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Chapter 1

Introduction

1.1 General Introduction

Air pollution and global warming are two of the greatest threats to human and
animal health and society stability.! Unrestricted use of traditional fossil fuels such as
coal, fossil oil and natural gas is a main cause of air pollution and global warming.
Meanwhile traditional fossil fuels are faced with problems such as falling reserves and
rising prices and cannot meet the requirements of efficient and economical future society.
Many alternatives have been proposed like solar radiation, wind, waves and nuclear
power, which represent energy sources that are variable in time and diffused in space.?
A big problem for these kinds of energy sources is how to storage energy since they are
dependent on the time and space. The most convenient way is to transfer these energy
sources to electrical power, and then transfer electrical power to portable chemical
energy. Here, secondary batteries can provide the best solution to store portable chemical
energy as stationary electricity storage. Once the energy sources are transferred into
electrical power, it will be transferred then to portable chemical energy in the secondary
batteries. In addition, sustainable development of society need use electric vehicles
instead of cars driven by fossil fuels.> And the core power of the electric vehicles lies in
the secondary batteries. Due to long term transport requirement, the secondary batteries
must provide high energy density. Therefore, the development of the secondary batteries
that can store sustainable energy with long term stability and supply enough energy for
electric vehicles transport is an important challenge for modern electrochemistry.?

Compared with the several kinds of secondary batteries like Pb-acid and Ni-Cd
secondary batteries, Li based secondary batteries play more and more important role in
daily life because of their high specific energy density.* It can provide the excellent
solution to figure out the energy storage problem. Based on the material used in the
anode and cathode, Li based secondary batteries can be Li ion, Li-air (referred to as Li-

O; since O is the fuel), and Li-S secondary batteries.



The motivation for using Li metal as anode in secondary batteries relied initially on
the fact that Li is the most electropositive (-3.04 V versus standard hydrogen electrode)
as well as the lightest (equivalent weight M=6.94 g mol™!, and specific gravity p =0.53
g cm™) metal, thus facilitating the design of secondary batteries with high output voltage
and energy density.* The use of Li metal in a secondary battery was demonstrated in the
1970s.> Over the same period, numerous inorganic compounds were shown to react with
Li metal in a reversible way. The concept of electrochemical intercalation and its
potential use were clearly defined. In 1972, Whittingham used TiS> as the cathode
material, Li metal as the anode material to assemble a secondary battery.® TiS> was the
best cathode material at that time for Li intercalation. Although the cathode material was
perfect, this kind of secondary battery didn’t work well due to its low cycle life. It was
found the Li dendrite formation led to short circuit inside the secondary batteries.
Substituting Li metal by an alloy with Al solved the dendrite problem, but alloy
electrodes suffered large volume change during the cycle.® To overcome the safety issues
brought by Li dendrite formation, several alternative materials were pursued. It was
suggested to use a Li intercalation material to substitute the Li metal. Since Li remained
its ionic rather than metallic state in Li intercalation material, the dendrite formation
problem was solved. A kind of secondary battery was called Li ion secondary batteries
by using the Li intercalation material as anode. The Li ion secondary battery had
transformed portable electronic device since their introduction by SONY Company in
1991. They used carbonaceous material to substitute Li metal, and successfully built the
Li ion secondary battery with long cycle life. The Li ion secondary battery plays more
and more significant role in daily life. New generations of the Li ion secondary battery
will electrify transport and find use in stationary electricity storage. However, the highest
energy density of the Li ion secondary battery is still too low to meet the requirements
of electrified transport in the long term.” Advanced secondary batteries with higher
energy density must be explored. For this consideration, Li-O; and Li-S secondary
batteries had attracted more and more interest because of their higher energy density.’
The Li-O: secondary battery was initially proposed in the 1970s for automotive

applications.® Because of the problem of the Li dendrite formation, the Li-O, secondary
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battery didn’t attract so much research interest. Until the last few years, the interest in
the Li-O2 secondary battery has grown sharply since it has much higher energy density
compared with other types of secondary batteries.” >'° The higher energy density in the
Li-O; secondary battery is pursued urgently to meet long term transport requirement for
electrified transportation at this moment, although there remain many problems to figure
out. As another type of Li based secondary battery, the Li-S secondary battery has been
studied since 1960s.!! There are many formidable problems in Li-S secondary battery to
prevent its commercial application. The generation of various soluble polysulphide is
the main issue that leads to fast capacity fading in the Li-S secondary battery.'*!* In
addition, the insulating nature of S element makes the charge-discharge rate low for the
Li-S secondary battery.!*!> Recently, many important advances have been made, but
significant challenges still remain.

In general, the Li based secondary battery consists of Li-compound anode electrode,
cathode electrode and Li-salt-containing electrolyte. The properties of each component
often determine the ultimate performance of the batteries. Especially when consider the
energy density, the capacity of anode and cathode material must be high. The capacity
of material describes the ability to store Li. Usually Li metal is considered to be the
anode material for the Li based secondary batteries, since it has the highest theoretical
capacity. However, the problems for Li metal application still remain.'® Therefore, other
anode materials are put on agenda for research in order to replace Li metal anode.!”?°
These anode candidates are expected to transfer into commercial application. In addition,
the electrolyte as another significant component shows more and more important role
since it determine the performance of the batteries in many cases. Especially in the Li-
02 and Li-S secondary batteries, the electrolyte must be stable since there are many
highly active species to attack the electrolyte salt or solvent during charging and
discharging process. In this regard, suitable electrolytes for these secondary batteries
must be explored.

1.2 Lithium Based secondary battery
Based on the material used in the anode and cathode, Li based secondary battery can

be Liion Li-O», and Li-S secondary batteries. When the anode and cathode electrode are
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connected externally, the chemical reactions proceed at both electrodes, and drive the
electrons to flow through the external circuit to generate current. The amount of
electrical energy that a secondary battery is able to deliver, can be expressed either per
unit of weight (Wh kg ') as specific energy or per unit of volume (Wh L!) as energy
density. The specific energy is a function of the cell potential (V) and capacity (Ah kg~
1, both of which are linked directly to the chemistry of the system.* For example for Li
ion secondary battery, the specific energy is 387 Wh kg'! when graphite is used as anode

and LiCoO» is used as cathode. The reaction is’
1/, CoLi+ Lig5C00, = 3C+ LiCoO, 1-1.

The cell potential is 3.8 V and the capacity is 99 Ah kg™! (for 1 mol reaction 1-1, the
charge it delivers is 13.37 Ah, and the mass of C and LiCoO> is 0.134 kg. The capacity
is equal to the charge divided by the mass). Therefore, the specific energy of 387 Wh kg
! for the Li ion secondary battery is the product of the cell potential of 3.8 V and the
capacity of 99 Ah kg !. The energy density can be obtained in the similar way but per
volume is used instead of per mass. The energy density is 1015 Wh L' for the Li ion
secondary battery. In the same way, when consider the reaction 1-2 and 1-3 that happen

in the Li-O; and Li-S secondary batteries, respectively,

2Li + 0, = Li,0, 1-2
2Li+ S = Li,S 1-3

the specific energies of the Li-O> and Li-S secondary batteries are 3505 and 2567 Wh
kg!.” The energy densities of the Li-O, and Li-S secondary batteries are 3436 and 2199
Wh L, respectively.” It is clearly seen the Li-O> and Li-S secondary batteries have much
higher energy density than Li ion secondary battery.
1.2.1 Liion secondary batteries

Figure 1-1 illustrates the schematic of the configuration of the Li ion secondary
battery. The main electrochemical reactions are reversible Li ion intercalation (lithiation)
and de-intercalation (delithiation) between anode and cathode in the Li ion secondary

battery. The reaction at the cathode is

charge
LiCoO, = xLi* + xe™ + Li;_4CoO0, 1-4
discharge



During the charging process, LiCoO: is oxidized into Li;.xCoO». During the discharging
process, LiixCoO: is reduced into LiCoO;. The redox potential for reaction 1-4 is
approximately 4.2 V vs. Li/Li". The reaction is mainly first-order phase transition

between LiCoO; and LipsC005.2! The reaction at the anode is

charge
Ce + Lit + e~ = LiCq 1-5
discharge

Li ion will intercalate and de-intercalate into graphite reversibly during the charging and

discharging process, respectively. The lithiation-delithiation potential of graphite is

approximately 0.2 V vs. Li/Li*, which is close to Li deposition-stripping potential.*?

5 M A am P THI L NN
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(Graphite) Separator  (LiCoO,)

Figure 1-1 Schematic of the configuration of the Li ion secondary battery?

Theoretically a Li ion secondary battery with an output voltage of approximately
4.0V could be fabricated considering redox potential of reaction 1-4 and 1-5. In general,
the first process in the Li ion secondary battery is always charging process, namely, the
delithiation of LiCoOz in parallel to the lithiation of graphite. For electrolyte used in Li
ion secondary battery, the most popular and conventional is that LiPFs solved in alkyl
carbonates such as ethylene carbonate (EC) or dimethyl carbonate (DMC) solvents.?*
EC has high permittivity and dipole moment so that it can dissolve Li salt easily, but its
melting temperature is higher than room temperature, which suggests it will be solid at
room temperature and cannot be used as solvent. Since DMC has low melting

temperature near 0 °C, it is usually mixed with EC to prepare electrolyte that contains
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high permittivity of EC and low melting temperature of DMC.

Since the reduction potentials of solution species in polar aprotic Li salt solution are
usually positive than graphite lithiation potential, the first charging process would lead
to the reduction of solution species to consume irreversible charge.> Although the
reduction cannot be avoid, fortunately most of reduction of the solution species would
form a solid-electrolyte-interphase (SEI) on the graphite surface.?® This interphase can
serve as a very effective passivation film, and kinetically prevent the further reduction
of the solution species. This mechanism enable alkyl carbonate-based electrolyte can be
used in Li ion batteries.

1.2.2 Li-O2 secondary batteries

The Li-O; secondary battery based on non-aqueous and aqueous electrolytes are
shown in Figure 1-2. Generally speaking, the Li-O» secondary battery based on aqueous
electrolyte is more complicated than that based on non-aqueous electrolyte because of
the strong reactivity of Li metal with water. For both cases, Li metal is used as the anode.
It is stripped and oxidized to Li" ion into electrolyte on discharging. This process is
reversed on charging.’

In non-aqueous Li-O; batteries, Oz is the cathode material and reduced to form Li>O>
along with Li" ion from the electrolyte during discharging process, which is then

decomposed during charging process.?® The reaction is written
discharge
2Li*+ 0, +2¢e~ =  Li,0, 1-6
charge

In aqueous Li-O2 batteries, Oz is reduced to form LiOH at the cathode during

discharging process according to the reaction?’

1 discharge 1-7
2LiT + EOZ + H,0 + 2e™ = 2LiOH
charge

Although both involve O> reduction on discharging for non-aqueous and aqueous
system, there are important differences, especially relating to the reactions at the cathode

and the role of the electrolyte.’



Li-O, (non-aq) Li-O,(aq)
Discharge Discharge
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Figure 1-2 Schematic of the configuration of the non-aqueous and aqueous Li-O2

secondary batteries’

The electrolyte for the Li-O2 secondary batteries is a key component and one of the
main challenges at present. Since the alkyl carbonate used commonly in the Li ion
secondary battery is unstable and decomposed by the reduced species of oxygen like 05,
it is not suitable to be applied in the Li-O, secondary batteries.”® Therefore an
outstanding electrolyte must be explored to be stable to the reduced species of Oz and
the discharging product of Li2O2 or LiOH. Other properties like ionic conductivity, O2
solubility and diffusion need to be also satisfied for better battery performance.

1.2.3 Li-S secondary batteries

The Li-S secondary battery is shown in Figure 1-3. Similar with the Li-O; battery,
the anode is Li metal which strips and deposits over discharging and charging process.
But the cathode reaction is different. S is reduced at the cathode to form various
polysulphide during discharging process. The ultimate discharging product is mainly

Li,S, for which the reaction is %

discharge
2Li*Y + S+ 2e” = Li,S 1-8
charge

The Li-S secondary battery is attractive because of its high theoretical energy density.
In addition, the element S is the naturally abundant and cheap. However, there are still

several problems remained in the Li-S secondary battery even after decades of research.



One of the severe problems is fast capacity fading due to the generation of various
soluble polysulphide, which gives rise to a shuttle mechanism.*® The shuttle mechanism
arises because the soluble polysulphide that are formed at the cathode are transported to
the anode where they are reduced to lower polysulphide. The lower polysulphide are
then transported back to the cathode, where they become re-oxidized and then return to

the anode.
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Figure 1-3 Schematic of the configuration of the Li-S secondary battery*!

Even though Li based secondary battery could provide high energy density as
described above for Li ion, Li-O2 and Li-S systems, there remain many issues to figure
out for each system. Most fundamentally, the research is needed to make clear the
reaction mechanism on anode, cathode and also in electrolyte. And practically, the
material synthesis and design should be put on agenda for a better battery performance
to reach the theoretical limit of each battery system.

1.3 Anode Materials for Li Based Secondary Batteries

The anode is one of the most basic components of a secondary battery that the
cathodic reaction happens during charging process. For the Li-O; and Li-S secondary
batteries, the anode material is Li metal. For the Li ion secondary battery, the most
conventional anode material is graphite. There are many other forms of anode materials
such as alloys, metal oxides, metal sulfides and metal nitrides for Li based secondary

batteries. Since their electrochemical properties are different, they possess specific
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advantages and disadvantages.

As a superior anode material in the Li based secondary batteries, it must have high
volumetric and specific energy capacities, superior reversibility and low charging and
discharging potential near Li deposition and stripping potential. In addition to these basic
battery property requirements, environment friendliness and safety issue must be always
put on the agenda. As long as any of the above requirements does not fit, the application
of the anode material will encounter many difficulties.>?

1.3.1 Li metal anode

Li metal is the primitive anode material applied in Li based secondary batteries. It
is an ideal anode material due to its extremely high theoretical specific capacity (3860
mA h g!), and the lowest negative electrochemical potential of -3.04 V vs. standard
hydrogen electrode,® thus facilitating the design of secondary batteries with high energy
density and output voltage. However, it had been studied for several decades but has not
yet been commercialized. There are two main barriers for the commercialization of the

1.32 One is the Li metal dendrite

secondary batteries using Li metal as anode materia
formation and growth after long repeated charging and discharging processes. The
formation of Li metal dendrite might impale the separator and reach the cathode, leading
to internal short circuits to cause safety hazards. Another is the short cycle life due to its
low columbic efficiency, which is defined as the ratio of charge amount of discharging
and charging processes in one cycle. Li exposes to the electrolyte repeatedly during the
charging and discharging process, and cause more severe electrolyte decomposition.
These two barriers consequently prevent the commercialization of Li anode.

Since high energy density secondary batteries such as the Li-S and Li-O; secondary
batteries are pursued urgently for next generation secondary batteries for electrical
vehicles, Li metal anode has attracted significant research interest again in recent year
to be used in these batteries.> Most of studies remain on Li dendrite formation
mechanism. Various efforts focus on the strategies to prevent the dendrite formation.
Basically there is solid electrolyte interphase (SEI) formation on Li surface during Li
deposition process, since reduction potentials for most electrolyte components based on

organic solvents are more positive than Li deposition potential.** This SEI layer could
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prevent the further electrolyte decomposition kinetically. However, it is difficult to
achieve effective SEI layer since big change of Li metal morphology during repeated
deposition and stripping. Some valid ways are fabricating artificial SEI layer on Li
surface or a separator to suppress Li dendrite formation and penetration.>> But these
approaches are unable to prevent Li dendrite growth after long term cycle. Li dendrite
can be cracked to lose the contact with the electrode and will not act as active material
again. For the future research and development, the Li stripping and deposition
mechanism should be studied more deeply for the dendrite formation.*’ The
commercialization of Li metal anode still takes a long time to achieve.
1.3.2 Carbon anodes

Carbon materials can be classified into soft carbon (graphitic carbon), hard carbon
(disordered carbon) and nanostructured carbon.’® Among these different kinds of carbon,
natural or artificial graphite has obvious advantages as anode material for Li intercalation
because of its layer structure. It has high specific and volumetric capacity, low lithiation
and delithiation potential near Li stripping and depositing potential.?* It also has good
rate capability, low irreversible capacity, good electronic conductivity and long cycle life
for battery performance. The commercialization of the Li ion secondary battery started
from 1990s when SONY Company announced the application of graphite anode to
replace Li metal anode. As mentioned above, Li metal anode has severe dendrite
formation, which leads to safety hazards. The graphite used as anode material improves
the cycle life and safety of Li based secondary battery. The volume expansion is only
about 10% after the graphite was lithiated to LiCs. Because of the small structure change
with low expansion after lithiation, the reversibility is very high so that the Li ion
secondary battery has very good cycle life. Basically, similar to Li metal anode case,
there is also SEI formation due to the reduction of electrolyte components because the
lithiation of graphite is near 0.2 V vs. Li/Li*. Since graphite has small structure change,
the SEI layer can keep stable even after lithiation. The stability of a SEI layer is
significant for the battery performance. And this is also one of the reasons why the Li
ion battery could have a long cycle life.

Using disordered carbon like single graphene sheets to replace graphite has been
10



considered to increase the anode capacity, since single graphene sheets are expected to
adsorb Li ion on their both sheet sides. Matsumura et al.®” proposed that in disordered
carbon, Li ion are not only intercalated between graphitic layers but also adsorbed at the
edge and onto the surface of the graphene layer. Therefore, the capacity of disordered
carbon materials can go beyond the theoretical capacity of graphite (378 mAh g!) up to
about 450 mAh g!'.* In addition to the higher capacity compared to the graphite, the
high specific surface and good electronic conductivity of graphene make it has good rate
capability, that is, high current density can be obtained. However, the fabrication cost for
graphene is higher than that for graphite. The easy and cheap fabrication method for
graphene must be explored in the future.

