe damages such as pulverization of particles, mechanical and/or electronic
contact loss of active material and current collector. Then it can be concluded that the
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battery performance degradation mainly resulted from the surface film properties rather
than the electrode degradation. As demonstrated further in this paper, it appears that the
presence of FEC induces the obvious and pronounced effect on the surface chemistry of

a-MoO, negative electrodes.
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Cycled a-Mo0O, electrode in FOO

Figure 3.7. The cross-sectional and surface (inset) images of delithiated a-MoO,
electrodes cycled in (a) F0O, (b) F30, and (c) F20 electrolytes, respectively, after 50

cycles.
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3.3.2. Attenuated Total Reflection Fourier Transform-Infrared Spectroscopy

Apparent difference in the surface species formed in different electrolytes was
identified from ATR FT-IR spectra as shown in Figure 3.8. For state-of-the-art
electrolytes, the reduction of cyclic carbonates such as EC and FEC should provide the
major species to build up surface films while the participation of linear carbonates such
as DEC should be relatively inconsequential.[**! Therefore the reduced products must be
determined by the reduction reactivity of the cyclic carbonate solvents which is in order
of FEC>EC>DEC herein."?

EC-derived SEI (Figure 3.8(a)) was composed of lithium carbonate organics and
inorganics as a result of EC reduction. It was dominant in oxygen-containing products
such as lithium alkyl carbonate (ROCO,L.i), lithium carbonate (Li,CQOj3), and lithium
ethylene dicarbonate ((CH,OCO,Li),). On the contrast, spectra related to FEC-derived
SEI (Figure 3.8(b)) were completely different from those related to EC-derived SEI. The
main spectral features were that it was rich in polycarbonates (peaks around 1800 cm™)
and alkoxy species (1200 ~ 1000 cm™) which were absent in EC-derived SEI. FEC in the
electrolyte undergoes reductive decomposition and elimination of HF on the active
surface of electrode, which forms VC that readily proceed to electrochemically induced
polymerization via its double bond to form polycarbonate and LiF surface species.?%*
The polycarbonates derived by such a chemical reaction provide superior flexibility of
the film upon volume change of underlying a-MoO,, which originates from the intrinsic

property of polymeric species.” Flexible surface films derived by FEC ensure less
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mechanical and electrochemical damage on the films, and thereby decrease in
irreversible capacity loss for the additional formation of the film upon repetitive cycling.
In the case of EC-/FEC-co-derived SEI (Figure 3.8(c)), the spectra were similar to those
that belong to EC-derived SEI but they contained FEC-reduced products as well. The
pronounced peaks of both lithium carbonate compounds and polycarbonates imply that
although the reduction reactivity of FEC is stronger than that of EC, EC reduction
competitively occurred in the SEI formation. Hence EC-/FEC-co-derived SEI may retain
the benefits of FEC-reduced products as well as drawbacks of EC-reduced products in
the process of surface film formation.

These reduced solid products in each system significantly affect the film properties
that are responsible for corresponding prolonged capacity retention. EC-derived SEI that
is rich in EC-reduced lithium carbonates allows easier electrolyte penetration into the
active material through the microvoids inside its chemical structure. Moreover the film
must be comparatively inflexible which cannot endure a massive volume change of
underlying active material, and results in additional formation of surface film or reduced
products to recover exposed active surface to electrolyte. Such phenomena lead to film
thickening and drastic irreversible capacity loss of EC-based cell. However when FEC is
involved, FEC-derived and EC-/FEC-co-derived SEI which are abundant in FEC-
reduced polycarbonates result in compact or dense chemical structure that can prohibit
further contact of electrolyte and active material. And flexible polycarbonate-based films
can sufficiently endure the electrode deformation that guarantees mechanical stability of
SEI itself. These antithetic factors can greatly affect high quality interfaces, and thereby

can achieve notable improvement in the battery performance.
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Figure 3.8. ATR FT-IR spectra of surface films formed on a-MoO, electrodes in (a) FOO,