Carbon nanostructures such as nanotubes, nanoparticles and nanosheets have been
proposed as potential substitute for traditional graphite for intercalation. They could have
higher capacity than graphite. For example, the nanotubes have interstitial sites including
inter shell van der Waals spaces, inter tube channel and inner cores for Li intercalation.*®
3 In other words, there are more sites for Li intercalation in carbon nanostructures.
However, although the higher capacity could be obtained, the excessive irreversible
charges and the technological limits towards industrialization have to be solved. The
excessive irreversible charges are due to the high surface area of the nanostructures,
which will cause more electrolyte decomposition to form SEI on the surface. To figure
out these problems, development of new electrolytes seems to be necessary to reduce
the irreversible capacity by reduce the possibility of electrolyte decomposition or form
effective SEI on the surface.

Besides the advantage of carbon used as anode materials for the Li ion secondary
battery, there still remain some issues for graphite anode to figure out. One is the limited
theoretical capacity. As the urgent need of next generation secondary batteries with
higher energy density, other types of anode such as alloy anode need to be explored as
soon as possible, including the primitive anode material Li metal currently.

1.3.3 Alloy anodes
Alloy anode could provide higher specific and volumetric capacities compared with

carbon anode.*® Since the energy density of carbon anode based Li ion secondary
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batteries almost reach their theoretical limit with little space to improve, people show
more interest to find an anode with higher energy density like alloy anode. *!

The elements, that can alloy with Li and be used as potential anode materials,
include the alkaline earth metals such as Mg and Ca, the transition metals such as Zn
and Ag, p-block elements such as Al and Si. For practical consideration, the elements
must be lowly toxic, cheap and have alloying potential close to Li deposition and
stripping potential. The properties of lowly toxic and cheap are based on the
environmental consideration, since one of the main purposes of the secondary batteries
is to reduce the air pollution. The alloying potential close to Li deposition and stripping
potential is beneficial for the fabrication of a secondary battery with high output voltage.

Figure 1-4 shows the elements that can be used as alloy anode candidates along with
graphite anode. Figure 1-4a shows the volumetric capacities of the elements calculated
at their state of full lithiation. Figure 1-4b shows the gravimetric capacity. *° Obviously,
most of alloy anode could provide double the volumetric capacity of graphite shown in
Figure 1-4a. And most of the alloy anodes have higher gravimetric capacity than graphite
shown in Figure 1-4b. It is expected the energy density will increase significantly for Li
based secondary batteries if alloy anodes are applied. In addition, most of these alloy
materials are abundant in production like Si and Al, industrial production of which is

quite mature.
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Figure 1-4 (a)Volumetric capacities calculated at the state of full lithiation and (b)

gravimetric capacities of selected elements.*

However, the secondary batteries using alloy as anode can have very high

irreversible capacities because of the large volume expansion and shrinkage during the
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lithiation and delithiation.!” This big volume change will cause the fracture of active
material and disconnection between active material and current collector. Much effort
needs to be made to figure out volume expansion problem.
1.4 Si Anode and Li-Si Alloys

Among the large number of investigated high specific capacity anode materials,
alloy anode electrodes have significant potential.*> As is shown in Figure 1-4, Si is a
promising candidate with the highest volumetric and gravimetric capacity (2200 Ah/L
and 3600 mAh/g) when alloying with lithium to form Li15Sis. Meanwhile it possesses a
lower discharge platform (ca. 0.4 V vs. Li/Li"). On the other hand, it is non-toxic and
has rich natural abundance. These advantages impel people to study Si anode as next
generation anode material. However, Si is accompanied by a very large volume
expansion (280% for LiisSis alloy phase) during lithium intercalation. Cyclic volume
expansion and shrinkage during lithiation and delithiation lead to pulverization of Si
particles and electrical disconnection from the current collector, which is one of the main
factors decreasing the cycle life of Si anode based secondary battery. In addition to the
issue of volume expansion, the alloy structure, components and lithiation mechanism are
also important to study for their significance to the battery performance like battery
capacity, cycle life and safety.
1.4.1 Alloy phase of Li-Si

Figure 1-5 shows the phase diagram of Li alloying with Si.** Theoretically, Si
alloying with lithtum will produce various forms of alloy (LiSi, Li2Si7, Li7Si3, Li13Sias,
and Li»,Sis). This is also expected to occur during the electrochemical deposition process.
Li-Si alloy are understood to be zintl-like phases,* in which if the Si atom octet is not
fully filled by electron transfer from Li, there still exist Si-Si bonds. However, in most
of the Li-Si alloy phase the Si atoms do not completely strip all the electron of the Li
atoms, in other words, electrons is partially transferred to Si atoms from Li atoms.* Only
in the LiSi phase, each Si atom can fill the octet by stripping one electron from the Li

atom.
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Figure 1-5 Phase diagram of Li-Si*

The Li-Si alloy phase diagram in Figure 1-5 contains most alloying phases;
however Obrovac et al*! found a new Li-Si alloy phase at full lithiation state, Li1sSia,
which is most likely to be the most lithiated phase existing after Si lithiation during
electrochemical process at room temperature.** Thus the family of Li-Si alloys are
determined more completely.

#Figure 1-6 shows the primitive cells of each alloy phase with cells of Si and Li.*
Basically it is clear that the interatomic distance between Si-Si increases as the degree
of lithium alloying progresses because of more Li atom insertion. The structure of Si-Si
bonds shows gradual collapse as the lithium alloying degree progress. The Li12Si7 alloy
phase has striking five-member rings, whereas the Li-Siz alloy phase has only Si
dumbbells. In the Li13Sis alloy phase, half of the Si atoms are Si dumbbells and the other
half is isolated by Li atoms. The LiisSis phase is the first alloy phase in which all Si
atoms are surrounded by Li atoms. Table 1-1 lists the crystalline parameters for all the
Li-Si alloys. As is seen, the density of Si-Li alloys deceased as lithium alloying degree

increase resulting in big volume expansion.
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Figure 1-6 The primitive cells of the crystalline Li-Si structures**

Phase xin Space Cell Lattice constant(A) | Density (g/cm?3)
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4Li;Sis 2.33 P3,12 Trigonal a=7.63 1.35
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The Li-Si alloy structures and compositions have been widely studied because of
their significance with respect to battery characteristics such as energy density and cycle
life. X-ray diffraction (XRD) is the most applied method to identify the structure and
composition of Li-Si alloys. Obrovac studied structural changes in Si electrochemically
lithiated process at room temperature by XRD, and determined that the LiisSis phase
crystallized from highly lithiated amorphous Si.*! Thereafter, several groups reported
crystalline LiisSis formation from amorphous highly lithiated Si.>'%® However there are
still some controversies about if there is crystalline LiisSis formation as others have
reported only amorphous phases.>° The controversies mainly stem from experimental
procedure such lithiation potential setup and lithiation degree control, which may lead
to no LiisSis crystalline phase formation. In some cases, the amounts of LiisSia
crystalline phase is not enough to be detected by normal XRD since the reflect intensity
is not enough high. Synchrotron X-ray diffraction (SXRD) is a powerful method to
detect very weak diffraction peaks with high sensitivity. Therefore, the observation of
crystalline Li-Si alloy phases is dependent on the experimental conditions, the
instrument sensitivity, and the amount of crystalline phase.

In addition to the powerful structural analysis for electrochemically formed Li-Si
alloy by XRD and SXRD, in-situ transmission electron microscopy (TEM) also shows
better structure and composition analysis with atomic resolution. In situ TEM allows
real-time studies of lithiation and delithiation behavior of individual Si nanowires or
nanoparticles.>? 56 61-62 1n most works it is demonstrated that there exists a sharp phase
between the crystalline Si and amorphous Si-Li alloy, and finally the crystalline Li1sSis
phase would form after the lithium concentration of amorphous LixSi reach a x value of
3.75 determined by electron diffraction pattern.

Besides XRD and TEM for structural and composition analysis, X-ray

photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR) spectroscopy
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and Raman spectrum are applied to analyze the electronic state of electrochemically
formed Li-Si alloy. XPS can determine Si electronic state by observing the energy shift
of Si 2p peak after lithiation. Especially, this technique is powerful to investigate the
solid electrolyte interface (SEI) formed by decomposition of electrolyte which is well
known to affect the battery performance.®3%° Key’® apply real time NMR to investigate
the structure of the amorphous phase, in which the lithiation of Si form Si-Si clusters at
first and then broken apart at the end of the first discharge to form isolated Si ions and
eventually the crystalline phase. It is also found the crystalline phase can accommodate
a small excess of Li to become extremely reactive in the electrolyte which might cause
self-discharge leading to the loss of the battery capacity. In addition, Raman spectrum
analysis clearly shows the Si-Si bond cleavage during the lithiation according to the
observation of Raman scattering intensity decrease at the Raman shift of Si-Si vibration
mode.

In addition to above technique to determine the structure and composition of Li-Si
alloy, soft X-ray emission spectroscopy (SXES) is also a powerful method for
investigating Li-Si alloys. A combination of SXES and scanning electron microscopy
(SEM) can reveal the valence band (\VB) structure of Li-Si alloys by excitation of inner
shell electrons and emission of soft X-rays when electrons are transferred from the VB
to the inner orbital.”>"> SXES has been successfully applied by Aoki et al. to investigate
the composition and electronic states of LixSi alloys by comparison of the experimental
SXES results and the calculated density of states (DOS).”® The results revealed a Li-Si
alloy layer structure for electrochemically lithiated Si(111) single crystals.

However, it is difficult for SXES to identify nanostructures due to its low spatial
resolution, because the electron beam size is approximately one micron. Windowless
energy dispersive spectroscopy (EDS) can be used to determine nanostructures with high
spatial resolution near 10 nm and sensitivity to light elements including Li."*
Conventional EDS has Be metal window to prevent the detection of soft X-rays below
150 eV because of the absorption of Be metal window. Windowless operation with a
very short working distance and new electronic devices provide improved sensitivity for

the detection of low energy X-rays, including Li K« and Si L3 emission. These features
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enable measurement of Li Kq, Si L3 and Si K lines simultaneously, while capturing
information on the composition and electronic states. A combination of high energy
resolution analysis by SXES and high spatial resolution analysis by windowless EDS
could be used to examine the structure, composition and electronic state changes during
lithiation of single crystal Si, and thereby reveal the mechanism of Si lithiation.
1.4.2 Electrochemistry of Si lithiation

There should be several charge-discharge platforms for Si electrochemical lithiation
process because of the existence of its alloy phases theoretically according to the
equilibrium phase diagram. However, this is not the case when Si electrochemical
lithiation is conducted at room temperature. It is found that these kind of charge-
discharge platforms only exist at high temperature such as 450 °C which is shown in
Figure 1-7.7 The lithiation and delithiation process at high temperature presents four
stable voltage platforms, corresponding to each individual phase transition process
among Si, Li12Si7, Li7Sis, Li13Sis and Li2.Sis. It must be reminded that there is no LiisSis
alloy phase electrochemical formation at high temperature. However, at room
temperature the first lithiation curve of Si does not show multiple voltage platforms, but
instead exhibits a lower long plateau which corresponds to the crystalline silicon
transformation into an amorphous form of Li-Si alloy. A metastable crystalline LiisSis
phase has been determined when the lithiation progress deeply at room temperature®?.5?
The crystalline LiisSis phase can only be obtained by Si electrochemical lithiation at
room temperature because it is unstable above 250 C and will disproportionate into
other crystalline phases,’® which is one reason that why there is no crystalline LiisSia
alloy phase at high temperature. Therefore, it is not generally shown in the equilibrium
phase diagram in Figure 1-5. The study of crystalline LiisSis alloy is of significance
since it is relative to the properties of Si anode based secondary batteries like capacity
and cycle life at room temperature. On the other hand, crystalline phases are generally
considered to be detrimental to battery performance in alloy negative electrodes, and

should therefore be attempted to avoid their formation.””
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The formation of Li2:Sis and Li2.Sis alloy phases also show difference at room
temperature and high temperature. The Si electrochemical lithiation experiments at high
temperature showed the presence of a precisely composed phase of Liz;Sis.’® It is
speculated that the stability of Li21Sis and Li22Sis phase may be temperature dependent.**
Figure 1-8 shows the Li21Sis phase is more stable than Li22Sis phase at room temperature.

And basically, crystalline LiisSis has similar formation energy compare with Li21Sis

phase, which indicates the

experimental observation that crystalline LiisSis will form

after lithiation is reasonable according to the calculation results.
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1.4.3 Anisotropy expansion of Si lithiation

The anisotropic volume expansion behavior and dynamics of Si lithiation have been
investigated experimentally and theoretically.>® "°8% As described above, the
electrochemical lithiation of Si at room temperature results in an amorphous phase at
first and finally transfer into c-Li:sSis, which suggested that Si lithiation is a two-phase
reaction in which there exist a reaction front between crystalline Si and amorphous Li-
Si alloy. Goldman et al. showed clear anisotropic volume expansion along the Si <110>
crystalline orientation.®% In addition, Lee et al. used etched Si wafer with nano-pillars
and reported that the anisotropic volume expansion occurs preferentially along the
crystalline facet (110) which is shown clearly in Figure 1-9.8 The circular cross sections
of nanopillars with different axial orientations expand into different shape by a main
expansion direction <110>. It is suggested that Li inserted the crystalline Si through
<110> ion channels which causes the preferential volume expansion along this direction
and induces the collapse of (111) planes by breaking Si-Si bonds. If lithiation is
controlled by the anisotropic ion insertion rate as opposed to the diffusion through the
lithiated phase, anisotropic expansion may occur.8% Anisotropic Li insertion rate will
cause the anisotropic stress inside the electrodes and finally lead to bad cracks. It is
suggested to decrease the internal stress caused by anisotropic expansion by designing
Si film with preferred crystal orientation. It is of significance to study the Li insertion

anisotropy in Si single crystal to make clear how Li insert Si to form Li-Si alloys.
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Figure 1-9 Anisotropic lateral expansions of crystalline Si nanopillars with three

different axial orientations ((100) (110) and (111)) upon lithiation®:

1.5 Electrolytes in Li based secondary batteries and electrolyte for Si Anode

The great volume expansion hinders the further commercial application of Si anode
because it makes the stable battery cycling very difficult to achieve.®? And those severe
capacity fading mechanisms are most relative to electrolyte. First, the continuous
expansion and shrinkage of the Si electrode material makes the electrolyte
decomposition film thicker, decreasing the electrical conductivity of Si electrode and
increasing the irreversible capacity.®”-% Commercial electrolytes in Li ion batteries are
commonly alkyl carbonate solvent, when the potential is below 1.3 V vs Li/Li* the
electrolyte decomposition will occur to form a layer of poor electron conductivity while
good ion conductivity of the surface film. This film is well known as the solid electrolyte
interface (SEI). By isolating the anode and electrolyte, SEI can prevent the further
decomposition of the electrolyte kinetically. However, because of expansion and
shrinkage of Si in the charge and discharge process, SEI film can be broken and the

surface of Si electrode exposes to the electrolyte again, leading the further electrolyte
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decomposition to reduce the battery capacity. Second, the volume expansion and
shrinkage of Si can cause breakage and pulverization of Si particles, which is particularly
pronounced for larger size Si particles.®! Cracks can cause Si new surfaces to contact the
electrolyte resulting in further electrolyte decomposition and loss of electrical contact
between the particles and the ability to conduct electrons. Generally speaking, it is
expected to have better performance for Si anode based secondary battery if the
electrolyte is stable with little decomposition or to form a stable SEI on Si surface.

Electrolytes were generally considered as a key element that affects or ever
determines the battery performance in terms of electrochemical reversibility, cycle life,
rate capability and columbic efficiency. Since electrolytes are different for the Li ion, Li-
O: and Li-S secondary batteries, the electrolyte effects on Si lithiation should be studied
more deeply. ¥? Especially the use of Si anode in Li-O and Li-S secondary batteries
can play the high capacity of Si since the cathode is Oz and S that can have very high
capacity. The increasing interest engages people to study more about fundamental of Si
lithiation in Li-Oz and Li-S secondary batteries when the electrolytes are changed.

The electrolyte used in the Li ion secondary batteries contains Li salt, solvent and
some solved addition. Li salt is dissolved in nonaqueous solvent through ion-solvent
interaction. Electrolyte solvents must be enough polar to dissolve the Li salt. In the Li
ion secondary battery, the electrolyte solvents were mainly selected from the organic
carbonate, among which ethylene carbonate (EC) became the indispensable for a number
of properties such as high dielectric coefficient. Dimethyl carbonate (DMC) and
propylene carbonate (PC) are also used as co—solvent. Carbonate ester were used as
electrolyte solvents due to their stability to anodic decomposition, but their cathodic
stability is low and make them decompose on anode during the anode lithiation process.
However, a SEI layer forms between anode surface and the electrolyte. This SEI layer
prevent the further decomposition of carbonate ester and make carbonate ester suitable
used in the Li ion secondary battery. And right now, the most of the efforts are focusing
on achieving a better electrochemical performance of this layer, such as more Li
conductivity, less electron conductivity and uniform formation on anode surface.

An ideal electrolyte for Li-O; secondary batteries is expected to possess high O:
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solubility and mobility, high chemical stability toward LiO> and Li,O,, tolerance against
Li metal anode growth or Si anode expansion. The most studies recently focused on the
suitability of aprotic solvent used as nonaqueous electrolyte solvent because they may
react with the peroxide or superoxide. The commercially used electrolyte in the Li ion
secondary battery is based on alkyl carbonate solvents such as DMC, EC and PC. And
this is also tested as the default solvent in Li-O» secondary batteries. However, they can
be decomposed by the highly reactive intermediates of reduced O», such as superoxide
radical O, . O3 would attack carbonate molecules as a strong nucleophile, initiating
their reductive breakdown into semi carbonates via a carbonate peroxide intermediate.?®
This makes carbonate not suitable to be used in Li-O> secondary batteries. Compared
with the instability of carbonate solvents, linear ethers such as tetraethyl glycol dimethyl
ether (TEGDME) or triglyme can serve as better solvents than carbonates.”® One of the
most important reason is that they favor the formation of Li2O; as the main discharged
product. However, they still can react with O,  during the long-term cycling. For a
nonconventional electrolyte solvent, dimethyl sulfoxide (DMSO) was the most reported
to be stable in Li-O> secondary batteries.”* The formation of Li,O> was favored in DMSO,
while the kinetics of its reoxidation was much facilitated. High capacity can remain even
after long term charge-discharge cycle. And this is attributed to the stabilization of
superoxide radical species 0, by solvated Li* in DMSO. Since the conventional
electrolyte carbonate is unstable in Li-O> secondary batteries, the effect of solvents on
Si lithiation need to be considered further when Si anode is used.

In Li-S secondary battery, a series of intermediates ( S5, S2~, S37, S5~ ,and S37)
often form corresponding to varying stages of incomplete reductions of S. These
intermediates were not of particularly high reactivity toward solvent molecular unlike
that in the Li-O> secondary batter, partially due to the better charge-delocalization in
these polyatomic as well as their higher solubility in organic media.”> However, these
intermediates still can attack alkyl carbonate solvents, and their solubility in organic
solvent induced a shuttling mechanism, leading severe capacity decrease or battery
failure. *>Ethers were preferred over carbonates as electrolyte solvents for the Li-S

secondary battery.?° The parasitic reactions occur seriously between polysulfide species
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and carbonates. However, acyclic and cyclic ether like dimethyl ether (DME) or
tetraethyl glycol dimethyl ether (TEGDME), can be more stable for these intermediates.

As described above, the electrolyte performance based on different solvents are
dependent on the type of Li based secondary batteries. For example, in Li-O2 secondary
batteries, the solvents DMSO was stable than TEGDME and alkyl carbonate. And
TEGDME shows better performance than alkyl carbonate. If Si anode was used in these
Li based secondary batteries, the electrolyte effects on Si lithiation should be determined.
Further study need to be conducted for a better choice of electrolyte, especially the
solvent choice such as more stable solvent.
15.1 Electrolyte for Si anode

When Si anode is used as anode, the conventional electrolyte using EC or DMC as
solvent seemed have bad performance on cycle life and capacity. Some reports had
determined the fluoroethylene carbonate (FEC) and vinyl carbonate (VC) can improve
the Si anode performance like cycle life and capacity significantly. Usually FEC and VC
were used as co solvent or addition, which can suppress the continuous SEI formation
by forming -Si-F and LiF species which have strong binding energy. Moreover, FEC
forms polymeric species by generating HF to form VC and polymerizes to form a
passivation film. However, the beneficial effects of FEC or VC need to be understood
further. Since FEC or VVC is expensive solvents and not the ultimate choice, these studies
will help to explore more solvent system to be used.
1.6 Objectives and Outline of the Present Thesis

The objective of this thesis is to determine the structures and compositions of Li-Si
alloys prepared in different solvents using scanning electron microscopy (SEM),
windowless energy dispersive spectroscopy (EDS) and soft X-ray emission spectroscopy
(SXES). The application of windowless EDS to determine the Li distribution in Li-Si
alloys was declared. And it was used to study the Si lithiation process. The structures
and compositions of the Li-Si alloys prepared in different solvents were mainly studied
and discussed. By using these techniques, the solvent effects on the Si lithiation were
discussed and understood.

In Chapter 1, the background of the Li based secondary batteries, the anode
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materials and the Si anode are given. The structures and compositions of Li-Si alloys
after Si electrochemical lithiation are briefly reviewed. The electrolytes used in Li based
secondary battery are also reviewed for Si anode.

In Chapter 2, the experimental details are given, including the materials,
electrochemical measurements, and Li-Si alloys preparation and characterization
techniques.

In Chapter 3, the composition of the Li-Si alloy was studied using the high-energy
resolution analysis of SXES and high spatial resolution analysis of windowless EDS.
The Li Ko, Si L23 and Si Ko intensity changes determined by windowless EDS were
analyzed to obtain the specific thicknesses and composition for the Li-Si alloy layers.
The Li-Si alloy prepared after a charge density of 1000 mC-cm™ consist of an
approximately 1.0 um thick crystalline LiisSis alloy layer, a 1.5 um thick amorphous
Li13Sis alloy layer, and a 2.2 um thick Li diffused LixSi alloy layer. The Li distribution
in diffused LixSi alloy layer was determined for the first time by windowless EDS
measurements.

In Chapter 4, the Si lithiation was studied. Five Li-Si alloys were prepared under
potentiostatic charging at 10 mV vs. Li/Li*. The charge densities were 20, 50, 120, 500
and 1000 mC-cm. The structures and compositions of the five Li-Si alloys were
determined by using SEM, SXES and windowless EDS to study the Si lithiation process.
Under potentiostatic charging, the cathodic current due to lithiation increased to a peak,
and then decreased to a constant value. The crystalline Li1sSis layer started to grow along
with the Li diffused LixSi layer until the lithiation current reached its peak. Thereafter
the amorphous Li13Sis alloy started to grow. On the other hand, in situ synchrotron XRD
was used to study the Si lithiation. Crystalline LiisSis layer formed after the lithiation
and disappeared after the delithiation.

In Chapter 5, the effects of FEC and HF on the structures and compositions of the
Li-Si alloys were studied. The HF were found to be adsorbed on the Si surface. F
adsorption made the surface potential more negative and was expected to increase the
Li* ion concentration on the surface, resulting in more pyramid nuclei formation on the

surface. More pyramid nuclei formation resulted in smaller pyramid that covered the Si
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surface, i.e., thinner crystalline Li1sSis alloy layer. This explained the reason of FEC to
improve the battery performance, since FEC can decompose to generate large amount of
HF which can make the pyramid smaller.

In Chapter 6, the solvent effects on the structures and compositions of the Li-Si
alloys were studied. The solvents (DMSO, TMS, TEGDME, EA, DMC, PC and FEC)
were used to prepare the electrolytes of 1.0 M LiPFs in different solvents. It already
determined the Li-Si alloys consist of crystalline LiisSis, amorphous Li13Sis and Li
diffused LixSi alloy phases. The thickness of crystalline LiisSis alloy layer in the Li-Si
alloy decreased by the solvent order DMSO > TMS > EA > TEGDME > DMC > PC >
FEC. However, the amorphous Li13Sis alloy layer increased by the above solvent order.
It was considered the weaker solvation ability of the solvents to Li* ion makes Li* ion
dis-solvation easier to form more pyramid nuclei on the Si surface. More pyramid nuclei
formation resulted in smaller pyramid that covered the Si surface, i.e., thinner crystalline
Li1sSis alloy layer.

In Chapter 7, the general conclusion of this thesis and future prospects are given.
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Chapter 2

Experimental

2.1 Chemicals

H2S04 (96~98%), H202 (30~35%), HCI (35%), and HF (46%) were purchased from
Wako Pure Chemicals. 40% NH4F aqueous solution (semiconductor grade) was
purchased from Morita Chemical Industry. LiPF¢ salt (99.9%) and Li wire (99%) were
purchased from Kishida Chemical and Sigma-Aldrich, respectively, and stored in a glove
box (moisture < 0.5 ppm, oxygen < 0.5 ppm). Dimethyl carbonate (DMC, 99%, battery
grade), dimethyl sulfoxide (DMSO, 99%), tetracthylene glycol dimethyl ether
(TEGDME, 98%), and fluoro ethylene carbonate (FEC, 99.5%) solvents were purchased
from Kishida Chemical. Propylene carbonate (PC, 99.7%), ethyl acetate (EA, 99.5%)
and tetramethylene sulfone (TMS, 99%) solvents were purchased from Sigma-Aldrich.
All the solvents were dried with 3A molecular sieve for at least 3 days, and finally used
after filtering with a nylon filter in the glove box. Si(111) single-crystal wafers (thickness:
500 um, resistivity: 1-10 Q cm’™, n-type: phosphorous-doped) were purchased from
Shin-Etsu Semiconductor. Mill-Q water and 99.999% Ar gas were used throughout the
experiments.
2.2 Electrochemical Measurements and Li-Si Alloys Preparation
2.2.1 Hydrogen-terminated Si(111) Electrode Preparation

The Si(111) wafer was cut into 1.0x1.0 cm? pieces. The hydrogen-terminated Si(111)
was prepared through chemical etching as reported.! The Si pieces were cleaned in
piranha solution (H2SO4/H202 = 2:1) for 30 min to remove organic contaminants, etched
in 0.5% HF solution to remove the native oxide from the surface, re-oxidized in
HCI/H202/H20 (1:1:4) solution for 20 min at 85 °C, and then etched for 5 min in 40%
NH4F solution that was degassed with Ar gas for 30 min.
2.2.2 Cyclic Voltammetry Measurements

The hydrogen-terminated Si(111) was then transferred to an Ar-filled glove box and

installed in a Teflon type three-electrode cell by connecting the backside to a stainless
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steel current collector with InGa alloy, and the side touching the electrolyte was
connected with an O-ring with an area of about 0.4 cm?. Lithium wire was used as both
reference and counter electrodes. The schematic of the electrochemical cell
configuration is shown in Figure 2-1. The electrolytes were prepared by dissolving 1.0
M LiPFs in DMC, DMSO, TEGDME, EA, PC, TMS and FEC solvents. Cyclic
voltammetry was conducted between 2.7 and 0.01 V vs. Li/Li" with a scan rate of 1

mV-s'! using a potentiostat (Hokuto Denko, HZ-5000) to control the electrode potential.

Electrolyte
1.0 M LiPF4in
organic solvents

Li wire
Reference Electrode

Li wire
Counter Electrode

Working| Electrode

Figure 2-1 Schematic and photo (lower left) of the electrochemical cell

2.2.3 Li-Si Alloys Preparation under Potentiostatic Lithiation

Potentiostatic measurements were conducted by stepping the potential from 0.5 to
0.01 V vs. Li/Li" to obtain the current as a function of time for electrochemical analysis.
In Chapter 3, a Li-Si alloy was prepared by potentiostatically charging at 10 mV in 1.0
M LiPF¢ in DMC. The lithiation charge was 400 mC (charge density: 1000 mC-cm?,
working electrode surface area: 0.4 cm?). After preparation, the sample was washed with
DMC solvent and broken into half with a diamond pen along the Si <110> direction to
show up the cross section, and then transferred without air exposure for SXES and
windowless EDS measurements by an transfer vessel. In Chapter 4, five Li-Si alloys
were prepared by potentiostatically charging at 10 mV in 1.0 M LiPFs in DMC using
holding times of 30 s (20 mC-cm™), 60 s (50 mC-cm), 150 s (120 mC-cm), 1000 s
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(500 mC-cm) and 2500 s (1000 mC-cm™) after stepping the potential to 10 mV. In
Chapter 5, different Li-Si alloys were prepared by potentiostatically charging at 10 mV
in 1.0 M LiPFs in PC with an addition of 0, 0.5, 1, 2, 4 mM HF aqueous solution. The
Li-Si alloy was also prepared in 1.0 M LiPFg in FEC to compare with PC. In Chapter 6,
different Li-Si alloys were prepared by potentiostatically charging at 10 mV in 1.0 M
LiPFs in DMC, DMSO, EA, TEGDME, PC, TMS and FEC. The lithiation charge density
is 1000 mC-cm™ for all of the Li-Si alloys prepared in both chapter 5 and 6. After
electrochemical preparation, the samples were washed with DMC solvent and broken
into half with a diamond pen along the Si <110> direction, and then transferred by
transfer vessel without air exposure for windowless EDS, SXES measurements.

2.3 Scanning Electron Microscopy (SEM) Measurements

SEM measurements were carried out by using a scanning electron microscope
(JEOL, JSM-7800F, Figure 2-2) under an ambient pressure of less than 10* Pa. The
incident electron energy was employed to be 5.0 keV. The SEM images were obtained
by detecting both secondary and backscattered electrons with a spatial resolution of 8
nm. The Li-Si alloy specimens were measured for both surface and cross-section. The
specimen was broken into half with a diamond pen along the Si <110> direction to show
up the cross section for cross-section measurements. All the Li-Si alloys prepared in
Chapter 3, 4, 5 and 6 were measured in the same SEM condition.

Electrons can be extracted from various sources like tungsten or lanthanum
hexaboride (LaBe) single crystal filament and driven by an electrical potential along an
evacuated column. Electrons generated in this way are called primary electrons (PE),
and they can be formed into a finely focused beam and systematically scanned across a
specimen surface of interest.? The primary electrons accelerated onto a material result in
a number of interactions with the atoms of the target specimen as shown in Figure 2-2,
emitting typical signals used for imaging include secondary electrons (SE),
backscattered electrons (BSE), cathodoluminescence (CL), auger electrons and
characteristic X-rays. The elastic and inelastic scattering result in a number of signals
that are used for imaging, quantitative and semiquantitative information of the target

specimen.
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Secondary electron (SE) and Backscattered electron (BSE) are the most important
signals for SEM image recording. Conventionally, electrons with energies less than 50
eV are called SE and those bigger than 50 eV are called BSE.? The differences in
specimen composition and surface topography affect the generation, transport and

escape of BSEs and SEs.

Primary electrons PE

Backscattered electrons BSE Secondary electrons SE

) » X-ray photons
Photons of visible light +/\ /| , N

L NAM Auger electrons
vV \)

ADSODEd " (thin) Specimen

- Specimen current eloctrons
:::Ill 4 EE
i ‘ 1] )
uu”“ LT Inelastically scattered electrons
] o Wi Elastically scattered electrons V

i L]
UHTT Transmitied electrons

Figure 2-2 Photo of JSM-7800F SEM instrument, and useful signals from the

interactions between electrons and a specimen?

The collection of SEs and BSEs by an effective detector is important to show a
distinct image for the specimen surface. Everhart-Thornley detector is the most effective
detection systems for these signals. The work principle is shown in Figure 2-3. The
emitted electrons are collected by a positively biased grid of collector in front of a
scintillator biased at 10 kV. The accelerated electrons then strike the scintillator and emit
light through the light pipe. Then the light emission is recorded by a photomultiplier tube
and electronic amplifier to produce output electronic signal. The BSEs were also
collected and recorded by increasing solid angle of collection. The recording process
was similar to that of SEs recording, which excites scintillator to generator light to be

recorded by photomultiplier tube and electronic amplifier.
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Figure 2-3 Schematic for Everhart-Thornley detector using scintillator-photomultiplier

combination

2.4 Energy Dispersive Spectroscopy (EDS) Measurements

Windowless EDS measurements were conducted via windowless silicon drift
detector (SDD) system (Oxford Instruments, X-Max Extreme) with high spatial
resolution and sensitivity. Spectra were acquired under an ambient pressure of less than
10 Pa and an accelerating voltage of 5.0 kV. The samples were divided in half to show
up the cross section to measure the cross-sectional depth dependent composition. The
line scan method of windowless EDS measurements from the surface of the Si substrate
was conducted point by point. Every point accumulation time was 15 s. All Li-Si alloys
prepared in Chapter 3, 4, 5 and 6 were transferred to the SEM chamber without air
exposure by transfer vessel.
2.4.1 Working Principle of EDS

As shown in Figure 2-2, the interaction between electrons and matter will generate
X-ray photons including continuous and characteristic X-rays. During inelastic
scattering of the primary electrons with atoms, X-rays can be formed by two distinctly
different processes.*> A process is described that the primary electrons can undergo
deceleration in the columbic field of the atoms and produce continuum X-rays because
of the energy loss of the primary electrons. This continuous X-ray component is
nonspecific and forms a background in EDS at all energies. The other process is
described that a strongly bound electron in inner orbital is excited by primary electrons

and result in electron transitions between energetic states to generate characteristic X-
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rays. The characteristic X-ray were basically determined by the atomic number and the
number and distributions of the electrons according to the different possible quantum
states.* This feature will serve as basis for EDS analysis.

The emission processes of characteristic X-ray of atoms can be illustrated clearly in
Figure 2-4 for the emission of Si Ka as examples. The primary electrons can bombard
and eject the tightly bound inner K shell electron, leaving a vacancy in the K shell; the
Si atom being excited by the primary electrons is under an unstable energy state. When
an atomic electron from an outer shell such as L-shell electron fills the K-shell vacancy,
the characteristic X-ray photon will be emitted during this de-excitation process, for

example in Si atom, Si Kq will be emitted.