(b) F30, and (c) F20 electrolytes after 50 cycles. The numbers in the figures represent the

wavenumber of corresponding peaks. In the case of (c), black letters and red letters refer

to EC-reduced products (excerpted from (a)) and FEC-reduced products (excerpted from

(b)), respectively.
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3.3.3. X-ray Photoelectron Spectroscopy

Further qualitative investigation of the surface species derived by FEC-free and FEC-
containing system was conducted with XPS. The high-resolution XPS spectra exhibited a
significant difference in the chemical structure of the SEIs that can reflect the chemical
composition, thickness, and ion conductivity of the films. Mo 3d, F 1s, O 1s, C 1s, Li 1s,
and P 2p spectra were employed to obtain chemical information about the active material
and the surface films. Following Figure 3.9 represents the survey spectra of cycled
electrodes in different electrolyte systems.

The XPS spectra of as-fabricated a-MoO, electrode were employed to identify
electronic state of the a-MoO, active material. The survey spectra, Mo 3d and O 1s high-
resolution spectra of the electrode before conducting galvanostatic battery cycling are
given in Figure 3.10. High-resolution XPS spectra of Mo 3d (Figure 3.10(b)) exhibited
two dominant peaks corresponding to Mo*" 3ds, (233.1 eV) indicating Mo** oxidation
state of MoO, and Mo®" 3dy, (236.2 eV). The existence of Mo®* is contributed to the
partial insufficient chemical reduction of aqueous Mo®* solution during the synthesis and
the possible surface oxidation of the metastable particle in air.?***™ It is consistent with
previous XRD pattern of as-synthesized a-MoO, particles after crystallization. The
naturally formed Mo®" does not serve as an active electrode material. Then it is suitable
to interpret the existence of Mo®" as it was disproportionated into Mo*" active material®
rather than Mo** and Mo® were separated or segregated within the active matrix.

The asymmetric O 1s XPS spectra (Figure 3.10(c)) were deconvoluted into three peaks,
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0, (530.9 eV), Oy (531.4 eV), and O, (532.5 eV). The O, peak on the low binding energy
of O 1s spectra is attributable to the Mo-O bonds and the O, peak on the higher binding
energy contributes to residual oxygen-containing group on the surface of the MoO,
particle.*! The O, peak at the medium binding energy is associated with O% ions that are
in oxygen-deficient regions within MoO, matrix.®® It indicates the amorphous structure
of the active material provides a number of structural defects such as oxygen or
molybdenum vacancies, which possesses the free volumes that accommodate lithium
ions.

High-resolution XPS spectra of Mo 3d (Figure 3.11(a)) for cycled electrodes were
deconvoluted into four dominant peaks according to the oxidation and surface electronic
state of molybdenum:; the binding energies of the Mo** 3ds, and Mo** 3ds, peaks exist at
232.7 eV and 229.3 eV, respectively, along with the Mo®* 3ds, and Mo®* 3ds, at 235.8
eV and 231.4 eV, respectively. A clear result of the relative surface film thickness could
be obtained by comparing the peak intensity of interfacial Mo** for the electrodes cycled
in each electrolyte system. The amount of active material at the electrode surface can
reflect the thickness of the surface film.>* The higher intensity of active material
implies the thinner SEI is formed at active material surface, and the opposite is exactly
the same. Figure 3.11(b) summarized the peak area of total interfacial Mo** in each
electrolyte system on the basis of quantitative analysis of the XPS spectra. FEC-free
system exhibited the lowest Mo*" peak intensity indicating the thickest SEI formed on
electrode surface. On the other hand, FEC-containing systems showed relatively higher
Mo** content in the surface species as a function of FEC concentration. It implies that the