X-ray emission: Si K, Energy level
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Exicted electron X-ray emission: Sil,s nucleus

Figure 2-4 Schematic illustration of the process of inner-shell ionization and subsequent

de-excitation by electron transitions for the emission of Si Kq and L 3 X-ray emissions

First, the X-ray photon energy can be used to determine the element species. It is
equal to the difference between the energies of the initial and final states. Since the
energies of the electrons in each shell are precisely defined, the energy difference of the
electron transition is therefore a characteristic value. Here Si K has characteristic energy
of 1.74 keV (the value is obtained by subtracting 0.099 from 1.839 keV as shown in
Figure 2-4) to determine Si atom. Similarly, each atom has its characteristic X-ray
emission, and in general the characteristic X-ray energy of a series satisfies Moseley’s

law of equation 2-1:°
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E, x (Z—0)? 2-1
where 6 is the screening constant of the corresponding shell. Basically, the characteristic
X-ray emissions set the basis for elemental analysis since the inner shell energies of atom
are not affected by the chemical environment. If the X-ray photon emits by electron
transfer from the valence band to the inner shell, the chemical environment will have
effects on the X-ray emission energy and intensity since the emission are involved in
chemical bond type. For example, for Si the X-ray emission from valence band is
illustrated in Figure 2-4 for Si Lo 3, which is produced by the electron transition from the
valence band to Si L, and L3 shell. The change of chemical bond for Si will change the
shape and intensity of Si L3 X-ray emission. Therefore, the type of X-ray emission used
for quantitative elemental analysis is usually chosen to be the X-ray emission not from
the valence band electron transition, i.e., Si Ko is more suitable for quantitative analysis
than Si L3 X-ray emission.

Second, the concentration of the element in the specimen can be calculated
according to the intensity ratio of X-rays in characteristic energy produced in the
specimen and in a pure element standard as reference for quantitative X-ray analysis.
Although there exist many factors such as atomic number, X-ray absorption and
fluorescence need to be considered, the chemical composition measurements can be
obtained within an accuracy approaching 1% according to the measured X-rays
intensities with the proper experimental setup and data-reduction procedures.’

The technique to efficiently detect the characteristic X-ray emissions for elemental
analysis is energy dispersive spectroscopy (EDS). Because of the ease of operation,
lithium-drifted silicon (Si(L1)) solid-state x-ray detector is often the choice for both EDS
qualitative and quantitative analysis as shown in Figure 2-5.

Usually there is a thin window like Be metal or polymer to isolate the specimen to
the detector in case of contamination. As shown in Figure 2-5, the X-ray emits from the
specimen under the electron beam excitation, and pass through the thin window to the
detector. When the X-ray photon is captured, electrons are promoted into the conduction,

leaving holes in the valence band. The absorption of each individual X-ray photon by
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the detector will make the formation of electron-hole pairs. Under the applied bias, the
electron-hole pairs will be swept away to form a charge pulse, which is then converted
to a voltage pulse by an amplifier and recorded by a computer.

Au contact
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~— Ny H
Specimen ‘_‘h+
Si(Li)
Ptype Si ntype Si
Be window Si(Li) detector

Figure 2-5 Schematic illustration of typical Si(Li) detector

Amplitude of each voltage pulse is relative to the number of electron-hole pairs, and
proportional to the energy of the incoming X-ray photon, which can be described by the
following equation under ideal condition that all the energy of X-ray photon is absorbed

to generate electron-hole pairs,

n=— 2-2
€

where ¢ = 3.8 eV for Si, E is the energy of the incoming X-ray photon. This is the
principle that an EDS works in. The height of each absorption process to convert into
voltage is a few millivolts and occurs over a period of about 150 ns.’

In addition to Si(Li), there is another type of detector named silicon drift detector
(SDD), which is more efficient that Si(Li) detector. The SDD is similar to Si(Li) detector
in that electron-hole pairs are generated, but the physical design is radically different.
Especially SDD use high purity Si with a very low leakage current because liquid
nitrogen cooling is not needed for SDD, but instead a simple Peltier cooler is used.
Meanwhile there is a lower capacitance because SDD integrate the FET directly into the

chip. In Si(Li) detector, FET is located as an external circuit to convert the current into
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a voltage. As a result, the capacitance between FET and detector is not low enough. But
in SDD design, the integration of FET into the chip reduces the capacitance strongly,
therefore reduce the electronic noise. Thus, compared with Si(Li) detector, SDD has
many advantages including high intensities and low noise.
2.4.2 Windowless EDS Measurements

Since the window exists in conventional EDS to isolate the specimen to the detector
as shown in Figure 2-5, the ultra-soft X-ray region below 150 eV cannot be detected
because of the adsorption of X-ray by Be metal window. If there is no window between
the specimen and the detector, the adsorption of X-ray below 150 eV will be avoided.
Therefore, windowless EDS is advanced design to detect the X-ray region such as Li K«
(54 eV) or Si L3 (90 eV) emissions.%” As is known, lithium is the key element for the
development of lithium based secondary battery. It is important to quantitatively
determine the Li element distribution among the battery material relative to the battery
performance such as cycle life and energy density. The ability of windowless EDS
measurement for a metallic Li film to detect the Li is shown in Figure 2-6, which observe

a very high Li Ko emission peak.’

Figure 2-6 X-ray spectrum of metallic Li film taken at 5 kV with a beam current of 1.1

nA’

Since windowless EDS has the ability to detect all X-rays over greatly wide energy

range including ultra-soft X-ray regions, it provides the possibility to detect Li
41



distribution according to Li Ko emission intensity and other characteristic X-ray
emission from other elements. For example, characteristic X-ray emissions of Li Ka, Si
Ko and Si Lo 3 for Li-Si alloy are expected to be detected simultaneously to elucidate the
Li distribution among Li-Si alloys. In addition, windowless operation can make the
working distance of the detector to be shorter, increasing the efficiency of X-ray photon
collection, so the lower beam current and accelerating voltage can be used to the benefit
of not destroying the specimen, especially for the electron beam sensitive Li-host
materials. However, low energy resolution is problem of windowless EDS measurement
to detect ultra-soft X-ray region. If there are many X-ray emissions components around
0.1 keV, it will bring the signal overlap problem. Therefore, separation and assignment
of these signals will be important for analyzing the element distribution, such as Li
element.

2.5 Soft X-ray Emission Spectroscopy (SXES)

SXES measurements were conducted via a SXES system (JEOL, SS-9400SXES).
Spectra were acquired under an ambient pressure of less than 10 Pa and an accelerating
voltage of 5.0 kV. The incident electron spot size for SXES was approximately 1.0 um
and a varied line-space grating (JEOL, JS50XL) was applied with a resolution of
approximately 0.15 eV. The probe current and acquisition time were 50 nA and 200 s,
respectively. The samples were divided in half to show the cross section to measure the
cross-sectional depth dependent spectra. All Li-Si alloys prepared in Chapter 3, 4, 5 and
6 were transferred to the SEM chamber without air exposure by transfer vessel. The
principle of SXES is introduced as follows.

The X-ray emissions can be detected by using another type of detector called

wavelength dispersive spectroscopy (WDS). According to Bragg’s law,

nd = 2d sin 8 2-3
where n is an integer, A is the X-ray wavelength, d is the interplanar spacing of a
crystal, and 6 is the angle of incidence of the X-ray, only the X-rays of a single

wavelength can be reflected by the crystal when the wavelength coincides with this

equation. This principle becomes the base for wavelength dispersive spectroscopy
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analysis. In conventional WDS, a spectrum can be scanned by rotating the crystal
through an annular range and rotating the detector at twice the angular speed.’ By
changing the incidence angle, the X-rays photon with specific A is selectively detected,

and its intensity is recorded by a proportional counter as shown in Figure 2-7.

Specimen!
\
\ Proportione}lcounter

\ /
\ /
\ /
~ d

~ . d
~ _ Rowlandcircle _~
~

Sm—_—_-—

Figure 2-7 Schematic illustration of typical WDS detector

The X-ray photon can be also selectively reflected by using a varied-line-spacing
(VLS) grating instead of analyzer crystal for ultra-soft X-rays range below 1 keV. In
conventional WDS, the analyzer crystal needs to move along the Rowland circle to
change the incidence angle 6, and obtain a spectrum in a certain energy range with an
energy resolution of about 10 eV. This energy resolution is still not enough for soft X-
rays below 1 keV, especially the X-rays emitted by transition from the valence band to
inner vacancy, which can reveal the density of states of the valence band. The VLS
grating has a series of etching lines with varied spacing. According to Equation 2-3, the
light can be monochromatic by changing the spacing d while fixing the incident angle
0.3 The VLS grating obtains a spectrum on a flat plane but not on a Rowland circle for
a certain energy range. Coupled with an X-ray photon detector called charge-coupled-
device (CCD), a soft X-ray emission spectroscopy (SXES) is able to be constructed

without a moving mechanism as shown in Figure 2-8.!%-!!
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Figure 2-8 Schematic illustration of SXES devices

The SXES enables simultaneous measurement of spectra with different energies,
without moving the diffraction grating and detector. It provides high spectral resolution
close to 0.15 eV, and also the ability to detect light element including Li. In addition, it
is able to obtain the chemical state analysis of elements. For example, as shown in Figure
2-9, Si Lo 3 emission can be obtained by SXES to reveal the DOS of crystalline Si. The
Si Lz3 emission peaks were considered to be associated with low-lying Si 3s-3s bonding

state at 89.6 eV, and the main peak at 92.0 eV and the shoulder at 96.0 eV originate from

p components of sp* hybridization.'*!3
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Figure 2-9 Si L, 3 emission spectrum'*

2.6 In-situ Synchrotron X-ray Diffraction (SXRD) Measurements
In-situ SXRD measurements were conducted using the BL15XU beamline at
SPring-8 without air exposure through the use of Kapton polyimide film as a window in

an in-house-built sample holder. The incident X-ray energy used was 19 keV (A=0.653
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A).

Synchrotron X-ray Diffraction (SXRD) is a very useful technique to analyze
unknown materials efficiently. Consisting of narrow, powerful beams of electromagnetic
radiation, synchrotron radiation is produced when electron beams, accelerated to nearly
the speed of light, are forced to travel in a curved path by a magnetic field. A simplified
sketch of a storage ring is shown in Figure 2-10. It is worthy noted that synchrotron
sources are very large scale national facilities. The diameter of the storage ring may be
hundreds of meters. The synchrotron XRD instrument at BL15XU in Spring-8 was

shown in Figure 2-10.
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Figure 2-10 Schematic diagram of a synchrotron storage ring and a picture of

BL15XU in Spring-8.

The in-situ measurement of Li-Si alloy growth was conducted in 1 M LiPFs in
TEGDME. The electrochemical cell for in-situ measurement is shown in Figure 2-11a.
The working electrode Si(111) was connected to a tungsten wire, and Li wire was used
as both reference and counter electrode. Kapton film was used to seal the electrolyte.
The peak intensity changes at @ = 24.6 was monitored, which is corresponding to the
crystalline Li1sSis(111) diffraction peak, during the electrochemical lithiation of Si(111)
as shown in Figure 2-11b. The potential was stepped to 10 mV to conduct
electrochemical lithiation for 10 hour, and then stepped to 2.0 V to conduct

electrochemical delithiation for 4 hours.
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Figure 2-11 (a) schematic of an electrochemical cell for in-situ measurement and (b)

schematic for the in-situ out-of-plan XRD measurement

SXRD works according to Bragg diffraction principle of Equation 2-3. The planar
spacing d can be determined by the title angle d when the wavelength A of incident light
is fixed. And the structures and components of materials can be determined according to
XRD pattern. SXRD was conducted using a Debye-Scherrer camera installed on
BL15XU beamline at SPring-8 at room temperature, which is located in Harima Science
Park City, Hyogo Prefecture, Japan. The name “Spring-8” is derived from super photon
ring-8GeV. It is the world’s largest third-generation synchrotron radiation facility which
delivers the most powerful synchrotron radiation currently available. The synchrotron
radiation X-rays were monochromatized to the wavelength of 0.65298 A and used in this
thesis work.

2.7 X-ray Photoelectron Spectroscopy (XPS) Measurements

The surface species on Si(111) wafers were investigated with a 1 x 10” Torr base
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pressure XPS spectrometer (ULVAC-PHI, VersaProbe I1) equipped with an Al K« source
operating at 150 W. The high-resolution scans were observed in constant energy modes
at 46.95 eV pass energy. The size of an analyzed area on all the specimens was set at 220
pm x 220 um. The Si wafer specimens for XPS measurements were prepared by
immersing them in the electrolytes which had increased HF concentration and then
washing them by DMC to remove the electrolytes.

2.8 Raman Spectroscopy Measurements

Raman spectroscopy measurements were conducted via a laser Raman microscope
system (Nanophoton, Raman Touch-VIS-NIR). The exciting laser light wavelength was
532 nm. Raman spectra were recorded for a series of mixed electrolyte under 50 mW.
The accumulation time is 2 s but repeated by 8 times. The grafting line parameter is 1200
cm! and the wavenumber center is 1000 cm™. The mixed electrolytes were prepared by
mixing 1 M LiPFs in DMC, EA, TEGDME, PC, FEC and TMS into 1 M LiPFg in DMSO
with equal volume, i.e., 1 M LiPFsin DMC: DMSO (1:1 v: v), EA: DMSO (1:1 v: v),
TEGDME:DMSO (1:1 v:v), PC:DMSO (1:1 v:v), FEC:DMSO (1:1 v:v), TMS:DMSO
(1:1 v:v). The measurements were conducted in a super dry room with moisture less than
0.1 ppm.

Raman spectroscopy is employed to detect vibrations in molecules. It is widely used
to provide the information on chemical structures and physical properties. When incident
photons interact with matter, it can undergo elastic and inelastic scattering processes.
Figure 2-12 is the energy diagram for the Raman process. Most molecules are present at
“m” ground vibration state. When the incident photons interact with the electrons and
polarize the molecules, it can make the vibration states of the molecular to some virtual
states. Thereafter, the photons can be scattered with no frequency changes in elastic
scattering process. This process is called Rayleigh scattering. It is the dominant process
in the interaction of photons with matter. However, if the nuclear motion is induced,
energy will be transferred either from the incident photons to the molecules or from the
molecule to the scattered photons.'® These processes are inelastic and the energies of the
scattered and incident photons are different. The energy difference of the scattered and

incident photon is equal to one vibration unit. These processes are Raman scattering.
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When the Raman scattering process promotes the molecules a higher energy vibration
state (“m” to “n” in Figure 2-12), it is called Stokes scattering. However, if it makes the
molecules shift to a lower energy state (“n” to “m” in Figure 2-12), it is anti-Stokes

process.

‘ Virtual
States
n A A 4 - -
Vibration
m States

Stokes Rayleigh  Anti-Stokes

Figure 2-12 Schematic of the Rayleigh and Raman scattering processes.*®

The intensities of Stokes and anti-Stokes depend on the population of the energy
states of the molecules. Usually anti-Stokes scattering is weaker than Stokes scattering
since the population of the energy states accord with Boltzmann distribution. Raman
scattering is usually recorded only on the Stokes scattering side which has lower energy

that incident photons. The Stokes scattering signal is also recorded in this thesis work.
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Chapter 3
Investigation of Li distribution in Li-Si alloys

by windowless EDS

3.1 Introduction

Si anode is one of the most promising candidates among all of the investigated anode
materials for Li ion or Li air batteries due to its high energy density.* The Li-Si alloy
structures and compositions after Si lithiation have been widely studied because of their
significance to battery characteristics such as energy capacity and cycle life.*” Soft X-
ray emission spectroscopy (SXES) is a powerful method for investigating Li-Si alloys
by revealing the valence band structure.® This method has been successfully applied by
Aoki et al. to study the compositions of Li-Si alloys by comparison of the experimental
SXES results and the calculated density of states (DOS).!° The results revealed that for
electrochemically lithiated Si(111) single crystal the Li-Si alloys consist of a crystalline
Li15Si4, an amorphous Lii3Si4 and a mixed LixSi alloy layer. However, it is difficult to
identify the thickness of each layer using SXES due to its low spatial resolution of
approximately one micron and the exact composition of the mixed LixSi alloy layer
cannot be fully determined.

Recently, a newly developed windowless energy dispersive spectroscopy (EDS)
was used to determine Li distribution with high spatial resolution and sensitivity to light
elements.!*2 Since conventional EDS has a thin Be metal window to isolate the
specimen from the detector, the soft X-rays below 150 eV cannot be detected because of
the absorption of Be window. Windowless operation with a very short working distance
and new electronic devices provides improved sensitivity for the detection of low energy
X-rays including Li K and Si L 3 emissions, and elemental distribution at the nanometer
scale. These features enable simultaneous measurement of Li Kq, Si L2z and Si Ka
emissions providing information about the composition and electronic states for Li-Si
alloy. However, due to the low energy resolution of windowless EDS, the Li Ky and Si

Loz X-ray emissions will overlap making it difficult analyze the X-ray emission
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intensities. The Li Ky and Si L3 X-ray emissions need to remain separate for analysis.

In this chapter, the composition of the Li-Si alloy was studied by combining the
high-energy resolution analysis of SXES and high spatial resolution analysis of
windowless EDS. The Li-Si alloy was prepared by using single crystal Si(111) lithiation
under potentiostatically charging at 10 mV vs. Li/Li" in 1.0 M LiPF¢ in dimethyl
carbonate (DMC) solvent. The lithiation charge density was 1000 mC-cm™. The Li Ka,
Si L3 and Si K« intensity changes were analyzed to obtain the specific thicknesses and
compositions for the Li-Si alloy layers.
3.2 Results and discussion
3.2.1 Electrochemistry of Si(111) lithiation

Figure 3-1(a) shows cyclic voltammogram for the lithiation and delithiation of a
Si(111) electrode measured in 1.0 M LiPFs in DMC solution. The potential was scanned
between 2.7 and 0.01 V (vs. Li/Li*) at a scan rate of 1 mV-s. The inset shows an
expanded region from 2.0 to 0.1 V during the negative scan, in which two small peaks
attributed to electrolyte decomposition are clearly observed starting from around 1.8 and
0.5 V. The electrolyte decomposition process has been widely studied.’**° It is well
known that a solid electrolyte interphase (SEI) is formed on the Si(111) surface as an
inert film after electrolyte decomposition, which retards further electrolyte
decomposition. A high cathodic current started to flow at around 100 mV, which
corresponds to the lithiation of Si(111). Two broad peaks at around 300 and 500 mV,
which correspond to the delithiation of Si(111) were also clearly observed. The lithiation
and delithiation charges were approximately 76.6 and 62.5 mC-cm, respectively. The
current efficiency, which is the ratio of anodic to cathodic charge, is approximately 82%.
This efficiency is consistent with other reported values of around 80% at the first cycle
of Si lithiation. 87 The irreversible 20% charge is due to electrolyte decomposition and

some of the Li remaining in the Li-Si alloy after delithiation.
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Figure 3-1 (a) Cyclic voltammogram for lithiation and delithiation of a Si(111) electrode
measured in 1.0 M LiPFe¢ in DMC solvent. The potential was scanned negatively from
2.7 10 0.01 V (vs. Li/Li*) and positively to 2.7 V (as indicated by arrows) at a scan rate
of 1 mV-s. The inset shows an expanded region from 2.0 to 0.1 V during the negative
scan. (b) Current density as a function of time when the potential was stepped from 500

to 10 mV for Si(111) lithiation in 1.0 M LiPFs in DMC solvent.

The Li-Si alloy was prepared under potentiostatically lithiation at 10 mV. Figure 3-
1(b) shows the current density as a function of time when the potential was stepped from
500 to 10 mV for Si(111) lithiation. The cathodic current density due to the lithiation of
Si reached a maximum of 720 pA-cm2 at first, and then decreased gradually to an almost
constant value. The total lithiation charge was 1000 mC-cm as indicated in Figure 3-
1(b).

3.2.2 Layered Strucutres of Li-Si alloy

Figure 3-2(a) shows SEM image of the surface morphology of the Li-Si alloy. A
large number of triangular pyramids (see inset image) of Li-Si alloy with a size of
approximately 1.0 um covered the Si(111) surface. Figure 3-2(b) shows a cross-sectional
SEM image of the layered structures of the Li-Si alloy. The 1% layer consists of the
triangular pyramid structures with approximately 1.0 pm height. Underneath the 1% layer
there are the 2" and 3™ layers with average thicknesses of approximately 1.5 and 2.0
um respectively. Figure 3-3(b) shows the SXE spectra of the 1%, 2" | 3 and 4" layer as
well as c-Si and Li metal references in the photon energy region of 50-105 eV, which

covers the Si Loz (79-105 eV) and Li Ku (50-60 eV) emissions. Crystalline Si is a
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semiconductor with a diamond structure formed by covalent bonding of sp® hybrid
orbital. The Si L3 emission peaks from c-Si were considered to be associated with low-
lying Si 3s-3s bonding state at 89.6 eV, while the main peak at 92.0 eV and the shoulder

at 96.0 eV originate from the p components of sp® hybridization.® 8
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Figure 3-2 (a) Surface and (b) cross-sectional SEM images of the Li-Si alloy
electrochemically prepared in 1 M LiPFs in DMC solvent. The lithiation charge density
was 1000 mC-cm™. The inset image is an enlarged Li-Si alloy pyramid. The layered
structures from the cross-sectional view are presented by different color arrows. (¢) SXE
spectra for the 1%, 2" 3™ and 4™ Li-Si alloy layers, as labeled in Figure 3-2(b). SXE
spectra of c-Si and Li metal in the Si-L23 region and the Li-Kq region, respectively, are
shown as references. It should be noted that the intensity of the spectra was normalized

by the peak at 92.0 eV.
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The Si L23 band shape changed significantly in the SXE spectra for the 1% and 2"
layers, in which the dominant peaks were at 91.8 and 91.6 eV, respectively, compared
with the three peaks for c-Si. The band center energies of the 1% and 2" Li-Si alloy layers
were estimated approximately 91.7 and 91.5 eV, respectively, higher than that of c-Si
(90.7 eV). Here the band center energy is defined as the energy position at the half
integral area of the spectrum. In the Li Ko emission spectra of the 1% and 2" layers,
single peaks were shifted to lower energies of 53.3 and 53.6 eV, respectively, compared
with that of Li metal (54.2 eV). And the energy band centers of the 1% and 2" Li-Si alloy
layers were approximately 52.9 and 53.1 eV, respectively, lower than that for Li metal
(53.7 eV). The observation that Si L 3 shifted to higher energy and Li Ko shifted to lower
energy confirmed the Si-Si bond breaking accompanied by Li-Si bond formation and
electron transfer from Li to Si atoms. The SXE spectra were consistent with Aoki’s
work®, which revealed that the 1% layer was crystalline LisSis and the 2" layer was
amorphous Li13Sis. However, it was difficult to separate the 1%t and 2" layers to obtain
layer thicknesses by SXES. It was also very difficult to distinguish the 3" layer from
crystalline Si substrate of 4™ layer using only SXE spectra.

3.2.3 EDS spectra analysis for Li distribution

Figure 3-3 shows EDS spectra of the c-Si (a) and Li metal (b) as references along
with that of the 1%t (c), 2" (d), 3" (e) and 4" (f) alloy layer obtained by windowless EDS.
The spectra were shown in the photon energy region less than 150 eV, which cannot be
detected by conventional EDS with Be metal window. The EDS spectra show the
emissions of Si Lozand Li Ko accompanied by a noise peak around 4 eV. The noise peak
is the cathodoluminescence that is a reverse process of photoelectric effect. The emitted
photon energy is close to material working function. Here for Si and Li, the working
function is ca. 4.6 and 2.9 eV. Because of the low energy resolution of EDS, the emitted
photon energy was shown at 4 eV in the spectra. The inset of Figure 3-3(a) demonstrates
the simultaneous detection of Si Ka and Si L2z X-ray emissions. The Si Ko emission is
induced by the electron transition from Si L, and Lz to Si K atomic shells, and its
emission intensity is proportional to the Si concentration; however Si L3 emission is

induced by the electron transition from the valence band (VB) to the Si L, and Lz atomic
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shells, so its emission intensity is proportional not only to the Si concentration but also
affected by the VB electron state, i.e., chemical environment.’® The simultaneous
detection of Si Ko and Si L2z X-ray emissions provides the possibility to obtain both
electronic and compositional information. Figure 3-3(b) shows the Li Ko emission
spectrum. The peak position is around 54 eV, which is consistent with peak position
observed in the SXE spectrum in Figure 3-2(c). Figure 3-3(c, d, e, f) show the spectra of
the 1%, 2™, 3" and 4™ Li-Si layer, respectively. Low energy resolution leads to overlap
of the Li Ko, Si Lo 3 peaks, and the noise peak. The noise peaks exist in all obtained
spectra, and its intensity for each spectrum is same. The noise peak can be subtracted
from Li Ko and Si Ly 3 emission peaks using Gaussian peak fitting. The deconvolution
was successfully conducted to separate Li Ko and Si Lo 3 peaks from noise peak for all

the spectra and shown in Figure 3-3.
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Figure 3-3 EDS spectra of the (a) c-Si and (b) Li metal as references along with that of

in Figure 3-2(b). The accumulation time was 15 s for each spectrum. Deconvolution of
the Li Ko and Si L3 emissions for spectra was successfully conducted by fixing the peak
position at 54 and 89 eV and the full width at half maximum (FWHM) at 30 and 35 eV
for Li and Si using Gaussian fitting, respectively. Here, the black points were raw data.
The red line represents the Li Ko emission; the dark yellow line represents the Si L3

emission; the wine line represents the noise peak. The black line represents the fitting



Figure 3-4(a) shows the SEM image of Li-Si alloy for EDS line scan along with the
depth scale. The line scan direction was shown with color change according to Li
Ka intensity change after windowless EDS measurements. The line scan direction was
conducted from pyramid top to Si substrate. Figures 3-4(b) and (c) show the EDS depth
profile along the line scan. Without deconvolution it was hard to determine Li Ko and Si
L3 emission intensity changes separately from Figure 3-4(b) due to their overlap. Figure

3-4(c) shows clearly that the Si Ka peak intensity increased from the 1% layer to Si

substrate.
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Figure 3-4 (a) Cross-sectional SEM image of electrochemically prepared Li-Si alloy for
EDS line scan measurements. EDS line scan was performed by point position
measurement at 200 nm intervals along the scan direction. The accumulation time was
15 s for each point measurement. The scan direction was presented by arrows with the
color change to present the Li Kq intensity change obtained after deconvolution. (b,c)
Line scan EDS spectra for the Li Kq, Si Lo 3 and Si Ko for line scan direction from a

pyramid top to the Si substrate.

The deconvolution for Li K« and Si L3 emission peaks were conducted for EDS
line scan spectra in Figure 3-4(b). Figure 3-5(a) shows the relative intensity changes of
Li Ko, Si L3 along with Si Ko emission intensity changes. Li Ko intensity was shown
relative to pure Li metal intensity. Si L2 3 and Si Ka intensities were shown relative to c-
Si. Significant information could be obtained from these depth dependent EDS intensity
changes.

First, the Li Ko intensity relative to pure Li metal increased to 0.25 at around 0.6
pm depth. This is due to the electron beam hitting the pyramid top, and a part of electron
beam pass through the pyramid top. While the electron beam scanned from pyramid top
to Si substrate, more parts of the electron beam hit the pyramid to increase the Li Ka
emission intensity to a maximum around 0.6 pm deep in the 1% layer. Thereafter the Li
Ko relative intensity decreased from the 1% layer to Si substrate, consistent with the Li-
Si alloy layer structure, i.e., the first crystalline Li;5Si4 and the second amorphous Li13Si4
layer, followed by lowly lithiated Si layer over Si substrate. !

Second, the relative Si Ko intensities of the 1 and 2" layers to the 4™ layer (Si
substrate) are approximately 0.5, which corresponds to a mass density ratio of 0.52 for
LisSis (1.21 g em™) to Si (2.33 g cm™) and of 0.54 for Lii3Sis (1.25 g cm™) to Si. This
value is reasonable because Si Ko peak intensity is proportional to the Si atomic
concentration. The relative Si Ko intensity of near 1.0 for the 3™ layer suggests similar
Si concentration to the 4™ layer (Si substrate), i.e., a very low Li concentration within
the 3" layer.

Third, the Si L2 3 intensity relative to pure Si crystal was approximately 0.1 for the

59



2" Jayer. This value can be explained by the effect of Li-Si bond formation on the
emission intensities of Si Ly 3. Figure 3-5(b) shows the Li-Si bond formation by Si 3s
and Li 2s electrons, and also the emission process of Si L23. As is shown, the Si Lo3
intensity is affected by the valence electron since it is induced by the transition from the
valence band electrons to the Si L, and Ls shells.!” As explained in SXE spectra in Figure
3-2(c), the peak intensity at 89.6 eV in Si L, 3 for the 2™ Li-Si alloy layer decreased
compared with c-Si. This peak intensity decrease was due to the decrease of the number
of Si 3s orbital electrons, since 3s orbital electron participates in the Li-Si bond
formation with Li 2s orbital electron as shown in Figure 3-5(b).!° In addition, the Si L, 3
intensity is proportional to the Si atomic concentration. Therefore, the Si L2 3 intensity
ratio of about 0.1 for the 2™ layer was due to the Si concentration decrease by 0.5, and

also the Si 3s valence electron number decrease to form Li-Si bond.
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Figure 3-5 (a) Relative intensity changes of Li Ko, Si L23 and Si Ko peaks along
corresponding direction after deconvolution. Li K« intensity was shown relative to pure
Li metal intensity. Si L23 and Si Ka intensities were shown relative to c-Si. (b) Energy
level diagram to show the effect of Li-Si bond formation on the emission intensities of

Li Ko and Si Lo3. The electron binding energies for each shell of Si and Li atoms are
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also included. (¢) The schematic for the relationship of Li doping concentration and Si
L3 emission intensity within the 3™ layer. The increase of Si L2 3 emission intensity was
due to the increase of Si 3s electron along with Li doping concentration decrease within

the 3" layer.

Fourth, the Li Kq intensity decrease (see inset image in Figure 3-5a) and Si Lo3
intensity increases gradually within the 3™ layer. Figure 3-5(c) shows the schematic of
Li doping concentration on Si 3s electron density. Since Si Ko intensity for the 3™ layer
was similar to c-Si, the Si concentration was estimated to be similar to ¢-Si. In other
words, the Li concentration was low within the 3™ layer. Even though Li concentration
is low, it still has effect on the Si L3 intensity by affecting Si 3s electron. The gradual
increase in the Si L, 3 intensity within the 3™ layer is due to Si 3s valence electron number
increase with less Li doping as shown in Figure 3-5(c). Therefore, the gradual increase
in the Si L3 intensity suggested a gradual decrease of Li doping concentration,
consistent with a Li diffusion layer within the Si matrix from the 2™ layer to the 4" layer
(Si substrate). This Li diffusion layer was found by windowless EDS for the first time to
give the Li concentration distribution profile. In addition, the thickness for each layer
can be determined by monitoring the Li Ko, Si L23 and Si K« intensity changes as shown
in Figure 3-5(a).

Two different EDS line scans were conducted as shown in Figure 3-6. Line scan 1
was conducted from pyramid top to Si substrate. Line scan 2 was conducted from near
pyramid bottom to Si substrate. The two line-scans will determine where are the layer
boundaries in the all Li-Si alloy, especially for the layer boundary between the 1% and
2" Jayer. The layer boundary between the 2" and 3™ layer is nearly straight observed
from SEM image, however, the layer boundary between the 1% and 2" layer is unclear
from SEM image. The determination of layer boundary will help determine the Li

distribution in the overall Li-Si alloy.
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Layer
boundary

Figure 3-6 (a) Intensity changes of Si L,3 along line scan direction 1 and 2 after
deconvolution. Line scan direction 1 was conducted from pyramid top to Si substrate.
Line scan direction 2 was conducted from near pyramid bottom to Si substrate. The
boundaries between each layer were determined from Si L3 intensity change analysis.
(b) Schematic illustration of Li distribution in the layered structure of the Li-Si alloy. Li
concentration was represented by color intensity. (c) Li Ko and Si Ko mapping for the

layered structure of the Li-Si alloy.

The Si L3 intensity changes along corresponding line scans were shown in Figure
3-6(a), It had been proved the layer boundary can be determined by monitoring the Si
Lo intensity change in Figure 3-5(a). In Figure 3-6(a), the layer boundary can be
determined by monitoring the Si L2 3 intensity change along both scan directions. In fact,
the layer boundaries is determined and represented in the form of dots in each scan.
Connecting the corresponding dots between each scan by a line can represent the layer
boundary. Three lines can be drawn to represent the layer boundary between the 1% and
2" Jayer, the 2" and 3™ layer, the 3™ and 4 layer as shown in Figure 3-6(a). It can be
found the three lines are nearly straight. Thus the layer boundaries were found to be
nearly straight. The Li distribution profile in the overall Li-Si alloy can be determined.

A schematic illustration of Li distribution in the layered structure of the Li-Si alloy
is shown in Figure 3-6(b). The Li Ko and Si Ko mapping for the layered structure of the
Li-Si alloy in Figure 3-6(c) were consistent with the schematic illustration. The 1% layer
consists of the c-LiisSis pyramids with the highest Li concentration; the 2" layer consists

of the a-Li;3Sis alloy with moderate Li concentration; the 3™ layer consists of the Li
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diffused LixSi alloy with low Li concentration. The layer boundaries are nearly straight
for each layer. The thicknesses are approximately 1.1, 1.4 and 2.7 um for the 1%, 2" and
3 Jayer, respectively.

The work in this chapter had demonstrated the availability of spatially resolved Li
detection in Li based battery materials using windowless EDS. It is of great significance
for the development of battery materials. However, the disadvantage is that the
quantitative analysis cannot be performed for Li by only using windowless EDS.
Quantitative analysis are based on the truth the generated X-ray intensity is directly
related to the element amount. This is not valid for Li since the generated X-ray intensity
is related to not only the element amount but also the chemical states. A new
quantification evaluation method need to be developed in the future to study the Li based
alloys or compounds such as LixSn or Li>O».

3.3 Conclusions

In this chapter, windowless EDS combined with SXES was used to study the Li
distribution within the Li-Si alloy with a charge density of 1000 mC-cm prepared in 1.0
M LiPFs in DMC solvent. The overlap of Li Koand Si L>3 due to the low energy
resolution of EDS can be separated after deconvolution. Using windowless EDS X-ray
emission intensity change analysis, the Li distribution in Li-Si alloys was obtained. In
addition, it was found the Li concentration decrease gradually in the 3 alloy layer by
combining the analysis of windowless EDS and SXES. The thickness of each Li-Si layer
could be also determined, especially for the 3 layer which cannot be clearly observed

by SEM.
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Chapter 4
Lithiation Process Study for Single Crystal Silicon

4.1 Introduction

Higher energy and power in Li-based secondary batteries are required for electrical
vehicles to build more efficient society. One key to enhance the energy and power in Li-
based secondary batteries is to find a suitable anode material that had high energy and
power density. Among all the studied anode materials, Si has high theoretical capacity
of 3600 mAh-g! when a fully alloyed Li;sSis phase forms at room temperature, which
is almost ten times higher than that for graphite. However, volume expansion close to
400% hinders the application of such a Si anode in batteries.!” Large volume changes
cause significant internal stress within the Si anode. The internal stress will cause the Si
anode fracture, which lead to rapid reducing in the battery capacity. Nano Si, such as
nanoparticles or nanowires, has proven to be effective for the improvement of battery
cycle performance.* The improvement is due to that nano Si has enough buffer space
between the particles for the volume expansion. Besides the volume expansion problems,
there are still many remained issues for Si anode such as low power (low current density)
due to low Li diffusion coefficient in Si. It is important to study the alloying mechanism
of Li with Si. The structure and composition of Li-Si alloys after Si lithiation need to be
investigated, since they determine the battery characteristics such as the energy capacity
and cycle life.