presence of FEC resulted in the formation of thin surface films.
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F 1s high-resolution XPS spectra (Figure 3.12) exhibited pronounced peaks of fluorine
salts in the surface species. They were C-F bonding obtained from PVdF binder, Li,POF,
and Li,PF, species (687.7 eV), and LiF material (685.2 eV).****3 The content of LiF
increased as a function of FEC concentration on the basis of quantitative analysis of the
XPS spectra. A high LiF level is attributed to the HF obtained from successive reductive
decomposition of FEC which transforms lithium carbonates that already exist in the film
to LiF.F?®! LiF-rich surface films can significantly enhance the impermeability to
electrolyte due to its insolubility, and thereby guarantees the electrochemical stability of
the films. Moreover based on the fact that LiF inorganic is conductive component
compared to organics in surface species, it is indicative that abundant LiF can reduce the
charge transfer resistance of lithium ions that leads to high lithium ion conductivity
across the film. Interfacial LiF in the surface film is a major compound that is able to
explain the low electrolyte permeability and high ion conductivity of the FEC-derived
and EC-/FEC-co-derived SEI¥%2 which is responsible for increased reversible
capacity for prolonged cycling.

The reduction of alkyl carbonate solvents and/or organic additives, which is the
primary process for the surface film formation, results in organic and inorganic lithium
salts represented by high amounts of oxygen and carbon. Figure 3.13 demonstrates that
the O 1s high-resolution XPS spectra possessed the different amounts and types of
oxygen-containing materials depending on different electrolyte systems. The reduced
products of electrolyte solvents are fitted based on the relevant reports.l>***® The EC-
derived SEI mainly contained a peak of -COs- (531.8 eV) that contributes to Li,CO; and

ROCO,Li, which are typical EC-reduced products, whereas C=0 (532.5 eV) and -O-
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(533.5 eV) that are related to polycarbonates were negligibly discovered. And it was
notable that Li,O and/or O, (528.8 eV) peak was observed which was absent in FEC-
derived and EC-/FEC-co-derived SEI. The existence of Li,O and/or O, seems originated
from surface oxidation caused by imperfect passivation of EC-derived SEI. On the other
hand, FEC-reduced polymeric species were dominantly built up in FEC-derived SEI. The
FEC-reduced products were abundant in C=0 and -O- bonding. C=0O is a chemical
bonding that can be observed from chemical structure of polycarbonates and -O-, bridge
oxygen or ether, indicates phosphates or oxygen-containing polymeric species. Moreover
alkoxide (ROLi, 530.8 eV) is another evident FEC-reduced product that was detected
with the presence of FEC, consistent with what was observed in the previous FT-IR
spectra. EC-/FEC-co-derived SEI showed similar spectra to those belong to FEC-derived
SEI. Although FEC is preferentially reduced and alleviates the accumulation of EC-
reduced products, both FEC- and EC-reduced solid products participate in the film
formation competitively at the first and the following charge processes.™? Therefore the
main components of EC-/FEC-co-derived SEI were similar to those of FEC-derived SEI,
but lower in FEC-reduced products content and higher in EC-reduced products content.
High-resolution C 1s XPS spectra are in line with the O 1s spectra, implying the
surface film formed in electrolyte without FEC is rich in lithium carbonates, whereas
those formed in electrolytes in presence of FEC are relatively rich in polycarbonates and
alkoxide. Figure 3.14 shows all the organic species containing carbon atom. C (284.2 eV)
is originated from conducting agent and other carbon-containing materials, and
hydrocarbon (285.0 eV) refers to both polycarbonates and lithium carbonates. CH,CH,O

(285.7 eV), CH,0 (286.6 V), O-C-O, C=0 (287.6 eV), and O-C=0 (289.8 eV) are
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related to the carbon bonding in polycarbonates while -COs- (290.5 eV) is related to the
carbon bonding in Li,CO; and ROCO,Li. EC-derived SEI was dominant in Li,CO3 and
ROCO,Li but negligible in polycarbonates group, whereas FEC-derived and EC-/FEC-
co-derived SEI were abundant in polycarbonates but lack in lithium carbonates. In a
word, FEC-reduced products support superior quality of SEI due to their material
properties, and they constitute the surface films as a function of FEC content. Hence such
a surface chemistry modification is the main factor that affects the battery performance
of each system as discussed so far.

Li 1s high-resolution XPS spectra (Figure 3.15) exhibited a broad peak centered at
around 55 eV, which are attributable to LiF (55.6 eV), lithium (alkyl) carbonate (54.8 eV),
and other salts containing lithium atom. The reduction in total peak intensity of FEC-
containing system indicates that the lithium concentration in the film decreases with FEC
addition. In other words, lithium consumption is suppressed during the first and the
following cycles for SEI formation in FEC-containing electrolytes,* which is
responsible for reduced irreversible capacity loss for side reaction of lithium ions or
enhanced reversible reaction of them with active material. Additionally the content of
LiF and lithium carbonate in three different surface films could be reconfirmed from the
corresponding peaks.

High-resolution XPS spectra of P 2p (Figure 3.16) reflected the formation of surface
species related to the reduction of the PFs anion which is contained in LiPF4 salt. The
possible anion reduction products include LiPF, and Li,POF, species,[‘m which were
investigated in F 1s spectra as well. Additionally, an increase in F and HF generated from

FEC reductive decomposition might have resulted in higher content of anion reduction
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products since they are the reacted salts obtained from lithium salt and/or electrolyte.
From the combined FT-IR and XPS results, we could conclude that EC-derived, FEC-
derived, and EC-/FEC-co-derived SEI have notable differences in their components and
thickness. It is directly related to distinguished property and chemical structure of each
surface film. Such differences in electrochemical property of surface films significantly
affect the prolonged electrochemical battery performance accompanied with SEI stability

issue.
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Figure 3.13. High-resolution XPS spectra of O 1s for cycled electrodes in different
electrolyte systems after 50 cycles. Combined and the individual deconvoulted spectra of

cycled electrodes in different electrolytes with navy dashed lines marked for oxygen-

containing characteristic materials.

6 8



C1sFOO Q\‘ C 1s, FOQ q
Q T OT @ T YT
——F30 Q Q VY Q Q oo
——F20 T u o
R © R
— A o — ) A
s = Y : = }
= g3 S z g8 o 2
7
g 20 ' g 2O___1¥Q Sl
g = - g = od TaL
S = N i
1 s
i 1
1 1 1
1 d 1
i 2 e
i it 1 T T
. . HE I W . . . , . . § HHH . . .
206 294 202 200 288 286 284 282 280 278 208 208 294 202 200 288 288 284 282 280 278
Binding Energy (eV) Binding Energy (eV)
C 1s, F30 o C 1s,F20 o
o o o N
1l T Y% i 5 9=
Q QL VY Q 2 ud
T
(2 5 1 (? S 1
= N = TN
3 = 3 I N
< 08 1950 & -5 195
z So 2% £ o z S o 199 Q -~
7} w0 Helo Ny 4 7} ~ O 100 T
S i . 5 S =" S\ O
E J | ) f\k
1 1
1 1
1 1
=i = ) )
1 Tl 1 1
| I | il
. , - gt . . , . P Wy . .
296 294 2092 290 288 286 284 282 280 278 298 296 204 292 290 288 286 284 282 280 278
Binding Energy (eV) Binding Energy (eV)

Figure 3.14. High-resolution XPS spectra of C 1s for cycled electrodes in different
electrolyte systems after 50 cycles. Combined and the individual deconvoulted spectra of
cycled electrodes in different electrolytes with navy dashed lines marked for carbon-

containing characteristic materials.
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Figure 3.15. High-resolution XPS spectra of Li 1s for cycled electrodes in different
electrolyte systems after 50 cycles. Combined and the individual deconvoulted spectra of
cycled electrodes in different electrolytes with navy dashed lines marked for lithium-
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Figure 3.16. High-resolution XPS spectra of P 2p for cycled electrodes in different
electrolyte systems after 50 cycles. Combined and the individual deconvoulted spectra of
cycled electrodes in different electrolytes with navy dashed lines marked for phosphorus-

containing materials.
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3.4. SEl Formation Mechanism

Degradation in electrochemical battery performance caused by SEI stability issue can
be summarized in several factors; the consumption of electrolyte and lithium ions during
continuous SEI formation, the electrically insulating nature of the SEI weakening the
electrical contact between the current collector and negative electrode, the long lithium
ion diffusion distance through the thickened SEI, and electrode material degradation
caused by mechanical stress from the SEI.™ The formation and control of a stable SEI is
critical for realizing promotion in cycleability for electrode materials subject to large
volume changes including transition metal oxides.