The Li-Si alloy compositions have been widely studied because of their significance
with respect to the battery characteristics such as energy capacity and cycle life. X-ray
diffraction (XRD) is the most applied method to reveal the structure and composition of
Li-Si alloys. Obrovac’ studied structural changes during the Si lithiation process at room
temperature using XRD, and determined that the Li1sSis phase crystallized from highly
lithiated amorphous Si. Thereafter, several groups®*! also reported crystalline LiisSis
formation from highly lithiated amorphous Si. However, there is still some controversy

about if there is crystalline Li1sSis phase since others reported only amorphous phases.*
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131t is known to be difficult to detect crystalline Li-Si alloy from XRD measurements if
the amount of the crystalline phase is small. Synchrotron XRD can detect small amount
of the crystalline phase due to its more significant sensitivity than normal XRD. In
addition, soft X-ray emission spectroscopy (SXES) is a powerful method for
investigating Li-Si alloys. A combination of SXES and scanning electron microscopy
(SEM) can reveal the structure and composition of the Li-Si alloys. The valence band
(VB) structure of Li-Si alloys is determined by the excitation of inner shell electrons and
emission of soft X-rays when electrons are transferred from the VB to the inner
orbitals.!** SXES has been successfully applied by Aoki et al. to investigate the
composition of LixSi alloys by comparison of the experimental SXES results with the
calculated density of states (DOS).'® Combined with synchrotron XRD, the SXES results
revealed that the Li-Si alloy layer was formed by electrochemically lithiated Si(111)
single crystals. However, it is difficult from SXES to identify nanostructures due to its
low spatial resolution, because the electron beam size is approximately one micron.

Recently, windowless energy dispersive spectroscopy (EDS) was used to determine
Li elements with high spatial resolution and sensitivity to light elements.!” Windowless
operation with a very short working distance and new electronic devices provide
improved sensitivity for the detection of low energy X-rays, including Li Ky and Si L3
emissions. These features enable the measurement of Li Ka, Si L23 and Si Kq lines
simultaneously to obtain the information on the composition and electronic states. It had
been applied in Chapter 3 to determine the Li distribution in the Li-Si alloys. Therefore,
the combination of high energy resolution analysis by SXES and high spatial resolution
analysis by windowless EDS could be used to study the lithiation process of single
crystal Si, by determining the structure, composition and electronic state changes of the
Li-Si alloys.

In this chapter, the single crystal Si(111) lithiation process was studied. Five Li-Si
alloys were electrochemically prepared under potentiostatically charging at 10 mV vs.
Li/Li*. The charge densities were 20 mC-cm, 50 mC-cm, 120 mC-cm, 500 mC-cm
and 1000 mC-cm 2. The structure and composition changes were investigated using SEM

and SXES. The Li distribution changes were investigated using windowless EDS.
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Although the formation of crystalline LiisSis and amorphous Li1sSis alloy phases is
determined, the process for lithiation of single crystal Si remains unclear with respect to
how the LixSi alloys nucleate and grow. On the other hand, the in-situ synchrotron XRD
was conducted to study the lithiation process. The potential was stepped to 0.01 V for
lithiation, and then stepped to 2.0 V for delithiation. During the lithiation-delithiation,
the intensity of the peak relative to LiisSis(222) was recorded. Lithium insertion is an
anisotropic process; therefore, it is preferable to use a single crystal with a specific
crystalline orientation to determine the Si lithiation process. Thus, a single crystal Si(111)
wafer was used for this investigation.

4.2 Results and Discussion

4.2.1 Si(111) Lithiation Process under Potentiostatic Charging

The lithiation process of Si(111) was investigated by measuring five Li-Si alloys as
indicated in Figure 3-1(b). Here, 20 and 50 mC-cm™ Li-Si alloys were prepared by
stopping the charging process before the lithiation current reached its peak, a 120
mC-cm Li-Si alloy was prepared at around the peak current, whereas 500 and 1000
mC-cm2 Li-Si alloys were prepared after the peak current.

As analyzed in Chapter 3, the 1000 mC-cm Li-Si alloys consist of the 1% layer of
crystalline Li1sSis, the 2" layer of amorphous Li13Sia, the 3 layer of Li diffusion LixSi
layer and the 4™ layer of Si substrate. Through determining the morphology by SEM for
the Li-Si alloys under increased charging time, the layer structure formation process can
be determined.

Figure 4-1 shows surface and cross-sectional SEM images of the five Li-Si alloys.
Figures 4-1(a) and 4-1(b) show the initial formation of triangular pyramid structures of
Li-Si alloy on the Si(111) surface at the beginning before the lithiation current reached
its maximum value. As the lithiation progressed, the Li-Si alloy pyramid grew gradually
to cover almost the entire Si surface (Figure 4-1(c)) at around the peak lithiation current.
The pyramid remained unchanged after the peak lithiation current, as shown in Figures

4-1(d) (500 mC-cm2) and 4-2(e) (1000 mC-cm).
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Figure 4-1. (a-e) Surface and (f-j) cross-sectional SEM images of electrochemically

prepared Li-Si alloys. The charge densities for the Li-Si alloys increased.
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Figures 4-1(f)-(j) show cross-sectional SEM images of the Li-Si alloys. Before the
lithiation current reached its maximum value, the pyramid began to grow into electrolyte
side as shown in Figures 4-1(f)-(h). After the peak current, a layer beneath the pyramid
structures began to grow, as shown in Figures 4-1(i) (500 mC-cm) and 4-2(j) (1000
mC-cm?). The layer structure was indicated in Figure 4-1(j). These results suggest that
the lithiation charge leads to the growth of the 1 pyramid layer before the lithiation
current reached its maximum value, while the subsequent lithiation charge lead to the
growth of the 2" layer after the lithiation current maximum.

The SEM observation only provided the structural change of the Li-Si alloys during
Si lithiation. It cannot be used to determine the composition change. SXES was used to
determine the composition change during the Si lithiation.

Figures 4-2 and 4-3 show the change in the Li Ko and Si L3 SXE spectra during
Si(111) lithiation for the 1% and 2" layer, respectively. The low intensity of the Li Ko
peak for the 3" layer meant it was difficult to compare SXE spectra for the 3' layer for
different Li-Si alloys.

First, the peak positions of the Li K. emission from the 1% layer were shifted to
lower energy, as shown in Figure 4-2(a). During initial lithiation (20 and 50 mC-cm),
the peak position was approximately 53.6 eV, which was the same as that for the 2"
layer of 1000 mC-cm™ Li-Si alloy, therefore, the initial pyramid structures were more
likely to be an amorphous Li13Sis phase. The electron beam size (about 1.0 um) is larger
than the pyramid size for the 20 and 50 mC-cm Li-Si alloys, therefore, the Si L3
emission peak originates from both c-Si and the Li-Si alloy. It was suggested that the
amorphous Li-Si alloy was formed at the beginning of the lithiation process. However,
around the cathodic peak current, the pyramid structures cover the entire surface, and
the SXE spectra show a significant change between 50 and 120 mC-cm?, i.e., the
intensity of the peaks at 89.6 and 96.0 eV in the Si L2 3 emission spectrum decreased
significantly and the peak in the Li Ka emission spectrum shifted to 53.4 eV. These
results can be explained in two ways: First, coverage of the Si surface by the Li-Si alloy
preventing the detection of the signal from the c-Si, and a change from amorphous to

crystalline LiisSis. As lithiation progressed, the Li Ko peak position shifted slightly from
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53.4 eV for the 120 mC-cm Li-Si alloy to 53.3 eV for the 1000 mC-cm Li-Si alloy,
which suggested the complete formation of a crystalline phase. Therefore, the
composition change in the 1% layer structure was confirmed by the change in the SXE
spectra, that is, the 1% layer grew and transferred from amorphous to crystalline LisSia
alloy phase.

SXS spectra were also obtained for the 2" layer in Figure 4-3. There was no
formation of a 2" layer before the lithiation cathodic current reached its maximum;
therefore, there was no Li K« emission observed for the 20, 50 and 120 mC-cm™ Li-Si
alloys in Figure 4-3(a). The Si L2,3 emission suggests that this layer beneath the pyramid
structures was similar to c-Si. However, when the 2" layer began to grow to a bigger
thickness, as indicated by SEM (500 and 1000 mC-cm), the Li K« emission appeared.
The Li Ko peak position was approximately 53.6 eV for both the 500 and 1000 mC-cm’
2 Li-Si alloys, and the Si L23 band center was estimated to be 91.5 eV. As previously
described, this layer is amorphous Li13Sis. Combining the results of the SXE spectra for
the 1%t and 2" layers, it can be concluded that the amorphous LiisSis pyramid structures
nucleate and grow on the surface until the lithiation current reached its maximum, and
then transform into crystalline LiisSia, while the amorphous Li13Sis alloy in the 2" layer

starts to grow only after the peak current is reached.
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Figure 4-2 SXE spectra of the 1% layer for Li-Si alloys with different charge densities.
SXE spectra for (a) Li metal in the Li Kq region and (b) c-Si in the Si L23 region are

shown as references. The spectra were normalized by the peak at 92.0 eV.
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Figure 4-3. SXE spectra of the 2" layer from the electrochemically prepared Li-Si alloys
with different charge densities. SXE spectra for (a) Li metal in the Li K region and (b)
c-Si in the Si Lo 3 region are shown as references. The spectra were normalized by the

peak at 92.0 eV.

SEM and SXES cannot identify the layer thickness of the 3 Li diffused LixSi alloy
layer, therefore, it was difficult to distinguish the changes in the thickness of the different
layers during Si lithiation. Based on the analysis in Chapter 3, windowless EDS could
indicate Li distribution and layer thickness of each distinct layer by comparing the
intensity of the Li Kq, Si L23 and Si Ky peaks. Especially the Si L3 peak, can provide
information on the 3" Li diffused layer.

Figure 4-4 shows the Li K¢, Si L23 and Si Ka emission intensity change of Li-Si
alloys with different charge densities. Since Li Ko emission appears at increased depth
with increased charge density, it is clear that Li inserted Si gradually. The gradual Li
insertion into Si also causes the Si Ko and Si L»3 emission decrease gradually at
increased depth. From windowless EDS analysis in Chapter 3, Li alloying with Si cause
the appearance of Li K emission and decrease of Si K and Si Lo,z emission. Thus, the
Li Ko, Si L2z and Si Kq emission intensity change behavior with increased charge
density are reasonable.

The Li Ko and Si Ko emission can reflect the 1%t and 2" layer growth. However,
they cannot reflect the 3" layer alloy information, since the emission intensities of both
in the 3" layer were almost same to that for c-Si. Only Si L2,3 emission can reflect the

3" layer growth with increased intensity within the 3" layer.
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Figure 4-4. Line scan Li Ko, Si Lo,z and Si Ka emission intensity of Li-Si alloys with
different charge densities. The thicknesses determined from the intensity change are
shown by arrows with different colors. The 1%, 2" and 3" layers are shown in dark cyan,

dark yellow and blue, respectively.

From the depth profile of the Si L2 3 peak intensity, the thicknesses of each layer
could be easily determined, as indicated by the length of the arrows. The changes in the
thickness of each layers were presented in Figure 4-5. First, the thickness of the 1% layer
increased until the cathodic current reached its maximum and remained almost constant
at approximately 1.0 um. Similar growth behavior was observed for the 3" layer with a
greater thickness of approximately 2.6 um. The 2" layer grew only after the peak current
was reached, becoming approximately 1.5 pm for the 1000 mC-cm Li-Si alloy. This
distinct change in the layer thicknesses could only be observed using windowless EDS.
By combining SEM observations and windowless EDS measurements, the
electrochemical lithiation process could be described as simultaneous the 1% layer and
the 3 layer growth during initial lithiation, with a constant thickness maintained after

the peak lithiation current was reached, and subsequent the 2" layer growth.
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Figure 4-5. Change in the thickness of different layers relative to the charge density

determined from the Si L3 intensity in Figure 4-4.

4.2.2 In-situ Synchrotron XRD Study for Si Lithiation

The formation of c-Li1sSis after Si(111) lithiation had been determined using ex-situ
synchrotron XRD and SXES. Ex-situ SXES revealed a transformation trend from
amorphous to crystalline phase LiisSis during Si lithiation, but it did not reveal if the
crystalline was possible to form at beginning of Si lithiation. This is because SXES
detection area is large than 1.0 um, but the pyramid size is smaller than 0.1 um (Figure
4-1a) at beginning of Si lithiation, which makes the SXE spectra contain most signal
from the Si substrate but not the pyramid (The spectra of Si L3 are almost same for 20
mC-cm? Li-Si alloy and Si substrate). In other words, the possible formation of
crystalline phase LiisSis at beginning of Si lithiation cannot be well revealed by SXE
spectra. On the other hand, it had been reported the metastable crystalline phase LiisSia
may become unstable when the ambient condition changes.!! If the crystalline phase
LiisSis become unstable, ex-situ SXES may reveal misleading information. Compared

with ex-situ method, in-situ synchrotron XRD can reveal more real-time information
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about the Si lithiation.

Figure 4-6(a) is the schematic for out-of-plane XRD measurement. The intensity of
the peak relative to Li1sSis(222) was recorded during Si lithiation and delithiation. Figure
4-6(b) shows the lithiation-delithiation current flow as a function of time. Before the
charge started, the crystal orientation of Si(111) need to be found and fixed in favor of
looking for c-LiisSis. It took about 6 hours to finish adjusting the crystal orientation.
After the crystal orientation adjustment, the lithiation-delithiation process started. The
starting time shown in Figure 4-6(a) is relative to the starting of lithiation-delithiation
process. When the charge started at 0.01 V, a very large cathodic current of about -2.1
mA started to flow and then decreased with time. Since the electrolyte layer need to be
thin enough for the X-ray penetration to reach the Si(111) wafer, the Li ion source in the
electrolyte is limited. During the lithiation, the Li ion source in the thin electrolyte layer
was consumed, which resulted in the decrease of the current controlled by Li ion
diffusion. After 600 min, the charge stopped and the potential was hold at OCP of 200
mV for 120 min. Before charging, the OCP is around 2.7 V. After charging, the OCP
changed to 200 mV, which indicated Si had alloyed with Li. Thereafter, the discharge
started under potentiostatically at 2.0 V. A greatly large anodic current of 6.5 mA started
to flow and then decreased with time. The Li-Si alloy delithiated to form Si and Li.

During the lithiation and delithiation process, the X-ray diffraction intensities were
recorded. Figure 4-6(c) shows azimuthal ¢ dependent X-ray diffraction intensity at 26 =
24.60 (c-Li15Sis (222)) at 0-60 min, 233-300 min and 653-720 min. The time was
corresponding to Figure 4-6(b). According to previous work!®, the XRD pattern had
confirmed the formation of c-Li15Si4 epitaxially grown on Si(111) substrate. As observed
from Figure 4-6(c), the diffraction peak relative to c-LijsSi4 (222) were displayed at
several azimuthal degrees, which suggested it depend on the X-ray reaching positions
on the sample. This is due to the growth position of c-Li15Sis (222) on the Si substrate
or some mismatch of c-LiisSis (222) with the Si(111) substrate as shown in Figure 4-
7(a). Some places have no c-LiisSis formation, so there is no diffraction peak. After
charging, the azimuthal dependent peak number relative to c-Li15Sis (222) increased, and

the peak intensity increased either. This suggested more c-Li15S14 formed on the substrate.
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The more c-Li;5Sis formation was consistent with SXES results as shown in Figure 4-

2(a), which also revealed more c-LisSi4 formation after lithiation.
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Figure 4-6. (a) Schematic for the in-situ XRD measurement. (b) Current density as a
function of time when the potential was stepped to 0.01 V for Si(111) lithiation, and then
stepped to 2.0 V for Si(111) delithiation. (c) Azimuthal ¢ dependent X-ray diffraction
intensity at 26 = 24.6° (the peak is relative to c-LisSis (222)) at 0-60 min, 233-300 min
and 653-720 min. The time was corresponding to Figure 4-6(b).

Figure 4-7 shows XRD pattern changes relative to c-Li15Si4 (222) during the charge-
discharge process when ¢ = 10.2, and the intensity change relative to Si(222). The
pyramid had formed at ¢ = 10.2 during 0-60 min, so its growth corresponding to X-ray
intensity change was monitored. As is observed, the intensities of diffraction peak
corresponding to c-Li15Si4(222) increased after Si lithiation and decreased after
delithiation. This confirmed the growth of c-Li15Si4 after lithiation and dissolved after
delithiation. The peak of c-Li15S14(222) become broader after charge, which suggest the

average size of c-Lii5Si4 become smaller. According to the SXES results, the a-Lii5Si4
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of small size will transform to c-LijsSis. In other words, more amount of smaller c-
Li;sSig will form from a-Lii5Sis after charge, which lead to a smaller average size of c-
Li15Si4. Therefore, the peak of c-LiisSi14(222) become broader after charge because the
average size of c-LiisSis become smaller. The peak intensity of c-Lii5Si4(222) increase
after charge because the amount of ¢c-Lii5Si4 increases. On the other hand, the intensities
of diffraction peak corresponding to Si(222) decreased after charging and increased after
discharging. This is due to Si alloying with Li after lithiation and dealloying with Li after
delithiation. The peak of Si(222) become broader after charge. This is because Si
substrate is a big single crystal and its crystallinity was broken after charge since more
Si was alloyed with Li to form Li-Si alloy.® According to the XRD intensity change of
c-Li15S14(222) and Si(222) during the charging and discharging process, it can be
summarized that c-Li;sSis formed after charge and dissolved after discharge; Si was

alloyed with Li to form Li-Si alloy after charge and dealloyed after discharge.
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Figure 4-7. Out-of-plane XRD pattern intensity changes relative to c-LiisSi4(222) at ¢
= 10.2, and the intensity change relative to c-LiisSis (222) during lithiation and

delithiation.

Figure 4-8 shows the surface and cross-sectional SEM images of Li-Si alloys after
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in situ measurements. As been observed, there are Li-Si alloy pyramid on the Si substrate,
but the Si surface is not all covered by Li-Si alloy pyramid. This is because the Li ion
source in the thin electrolyte is not enough to support the Li-Si alloy grow to cover the
Si substrate, and finally does not show a similar layered structure as shown in Figure 4-
le. The structure is similar to initial Si lithiation as shown in Figure 4-1a. The Li-Si alloy
remained on the Si surface after delithiation. This explained there still had diffraction

intensity relative c-Li5Si4 (222).

Figure 4-8. (a) Surface and (b) cross-sectional SEM images of Li-Si alloy after in-situ

measurements.

In short summary, the in-situ synchrotron XRD study for Si lithiation was conducted.
The diffraction peak intensity relative to c-LiisSis (222) increased after lithiation and
decreased after delithiation which confirmed the formation of c-LiisSis and its
dealloying. The Si(222) diffraction peak intensity decreased after lithiation and increased
after delithiation, which determined the reaction of ¢-Si with Li and a-Si formation after
delithiation. The in-situ synchrotron XRD revealed that the crystalline Li;5Si4 phase can
form at the beginning of Si lithiation, although the SXES results revealed there was only
amorphous LisSis phase formation. This is possible due to the SXES detection beam
size is much larger than pyramid size that make SXES signal most came from Si
substrate, and also possible due to the metastable crystalline LiisSis phase transformed
to amorphous phase during the ex-situ SXES detection. Combined with SXES and in-
situ synchrotron XRD, we can summary that there are the formations of amorphous and

crystalline LiisSis phase at the beginning of Si lithiation, and amorphous transformed
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into crystalline phase when Si has more lithiation. The synchrotron XRD revealed the
formation of crystalline LiisSi4 phase at the beginning of Si lithiation, which SXES did
not revealed but determined the formation of amorphous Li;5Sis phase. The mechanism
of transformation from amorphous to crystalline Li5Sis phase need to be further studied
such as controlling the lithiation potential or lithiation degree, although it is known that
it can be due to a possible energy favorable mechanism.

4.2.3 Diffusion Controlled Instantaneous Nucleation and Growth of Si(111)

Lithiation

In order to determine the kinetics of nucleation and growth during the lithiation of
Si(111), the potentiostatically charging method was employed at different overpotential.
Figure 4-9(a) shows the current density as function of time of Si (111) lithiation in 1.0
M LiPFe in DMC after the electrode potential was stepped to lithiation potential region
at 10, 30, 50 and 70 mV. The cathodic current due to electrochemical lithiation was
observed. The current density increased with increasing overpotential. The behavior of
current change with time are similar for all the overpotential, in which, the current
density increases to a maximum and decreased gradually. Figure 4-9(b) show the SEM
images of the Li-Si alloy prepared under different potential. The pyramid number density
(correspond to bigger pyramid) decreased with smaller overpotential (the lithiation
potential change from 10 mV to 70 mV vs Li/Li+). This is reasonable that smaller
overpotential resulted in less nuclei formation.

The electrochemical nucleation and growth can be 3-dimensional (3D) and 2-
dimensional (2D) nucleation and growth theory. 3D nucleation and growth apply to a
particle or pyramid, but 2D nucleation and growth apply to a monolayer formation on a
substrate. According the SEM image in Figure 4-1, the electrochemical nucleation and
growth of the Li-Si alloys must be 3D mode. In 3D nucleation and growth, if the
nucleation rate is very high and the nuclei form in a very short time, it will be called
instantaneous nucleation; if the nucleation rate is low and the nuclei form with time, it
will be called progressive nucleation. Here, the nucleation and growth mechanism can
be determined by fitting experimental result using the nucleation and growth models

which is called instantaneous (equation 4-1) and progressive (equation 4-2) nucleation,
80



respectively

1.9542

[i/imax)® = Ut —— {1 — exp[~1.2564(t/tma) ]}’ 4-1
max
1.2254

[j/jmax]z = t/t {1 - exp[_2-3367(t/tmax)2]}2 4-2
max

It is convenient to use reduced variable plots, where (j/jmax)? is plotted vs.
(t/tmax) for comparison of theoretical plots with the experimental current obtained at
different overpotential, which was shown in Figure 4-9(c). A good agreement with
experimental data along with the instantaneous nucleation mechanism is obtained at high
overpotential when the lithiation potential were 10 mV and 30 mV. However, the
lithiation prefer to progressive nucleation at lower overpotential when the lithiation
potential were50 mV and 70 mV. This is consistent with predicted model.

Here, a general expression equation 4-3 for three-dimensional diffusion-controlled
electrodeposition was applied to fit the entire current, to get the parameters A

(nucleation rate constant per site) and N, (number density of active sites over Si

1/2 — —
j( = (—;T/thl/g> (1 — exp {—Nonk'D It _a exi( AtDl}) 4-3

where c is the lithium ion concentration in the bulk and k' = (8xcM/p)'/? with M

surface),

and p being the molecular weight and density of the Si-Li alloy, respectively.
Instantaneous and progressive nucleation models are the special cases when the
nucleation rates are greatly large and greatly small. Equation 4-3 will transfer to equation

4-4 with extreme large A and equation 4-5 with extreme small A, respetively,

_ zFD'/2C 4-4
j(t) = EEYETSVE) (1 — exp{—Nynk'Dt})

_ zFD/2C 4-5
j(v) = <1/2t1/2>(1 exp{—Nynk'DAt?})

Equation 4-4 and 4-5 will be reduced into equation 4-1 and 4-2 when (j/jmax)? VS.
(t/tmax) Were applied. Therefore, by fitting the current using equation 4-3, the

nucleation rate A and number density N, can be obtained and shown in Figure 4-9(c).
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According to the atomistic model, the potential dependence of nucleation rate, is

given by
dInAN, ze
dinl kT
Here, n is the overpotential, and N, is the number of atoms in the critical nucleus

(B + l\Icrit) 4-5

and k isthe Boltzmann constant. B is a cluster-adsorbate interaction parameter, related
to the atom attachment mechanism. When the overpotential increased, the nucleation
rate and number density of active sites increased. These phenomena were consistent with
that in Si lithiation when the overpotential was changed shown in Figure 4-9(d). In
summary, the Si(111) lithiation process can be described by a diffusion controlled

instantaneous nucleation model.

0.0
a
( )-0.1-
0.2
‘:‘E -0.31
C -0.4-
T 05
= -06
-0.71
-0.8+ T v y v
0 500 1000 1500 2000 25
t/s
12.2
(C) 1.0H //instantaneous (d) 1201
~ "~
0.8H 11.84 ANy
~ osl 116 \\
< oalll [ —10mV Z 14 N
= ——30mvV ~ T 1121 AN
02l ——s50mv. ~ 11.0] 1.0OMLPF /DMC
70 mv Progressive IS
ooH 10.8 \\,\‘
n - : - y 10.6 +— . - - ! : .
0 1 2 3 4 5 10 20 30 40 50 60 70
L Potential / mV

Figure 4-9. (a) Current density as a function of time for Si(111) lithiation at different
potential in 1.0 M LiPFs in DMC solution. (b) SEM images of the Li-Si alloys prepared
under different potential. (C) (j/jmax)? VS. t/tmax plot of the current density in (a) compared
with theoretical curves for instantaneous and progressive nucleation model according to
equation 4-1 and 4-2. (d) Calculated number density of Si-Li alloy pyramid on the

surface according to the instantaneous nucleation and growth model.
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4.3 Conclusions

In this chapter, electrochemically prepared Li-Si alloys with increasing charge
density under potentiostatic charging at 10 mV vs. Li/Li* were investigated using SEM,
SXES and windowless EDS to study the single crystal Si(111) lithiation process. Under
potentiostatic charging, the lithiation current density increased to a peak of 720 pA-cm-
2, and then decreased gradually to a constant value. The crystalline LiisSis alloy layer
began to grow, while the Li diffused LixSi alloy layer grew into the Si substrate until the
lithiation current reach its maximum. The amorphous Li13Sis alloy then began to grow
after the peak lithiation current was reached, which led to the main lithiation charge. In
addition, SXES revealed that surface pyramid structures form an amorphous LiisSis
phase at the beginning of lithiation, which then transform into a crystalline Li1sSis phase
before the peak lithiation current is reached. The in-situ XRD confirmed further the
formation of crystalline LiisSis phase at beginning of Si lithiation. Combined with SXES
and in-situ synchrotron XRD, we can summary that there are the formations of
amorphous and crystalline Li15Sis phase at the beginning of Si lithiation, and amorphous
transformed into crystalline phase when Si has more lithiation. The Si(111) lithiation

process can be described by a diffusion controlled instantaneous nucleation model.
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Chapter 5
Effects of Hydrogen Fluoride on the Structures and

Compositions of Li-Si alloys

5.1 Introduction

One of the problems that limit the use of Si anode in Li ion batteries is the big
volume expansion after alloying with Li.»® The big volume expansion resulted in
unstable surface chemistry. A solid electrolyte interphase (SEI) between Si anode and
electrolyte can be destroyed due to the cycled Si anode expansion and shrinkage.* The
unstable SEI was harmful to cycle life of secondary batteries since the electrolyte was
consumed due to its reaction with Si anode. Several strategies such as Si nanoparticles
or nanowires have been proven to be effective to reduce the volume expansion and
enhance the SEI stability.>’ The interphase can affect the structures and compositions of
the Li-Si alloys after Si alloying with Li, and then affect the battery performance such
as cycle life and capacity.®!

Electrolyte addition are considered as key factors that affect the battery performance
of the Si based secondary batteries.*? It had been revealed the Si anode based secondary
batteries using ethylene carbonate (EC) or propylene carbonate (PC) as electrolyte
solvents had low capacity and cycle life.*** Some reports had determined the
fluoroethylene carbonate (FEC) solvent can improve the capacity and cycle life of the Si
anode based secondary battery significantly.*>® The improvements were considered to
stem from a stable SEI formation. It had been known FEC can decompose into vinyl
carbonate (VC) and hydrogen fluoride (HF). VC can polymerize into a passivation
polymer film as stable interphase on Si surface, to prevent the continuous electrolyte
decomposition. HF was expected to form LiF species on Si surface to suppress the
reaction between the Si surface and the electrolyte.’>" Although the beneficial effects
of FEC on SEI by forming polymer film and LiF species had been widely studied, the
effects of FEC on the structures and compositions of Li-Si alloys are not yet understood.

Our previous studies on the structures and compositions of the electrochemically
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prepared Li-Si alloys had revealed the Li-Si alloy had layered structure and
composition.'81® The soft x-ray emission spectroscopy (SXES) and windowless energy
dispersive spectroscopy (EDS) were the main characterization techniques.

In this chapter, the FEC and its decomposed product HF effects on the structures
and compositions of the Li-Si alloys were studied by combining SEM, SXES, and
windowless EDS analysis. The Li-Si alloys were prepared by using single crystal Si(111)
lithiation under potentiostatically charging at 10 mV vs. Li/Li" in 1.0 M LiPFs in FEC
and PC solvents with different concentration of HF aqueous solution addition. The
lithiation charge density is 1000 mC-cm™ for all the Li-Si alloys. The structures are
obtained by SEM. The components are analyzed by SXES. The Li K, Si L2 3 and Si Ko
intensity changes were strictly analyzed to obtain the specific thicknesses and Li
distribution for the Li-Si alloy layers. The effects of FEC and its decomposed product
HF on the structures and compositions of the Li-Si alloys will be determined and
discussed.

5.2 Results and Discussion
5.2.1 Compositions of Li-Si alloys Prepared in PC and FEC

Figure 5-1(a) and (b) show SEM images for the surface and the cross section of Li-
Si alloys prepared in the electrolyte of 1.0 M LiPFs in PC solvent. It was observed from
Figure 5-1(a) that a large number of pyramid structures (see inset figure) covered the Si
surface. Figure 5-1(b) shows the layered structure of the Li-Si alloy. The 1% layer
consists of the triangular pyramid structures with approximately 0.7 um height.
Underneath the 1% layer there are the 2" and 3" layers with average thicknesses of
approximately 1.2 and 2.0 um, respectively. Figure 5-1(c) and (d) show SEM images for
the surface and the cross section of Li-Si alloys prepared in the electrolyte of 1.0 M
LiPFe in FEC solvent. The pyramid had smaller size than that prepared in PC. The
layered structures are also shown in this Li-Si alloy.

The compositions of the Li-Si alloys were determined by SXES. Figure 5-1(e-f)
show the SXE spectra of the 1%, 2"Y and 3™ as well as Li metal and c-Si references in the
photon energy region of 50-105 eV, which covered Li Kq and Si L3 X-ray emissions.

Combined with DOS calculation,? it had been indicated the peak energy of 53.3 eV in
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Li Ko and 91.8 eV in Si L3 was relative to c-LiisSis alloy, and the peak energy of 53.6
eV in Li Kq and 91.6 eV in Si L2 3 was relative to a-Li13Sis alloy.'® The Si L2 3 emission
peaks from c-Si were associated with low-lying Si 3s-3s bonding state at 89.6 eV, while
the main peak at 92.0 eV and the shoulder at 96.0 eV originate from the p components
of sp3 hybridization.?*?? In the following discussion, the peak energies were used to
determine the compositions of the Li-Si alloys.

The Li Ko emission peak energies of the 1% layers in the Li-Si alloys prepared in PC
and FEC were 53.3 and 53.6 eV (Figure 5-1(e)), respectively. It indicated the 1% layer in
the Li-Si alloy of PC was c-Li1sSis alloy, and the 1% layer in the Li-Si alloy of FEC was
a-Li13Sis alloy. The Li K« emission peak energies of the 2" layers in the Li-Si alloys
prepared in PC and FEC were both 53.6 eV. It indicated the 2" layers in the Li-Si alloys
of PC and FEC were both a-Li13Sis alloy. There was little Li Ko emission intensity of
the 3™ layers in both Li-Si alloys since the Li concentration in the 3™ layer was very
small.*® Therefore from the Li Ko emission peak energies analysis, it was found the Li-
Si alloy prepared in FEC preferred to form a-Li13Sis alloy compared with that prepared
in PC. The composition determination results could be further confirmed by Si L2
emission spectra. In Figure 5-1(f), the Si L2 3 emission peak energies of the 1% layers in
the Li-Si alloys prepared in PC and FEC were 91.8 and 91.6 eV, respectively. It indicated
the 1% layer in the Li-Si alloy of PC was c-Li1sSis alloy, and the 1 layer in the Li-Si
alloy of FEC was a-Li13Si4 alloy. These results were consistent with the Li Ko analysis
results. The Si L3 emission peak energies of the 2" layers in the Li-Si alloys prepared
in PC and FEC were both 91.6 eV, which confirmed again the 2" layers in the Li-Si
alloys of PC and FEC were both a-Li13Sis alloy.

The SXE spectra of the Li-Si alloy prepared in PC were consistent with Aoki’s
work,'8 which determined the 1% layer was ¢c-Li1sSis and the 2" layer was a-Li13Sia. The
composition in the 3 layer was hard to determine by SXE spectra, however it had been
determined as a Li-diffused LixSi alloy layer using windowless EDS in our previous
work.'® The SXE spectra of the Li-Si alloy prepared in FEC indicated the 1t and 2"
layer were both a-Li13Sis. In a word, the compositions of the Li-Si alloys prepared in PC

and FEC were different.
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Since FEC can decompose into VC and HF, the HF concentration in the electrolyte
of 1.0 M LiPFs in FEC solvent was measured using IC. The result revealed the HF
concentration was larger than 50 mM in the electrolyte. However, the HF concentration
in the electrolyte of 1.0 M LiPFg in PC solvent was less than 0.05 mM. The produced
HF in the electrolyte of 1.0 M LiPFe in FEC solvent was expected to affect the structures
and compositions of the Li-Si alloy. In the following part, the effects of HF on the
structures and compositions were studied by adding HF aqueous solution into the

electrolyte. The underlying mechanism was discussed.
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Figure 5-1. SEM images for (a, c) the surface and (b, d) the cross section of Li-Si alloys
prepared in the electrolyte of 1.0 M LiPFe dissolved in PC and FEC solvents,
respectively. In Figure 5-1 (b) and (d), the layered structures of the 1%, 2" 3™ and Si
substrate are represented by different color arrows and number. The compositions are
shown according to the SXES results in Figure 1e-f. (e-f) SXE spectra of the 1%, 2", 31
and 4" layers of these two Li-Si alloys. The peak energy of 53.6 eV in Li K, and 91.6
eV in Si L3 relative to a-Li13Sis alloy are shown. The peak energy of 53.3 eV in Li K

and 91.8 eV in Si L3 relative to c-LiisSis alloy are also shown.