The microscopic and spectroscopic characterizations of the a-MoO, negative
electrodes enabled us to identify important aspects of their surface chemistry. The
chemical structure and property of surface films formed in three different electrolytes, as
discussed so far, provide an idea about different SEI formation behavior in regard of the
film thickness, mechanical and electrochemical stability, and lithium ion conductivity. In
this section, SEI formation mechanism of a-MoO, negative electrode in FEC-free and
FEC-containing systems is proposed based on the findings of electrochemical behavior

and surface characterization studied in advance.

3.4.1. EC-derived SEI

EC reduction was the primary process for the surface chemistry in FOO electrolyte. EC-
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derived SEI (Figure 3.17(a)) exhibits a mosaic-type film with heterogeneous distribution
of EC-reduced products as reported by many groups including E. Peled’s group.”® In the
scheme, the various lithium carbonate organics and inorganics were notated as alphabets
from A to E. The surface film composed of EC-reduced soluble products generates
microvoids inside the film (red arrow in Figure 3.17(a)), which is a vacant space that
allow easy and continuous electrolyte penetration. The continuous SEI formation
mechanism from the first lithiation is illustrated as well. The transition metal oxides
including MoO, accompany approximately 100% of massive volume change upon de-
Nlithiation.”®! Then the initially formed inflexible lithium carbonate-based surface film
can be damaged or cracked during the delithiation because of the volume change of
underlying active material. As a result, the electrolyte permeates through the damaged
SEI and reacts with the exposed electrode that leads to additional side reaction to form
extra films. The repeated side reaction results in surface film thickening, which is
responsible for severe impedance rise and capacity fading. In short, EC-derived SEI was
thick, mechanically and electrochemically unstable, and highly resistive for lithium ion
transport. Although the conventional transition metal oxide nanostructures guarantee a
fine level of cycle performance, there is an absolute opportunity to improve the battery
performance by modifying the surface film property and its formation mechanism upon

repetitive cycling.

3.4.2. FEC-derived SEI
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Meanwhile the preferential reduction of FEC and following VC polymerization were
the primary processes in F30 electrolyte to form compact and dense FEC-derived SEI
(Figure 3.17(b)). The main FEC-reduced and/or VC-polymerized products were
polycarbonates and insoluble inorganic LiF. The nature of these solid products could
guarantee high flexibility, impermeability, and lithium ion conductivity of the FEC-
derived SEI. Investigation of SEI formation procedure indicates that the film can endure
volume change of the a-MoO, without a critical film deformation. A high quality FEC-
derived SEI is supported by mechanical stability upon volume change of active material
and electrochemical stability to electrolyte permeation that can inhibit the film damage
and thickening. Moreover a thin and lithium ion conductive FEC-derived SEI makes it
possible for easy and fast lithium ion transfer across the film. It can lower the
overpotential and charge transfer impedance for better cycleability.*? The superior
property of FEC-derived SEI and its formation mechanism could explain a better
passivation and enhanced electrochemical battery performance of a-MoO, negative
electrode. To summarize, FEC-derived SEI, in the case of total replacement of EC with
FEC, was thin, mechanically and electrochemically stable, and highly ion conductive.
The involvement of FEC in surface chemistry provides an exciting ability for high
quality interface control. It is able to conclude that FEC as a co-solvent successfully

modified the surface chemistry of a-MoO, negative electrode at room temperature.

3.4.3. EC-/FEC-co-derived SEI
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The examination of F20 electrolyte resulted in the competition between EC and FEC
in the surface film formation. A competition of chemical reaction between FEC (or VC
obtained from reductive decomposition of FEC) and EC continuously occurs at the first
and subsequent lithiation processes,? and thereby the film contained both VC-
polymerized and EC-reduced products. As depicted in Figure 3.17(c), EC-/FEC-co-
derived SEI might be blended with both of the EC- and FEC-reduced products but a bit
of difference in the population of them. The inner and outer regions of surface film are
expected to be dominantly composed of FEC-reduced and EC-reduced products,
respectively; named as FEC-derived inner SEI and EC-derived outer SEI. This idea is
based on the two facts; the formation of preliminary FEC-derived SEI due to preferential
reduction of FEC and similar passivating ability to FEC-derived SEI observed in surface
characterization. These factors imply the passivating materials close to active surface
must be rich in FEC-reduced products. FEC is the most reactive component in the
electrolyte since it has higher reduction potential than that of EC or DEC. Therefore the
FEC-reduced products are more likely to be formed in advance and occupy relatively
inner part of total surface film. EC-reduced products are formed after the reduction of
FEC and they may accumulate in the film to take up relatively outer part of the SEI. This
explanation seems consistent with surface characterization of FEC-derived and EC-
[FEC-co-derived SEI. O 1s high-resolution XPS spectra of EC-/FEC-co-derived SEI
resembled those of FEC-derived SEI, not the EC-derived SEI. The O 1s spectra reflected
passivating ability of each film on surface oxidation by verifying the presence of Li,O
and/or O, in surface species. Hence we could infer that the chemical structure of FEC-

derived and EC-/FEC-co-derived SEI are alike at the active material surface meaning that
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passivating materials close to surface are rich in FEC-reduced products rather than EC-
reduced products. Thus despite of the severe damage on frail EC-derived outer SEI
caused by the large volume change of underlying a-MoQ,, robust FEC-derived inner SEI
still serves as an effective and firm passivation film. It leads to the enhancement in
battery performance of F20 electrolyte compared to that of FOO electrolyte. However
degraded battery performance compared to that of F30 electrolyte is unavoidable since
EC-derived outer SEI and EC-reduced products inside FEC-derived inner SEI degrade
the quality of the total surface film. The FEC impact on EC-/FEC-co-derived SEI is
weakened due to its lower concentration coupled with the presence of EC, but does not
negate all of the benefits of FEC-containing system.* To sum up, EC-/FEC-co-derived
SEI exhibited median surface film properties as well as the battery performance that
depended on FEC concentration.

Since both of the EC and FEC solvents must be reduced as the electrodes are fully
lithiated, EC-/FEC-co-derived SEI is obviously the one-phase structure, not the two-
phase or layer-by-layer structure of solid products. To roughly confirm the progress of
reduced products formation upon cycling, FT-IR spectra variation upon several selected
cycles was investigated. Such investigation may give an idea about the complicated
chemical structure of EC-/FEC-co-derived SEI in terms of relative quantitative
observation of the reduced products inside the total film. After only one galvanostatic
cycle, the pronounced peaks of FEC-reduced products were observed (Figure 3.18(a)), as
in the case of previous FEC-derived SEI spectra. But after the second cycle (Figure
3.18(b)), the pronounced peaks around 2800 cm™ and 1600 ~ 600 cm™ that correspond to

EC-reduced products were intensified. After 20 cycles (Figure 3.18(c)), the spectral
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features converged to those of previous EC-/FEC-co-derived SEI. Such a change in
spectra reflects the blended structure of EC- and FEC-reduced products. And it also
implies the preliminary FEC-derived film exists throughout entire cycling and firmly
passivates the active material surface. Then it might provide more logics on the fact that
FEC-reduced products are preliminarily formed and occupy relatively inner position (at
the 1% cycle) followed by EC-reduced products accumulation in comparatively outer
position of the total film (from the 2™ cycle). It seems that the participation of EC-
reduced products dominantly takes place in the film thickening procedure, which arises
from the reaction between electrolyte and newly exposed electrode surface. However, the
direct proof in population of the reduced products in the structure of EC-/FEC-co-derived
SEI cannot be identified at this point, and further analysis with appropriate approach is

required.
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SEI

, respectively. The first two figures represent as-fabricated active material (AM) and

the surface films formed after the first lithiation. The next two figures represent the first

delithiation that leads to film damage and subsequent lithiation that forms additional

solid products to recover exposed active material. The repetitive de-/lithiation processes

are omitted for all cases. The changed colors of irregular figures (EC-reduced products)

and winding lines (FEC-reduced products) indicate continuous growth of the films. Red

ones for the first reformation of solid products refer to both EC- and FEC-reduced

products. The continued solid products formations are expressed by green color for EC-

reduced products and blue color for FEC-reduced products, respectively.
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4. Conclusions

In this research, we investigated the effect of FEC as an alternative co-solvent on the
electrochemical battery performance and surface chemistry of a-MoO, lithium-ion
secondary battery negative electrode. The promotion of battery performance was due to
the positive impacts of FEC in the high quality surface film derived by modified surface
reaction of a-MoO,.

The cycling performance of the cells in FEC-containing electrolyte system was
improved compared to that in FEC-free system. FEC-containing system exhibited high
coulombic efficiency around 99% and prolonged discharge capacity retention as a
function of FEC concentration up to approximately 7% after 50 cycles. The enhanced
electrochemical performance was attributed to superior SEI properties caused by FEC
addition.

Microscopic and spectroscopic investigations proved the superior SEI formation in
presence of FEC in regard of the ion conductivity, mechanical and electrochemical
stability, and the thickness. FE-SEM images showed the fine morphology of SEI without
collapse of the electrode structure in all the electrolyte systems. To gain an insight into
the chemical structure and electrochemical properties of each surface film, spectroscopic
investigations were conducted. EC-derived SEI exhibited drastic increase in its
impedance for interfacial lithium ion transfer reaction. It was rich in soluble and
inflexible lithium carbonate organics as confirmed in FT-IR and XPS spectra. And it was

the thickest film as informed from XPS spectra. In a word, a highly resistive, frail, and
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thick EC-derived SEI was formed by EC reduction. On the other hand, when FEC is
involved, the lower impedance could be achieved. The flexible polycarbonates and
insoluble LiF were rich in the surface species of FEC-containing system. Lastly the FEC-
derived SEI was thinner than any other SEI discussed herein. To summarize, when EC is
totally replaced by FEC, a highly conductive, flexible, robust and thin FEC-derived SEI
was formed. EC-/FEC-co-derived SEI showed combined characteristics of EC-derived
and FEC-derived SEIls. These properties originated from the characteristic surface
species formed in each electrolyte system. Thus it is able to conclude that FEC
successfully modified the surface chemistry of a-MoO, negative electrode at room
temperature.

Ultimately, based on the findings in electrochemical battery performance and surface
characterization, we developed SEI formation mechanisms that can explain the
correlation between battery performance and surface chemistry of electrode material.
After the very initial formation of surface films, the inflexible lithium carbonate-based
EC-derived SEI can be broken down during following delithiation since it cannot endure
a massive volume change of a-MoO,. The repetitive side reaction between electrolyte
and newly exposed active surface leads to severe film thickening. Meanwhile
polycarbonate-based FEC-derived SEI can retain its structure upon cycling due to its
mechanical and electrochemical stability. Then the film thickening is hindered, which
makes it able to lower the overpotential and charge transfer impedance. EC-/FEC-co-
derived SEI is blended in both of the EC- and FEC-reduced products with a bit of
difference in population of those solid products; named as FEC-derived inner SEI and

EC-derived outer SEI. Although the FEC impact on the film is weakened due to the
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degradation of total film quality by EC-reduced products, the benefits of FEC-reduced
products are still realized. We expect that the SEI formation mechanism could help in
better understanding of the FEC effect in prolonged cycle performance and able to be

applied in other lithium-ion secondary battery negative electrodes as well.
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Appendix

A.1. Effect of Polymerizable Monomers

The polymerizable monomers are another type of SEI former additive. They include
vinylene carbonate (VC), vinyl ethylene carbonate (VEC), vinyl acetate (VA), and so
forth. The common structural feature of these additives is that they contain a double bond
between carbons. This molecular structure makes them able to undergo electrochemically
induced polymerization; radical anion termination by solvent molecules to form
insoluble and stable solid products as preliminary SEI nuclei. However, L. E. Ouatani
and coworkers found out that the polymerization of these monomers depends on the
systems as a function of electrode nature. It implied that not every SEI former additives
are able to modify the surface reaction such as polymerization of additives at the
electrode surface.

FEC reductive decomposition mechanism brought about VC and HF generation. VC
served as polymerizable additive and HF served as acidic impurity which were
responsible for formation of polymeric species and transformation of SEI components,
respectively, for a successful modification in surface chemistry of a-MoO,. Then it was
desirable to confirm rather polymerizable additives or monomers alone could lead to
battery performance promotion with notable change in surface chemistry of a-MoO,. The
electrochemical battery performance of nano-sized a-MoO, was estimated in electrolytes
of 1.3 M LIiPF¢/EC:DEC = 30:70 vol% containing 1 wt% of VC, VEC, and VA.
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Discharge capacity retention of a-MoO, in additive-free and polymerizable monomer-
containing electrolytes is demonstrated in Figure 1(a). After 20 cycles, the cycleability of
polymerizable monomer-containing electrolytes was similar to or even poor than that of
additive-free electrolyte. It was conclusive that polymerizable monomers did not help in
improving cycle performance and it was possibly due to the failure in surface chemistry
modification of nano-sized a-MoO, negative electrodes at room temperature. The
combination of SEI former additive and electrode material is another obvious
determinant factor for battery performance improvement as well as successful surface

chemistry modification.

A.2. Effect of a-MoO, Particle Size

The micron-sized a-MoO, particles were obtained from pH 1 of reaction mixture,
which was composed of Mo®* precursor solution and reducing agent solution. The
particles were irregular in shape with angulated platelets sized about 1 ~ 10 pm, and the
surface of larger particles was covered with some tiny particles as shown in Figure 1(b).
A change in pH of reaction mixture did not affect either the crystallinity or the oxidation
state of MoO, (XRD data not shown here).

The electrochemical battery performance of micron-sized a-MoO, negative electrodes
was investigated by comparing EC-based and FEC-based electrolyte system (Figure 1(c)).
Micron-sized a-MoO, showed drastic decrease in cycleability compared to that of nano-

sized electrode in both of EC-based and FEC-based cells. It was contributed to the effect
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of particle size. The bulk electrode materials show severe capacity fading in common due
to the collapse of electrode structure, e.g. particle pulverization, and accelerated lithium
ion consumption resulting irreversible capacity loss. FEC-based F30 electrolyte exhibited
the maximum enhancement of battery performance for nano-sized a-MoO, negative
electrodes. However, it did not induce any improvement in prolonged cycleability for
micron-sized a-MoO,. In fact, the capacity retention of F30 system was absolutely higher
than that of FOO system until 30 cycles. It was contributed to the dominant surface
chemistry modification derived by FEC. However a rapid and drastic decrease in cycle
performance of F30 system after 30 cycles was observed. It may be indicative of two
opposing effects occurring after 30 cycles; surface chemistry modification and collapse
of electrode structure. The capacity retention of two different systems reflected that the
superior surface film property derived by FEC became negligible due to the collapse of
electrode structure. The electrochemical behavior of micron-sized a-MoO, in presence of
FEC implied that there must be an underlying relationship between surface chemistry
modification and electrode structure. It was conclusive that the involvement of FEC did
not cause the positive impacts for micron-sized a-MoO, negative electrodes at room

temperature.
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Figure 1. (a) Discharge capacity retention of nano-sized a-MoO, in polymerizable
monomer-containing electrolytes for 20 cycles. Chemical structures of VEC and VA are
illustrated in the inset of (a). (b) FE-SEM image of as-synthesized particles obtained
from pH 1 of reaction mixture and (c) discharge capacity retention of micron-sized a-

MoO, for 50 cycles.
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