5.2.2 The effects of HF on the structures and compositions of Li-Si alloys
Figure 5-2(a-d) show the SEM images for the surface of Li-Si alloys prepared in
different electrolytes that had increased HF concentration. The pyramids exist in all the

Li-Si alloys and covered the Si surface. The sizes of the pyramids are dependent on the
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HF concentrations in the electrolytes. The pyramid size was measured and shown in
Figure 5-2(e). It was found that when the electrolytes had increased HF concentrations,
the pyramid size of the Li-Si alloys prepared therein decreased. Obviously, the pyramid

nuclei number density increased when the HF concentration increased.

Z0.20-
< l (e)
[
, ¥ £0.15-
Swfgce avea of ® = J
one pyramid @ =
: =
a ¢ ’ 2010 i .
- - z | .
o 0.05
en [ ]
= -
(.00

05 00 05 10 15 20 25
HF concentration in electrolytes / mmol

Figure 5-2. (a-d) SEM images for the surface of the Li-Si alloys prepared in 0/0.5/1/2
mM HF containing electrolytes and (e) pyramid size change with HF concentration
(solid dots) for all Li-Si alloy. The measurement schematic for pyramid size is shown in

Figure 2a and at least 100 pyramids were measured.

The HF effects can be better determined by observing its effects on the layered
structures of the Li-Si alloys. Figure 5-3(a-d) shows the SEM images for the cross
section of the Li-Si alloys. The layered structures are observed for all the Li-Si alloys.
For the Li-Si alloy prepared in the electrolyte of 1.0 M LiPFs in PC solvent without HF
addition, it had been determined to consist of the 1% crystalline LiisSis layer, the 2"
amorphous Lii3Sis layer, and the 3" Li-diffused LixSi layer. Obviously, the layer
thicknesses of the 1%t and 2" layer in different Li-Si alloys were dependent on the
electrolytes which had increased HF concentrations.

The effects of HF on the compositions of the Li-Si alloys were determined using
SXES. Figure 5-3(e, f) show the SXE spectra of the 1% layers in the Li-Si alloys prepared
in the electrolytes with increase HF concentration. When the electrolytes had increased
HF concentrations, the Li Ko emission peak of the Li-Si alloys prepared therein changed

from 53.3 to 53.6 eV (Figure 5-3(e)). The 53.3 and 53.6 eV were the peak energy of Li
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Ko emission spectra of c-LiisSis and a-Li13Sis, respectively, according to previous
analysis.*® The peak energy change from 53.3 to 53.6 eV indicated that the amount of c-
Li1sSia in the 1% layer decreased, instead the amount of a-Li13Sis increased. Meanwhile,
the Si L3 emission peak of the Li-Si alloys changed from 91.8 to 91.6 eV (Figure 5-
3(f)). Since the peak energies of Si L2 3 emission spectra of c-Li1sSis and a-Li13Sis were
91.8 and 91.6 eV, respectively, the peak shifts from 91.8 to 91.6 eV indicated that the 1%
layer preferred to form a-Li13Sis instead of c-LiisSia. This result was consistent with that
from the observation of Li Ka emission peaks shift. In a word, the amount of c-Li1sSis
in the 1% layer decreased when the HF concentration increased in the electrolytes. The
compositions of the Li-Si alloys were altered by HF addition.

Figure 5-3(g, h) show the SXE spectra of the 2" layers in the Li-Si alloys. Although
the electrolytes had increased HF concentrations, the Li Kq and Si L2,z emission peaks
of the Li-Si alloys prepared therein had the same energy position of 53.6 and 89.6 eV.
Both peak positions were corresponding to the Li Kq and Si L2z emission peaks of a-
Li13Sia. It indicated the composition in the 2" layers of all the four different Li-Si alloys

were a-Li13Sis and independent on the HF concentration.
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Figure 5-3. (a-d) SEM images for the cross section of the Li-Si alloys prepared in
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0/0.5/1/2 mM HF containing electrolytes. (e) Li Ky and (f) Si L3 emission spectra of
the 1% layer in the four Li-Si alloys. (g) Li K« and (h) Si L23 emission spectra of the 2"
layer in the four Li-Si alloys. The peak energy positions are represented by dotted line,
in which, 53.3 and 53.6 eV in Li Ky emission spectra and 91.6 and 91.8 eV in Si Lz;3

emission spectra are shown.

Windowless EDS had been applied to determine the Li distribution in Li-Si alloys,°
and also the layer thickness. For a Li-Si alloy prepared in 1.0 M LiPFg in PC solvent, it
had revealed the Li distribution profile determined by windowless EDS was consistent
with layered structure determined by SXES. In the above SXE spectra analysis, it
suggested the compositions of the Li-Si alloys prepared in electrolytes containing

different HF concentration were different. To further reveal the amount of different
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compositions like c-Li1sSis, a-Li1sSis and Li-diffused LixSi alloy, windowless EDS was
used.

Figure 5-4(a,b) show the intensity changes of Li Ku and Si Kq emissions along the
line scan from the pyramid top (the 1% layer) to Si substrate for the Li-Si alloys,
respectively. The intensity changes of Li K« were similar for all the four Li-Si alloys in
Figure 5-4(a). The Li Ko intensity decreased from the 1% layer to Si substrate, consistent
with the Li-Si alloy layered structure which consist the 1% c-LiisSis layer, the 2™ a-
Lii3Sis layer and the 3™ lowly lithiated LixSi layer over Si substrate. The boundaries
between the 1%t and 2" layer, the 2" and 3" layer, can be determined by monitoring the
Li Ko intensity change. It can be easily observed the layer boundaries (dotted arrows) in
the Li-Si alloys moved to less deep position when the used electrolytes had increased
HF concentration. In Figure 5-4(b), the Si K intensity increased from the 1% layer to Si
substrate. The boundaries between the 2" and 3" layer can be determined by monitoring
the Si Ko intensity change. It can be also observed the layer boundaries moved to less
deep position when the used electrolytes had increased HF concentration. This is
consistent with the observation in Li K« intensity change. However, the intensity changes
of Li Ko and Si Kq are not able to determine the thickness of each layer in the Li-Si
alloys, since the boundaries between the 3™ layer and Si substrate are unclear. As can be
observed in the insert Figure in Figure 5-4(a), the Li Ko intensities within the 3™ layer is
not high enough to distinguish the layer between the 3" layer and Si substrate.

As had been reported, the thickness of each layer can be precisely determined by
monitoring the Si L3 intensity change.'® Figure 5-4(c) shows the Si L3 intensity
changes for the four Li-Si alloys. The boundaries between the 1%, 2" 3" |ayer and Si
substrate can be easily determined by monitoring the intensity change and shown as
arrows. Then the thickness of each layer for all the four Li-Si alloys can be easily
determined and shown in Figure 5-4(d). It was found that when the electrolytes had
increased HF concentrations from 0 to 2 mM, the 1% layer thickness (the c-Li1sSis
pyramid height) in the Li-Si alloys prepared therein decreased from approximately 0.7
to 0.1 um, and the 2" layer thickness increased from approximately 1.1 to 1.3 pm.

Obviously, the Li distribution in the Li-Si alloys had been changed when the used
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electrolytes had increased HF concentration. In addition, the thicknesses of the 3" layer
for all the four Li-Si alloys were almost the same.

The thickness can be used to estimate the amount of c-LiisSis, a-Li13Sis and Li-
diffused LixSi alloy in the Li-Si alloys. In the present work, the lithiation charge density
was 1000 mC-cm for each Li-Si alloy. Since the lithiation charge was due to Li* ion
reduction to alloy Li, we can evaluate the Li amount in c-Li1sSis and a-Li13Sis based on
their layer thicknesses, to reveal how much charge was used to form c-LiisSis and a-
Li13Sis. The Li-Si alloy prepared in 1.0 M LiPFs in PC solvent without HF addition, had
approximately 0.7 um c-LiisSis (pyramid) and 1.1 pum a-Li13Sis. Therefore, the charge
used to form c-LiisSis and a-LiisSisa were approximately 180 and 760 mC-cm?,
respectively, in 1000 mC-cm charge. In other words, about 18% and 76% charge were
used to form c-Li1sSis and a-Li13Sis, respectively. The left 6% charge was used to the 3™
layer formation and electrolyte decomposition. As a comparison, the Li-Si alloy
prepared in 1.0 M LiPFs in PC solvent with 2mM HF addition, had approximately 0.1
um c-Li1sSis and 1.3 um a-Lii3Sis. The charge used to form c-LiisSisa and a-Li13Sis were
approximately 30 and 900 mC-cm?, respectively. In other words, about 3% and 90%
charge were used to form c-LiisSis and a-Li13Sia, respectively. Obviously, the amount of
c-LissSis in the Li-Si alloys decreased from 18% to 3% and the amount of a-Li13Sis in
the Li-Si alloys increased from 76% to 90% when the used electrolyte had 2 mM HF
addition as shown in Figure 5-4(d).

It had been determined the Li-Si alloys prepared in 1.0 M LiPFg in FEC had the
similar structure and composition with that prepared in 1.0 M LiPFs in PC with 2 mM
HF addition. We can say the amount of c-Li1sSis was about 3% in the Li-Si alloys
prepared in 1.0 M LiPFs in FEC, significantly smaller than 18% in the Li-Si alloys
prepared in 1.0 M LiPFs in PC with 0 mM HF. The experimental result that the amount
of c-Li1sSis for FEC is smaller than that for PC, can explain why FEC had better battery
performance in Si-based secondary batteries. Since the crystalline alloy phase formation
was generally considered to be detrimental to battery performance,? the less c-LisSis

formation in the Li-Si alloys will be good for battery performance.
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Figure 5-4. Windowless EDS (a) Li Ko, (b) Si Ko and (c) Si L2z emission intensity
changes along the cross section from the pyramid top to Si substrate for the fours Li-Si
alloys. The HF concentrations in the electrolytes are shown. The inset in Figure 5-4(a)
shows the enlarged Li Ko emission intensity changes within the 3rd layer. The boundary
between the 1%, 2", 3" and Si substrate can be determined by monitoring the intensity
change. In Figure 5-4(c), the cyan arrows represent the boundary between the 1% and 2"
layer. The dark yellow arrows represent the boundary between the 2" and 3" layer. The
dark green arrows represent the boundary between the 3 and 4" layer. (d) The layer
thicknesses of the 1%, 2" and 3™ layer for the four Li-Si alloys determined from Figure

5-4(c).

The electrolyte of 1.0 M LiPFe in FEC contained HF bigger than 50 mM. The HF
mainly stems from the decomposition of FEC. As analyzed above, the HF can reduce
the size of the c-LiisSis pyramid, in other words, increase the pyramid nuclei number
density. It had been reported F~ can be adsorbed on Si surface to form F-Si bond.?* The
adsorption of F species on Si(111) were confirmed by XPS results which was shown in

Figure 5-5(a). The photoelectron emission intensities from F 1s increased when the
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electrolytes had increased HF concentration, which indicated the amount of F element
on Si(111) surface increased. The increase of F element amount was due to two parts, in
which, one is the enhanced LiF (686.5 eV) deposition through Li* and F ion, and the
other is the F ion adsorption on Si(111) surface to generate F-Si bond (688.5 eV) as
shown in Figure 5-5(b). The Langmuir adsorption model (the equation in Figure 5-5(b))
is used to simulate F~ ion adsorption. The Langmuir adsorption model can be applied to
fixed number of adsorption sites on solid surface and all the adsorption sites are equal.
In our work, the Si substrate is single crystal H-Si(111), which has almost fixed and
equal Si adsorption sites for F~ ion adsorption. The Langmuir adsorption model can be
applied to a monolayer adsorption and a dynamic equilibrium between adsorbed and
desorbed species. In our work, the H-Si(111) single crystal is atomically flat and the F
ion adsorption should be a monolayer adsorption. As shown in Figure 5c, the adsorption
and desorption of F ion are in equilibrium. Therefore, the Langmuir adsorption model
can be used to fit the F~ ion adsorption in our work. The value of adsorption constant K
is ca. 716, which is obtained by fitting the experimental data in Figure 5b. Therefore, the

adsorption energy AGags is 16.3 kJ/mol according to the equation:

AGads =RT InK,

where R and T are the gas constant and room temperature, respectively. The energy is
far less than ca. 120 kJ/mol of reaction HF + SiH = SiF + H», according to the enthalpy
calculation in NIST (a database that is National Institute of Standards and Technology,
the formation enthalpy of each species is as follow in kJ/mol, HF: -273.3, SiH: 366.9,
SiF: -27.1, Hz: 0). There may be a reason for that the experimental adsorption energy is
far less than the calculated reaction enthalpy energy. The reaction HF + SiH = SiF + H»
suggest a strong SiF (bond strength 582 kJ/mol) chemical bond formation which suggest
a strong F adsorption on Si. However, the adsorption energy is only 16.3 kJ/mol and far
less than 120 kJ/mol. It can be assumed the F~ is adsorbed on Si by electrostatic
interaction, which is weaker than a chemical bond formation. Therefore, the adsorption

energy is far smaller than 120 kJ/mol.
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Figure 5-5. (a) XPS F 1s spectra for Si(111) after contact with electrolytes that had
increased HF concentrations. Peaks at 688.5 eV are representative of F-Si species, while
those at 686.5 eV are representative of LiF species. (b) XPS peak areas at 688.5 eV for
F-Si on Si(111) after contact with electrolytes that had increased HF concentrations. The
peak area is normalized to Si 2p intensity. (c) Schematic for F adsorption and its effect

on the change of surface potential.

The Fadsorption can improve the Li-Si alloy nuclei formation since it improve the

surface Li* ion concentration which is a function of potential according to the equation®

s = Co exp(-F¢O/RT),
where Cs is the surface Li* ion concentration, Co is the bulk Li* ion concentration,
¢ is the surface potential, F, R and T are Faraday constant, gas constant and room
temperature, respectively. The surface potential ¢ went more negative by F adsorption
as shown in Figure 5-5(c), therefore, the surface Li* ion concentration increased. As a

result, the nuclei number density of the Li-Si alloys on Si surface increased, to form
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smaller pyramid as explained in Figure 5-6. This explained why the Li-Si alloys had
smaller pyramid (less amount of c-Li1sSis) when the electrolyte was 1.0 M LiPFg in FEC

or had HF addition.
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Figure 5-6 The schematic for the F ion effects on the Si(111) lithiation. The layer

growth process was also shown.

Figure 5-7 shows the current density as a function of time when the potential was
stepped to 0.01 V for Si(111) lithiation. The electrolytes are 1.0 M LiPFs in PC solvent
with addition of 0, 0.5, 1.0, 2.0 and 4.0 mM HF aqueous solution. For all the Si(111)
lithiation behavior in the electrolytes with varied HF concentration, the cathodic current
density increased to a maximum at first, and then decreased gradually to an almost
constant value. The maximum current decreased with increased HF addition, which had
been represented by an arrow in Figure 5-7. According to the analysis in chapter 4, the
time when the maximum current arrived (here we call it as maximum time) was inversely

proportional to Li-Si alloy nuclei number density. When HF concentration increased in
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the electrolytes, the maximum time decreased, which suggested the Li-Si alloy nuclei
number density increased. Therefore, the pyramid size decreased. This is consistent with

the results observed from the SEM images.
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Figure 5-7 Current density as a function of time when the potential was stepped from
500 to 10 mV for Si(111) lithiation in 1.0 M LiPFs in PC solvent with varied HF

concentration.

On the other hand, trace amount of water played significant role on battery
performance.?® In the present study, the electrolytes of 1.0 M LiPFs in PC and FEC also
contained less than 0.2 mM H,O. Additionally, when we studied the HF effects by
adding HF aqueous solution into the electrolytes, trace amount of water was added
inevitably. It had been determined the addition of 2 mM HF aqueous solution can
significantly change the structures and compositions of the Li-Si alloys, however, 2 mM
HF aqueous solution also contained 2.2 mM H20. The water effects on the structures
and compositions of Li-Si alloys need to be determined and in the present work 2.2 mM
ultrapure water was mixed into the electrolyte of 1.0 M LiPFe in PC. The HF
concentration in the electrolyte was measured every 4 hours using IC after the water was
mixed inside. Figure 6 shows the HF concentration change in the electrolyte with
keeping time. Obviously, the HF concentration increased with time, since water will

react with LiPFs in the electrolytes to produce HF as reported.?” We used the electrolytes
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that were mixed with 2 mM HO for 0 and 24 hours, to prepare the Li-Si alloys. As was
observed, when the electrolyte was just mixed with H>O for O hour, the Li-Si alloys
prepared therein showed similar pyramid size with that without H>O addition. However,
when the electrolyte was mixed with H20 for 24 hours and about 2 mM HF was produced,
the Li-Si alloys prepared therein had greatly smaller pyramid compared with that without
H>0 addition. In summary, the water can reduce the pyramid size since it can react with
LiPFs to produce HF, and then adsorbed on Si surface to affect the structure and

composition of the Li-Si alloys.

O K N W b~ O

HF concentration / mmol

0 5 10 15 20 25
Time/h
Figure 5-8. HF concentration changes with time in the electrolyte after mixed with
2 mM HO. The insets are the SEM images of the Li-Si alloys prepared in the
corresponding electrolytes
5.3 Conclusions
In conclusion, the Li-Si alloy preferred to form a-Li13Sis alloy instead of c-Li1sSia
when the electrolytes for the Li-Si alloys preparation had increased HF concentration.
Since FEC can decompose to produce HF, the Li-Si alloy prepared in FEC had less
amount of c-Li1sSi4 than that in PC. Since the crystalline alloy phase formation generally
considered to be detrimental to battery performance,? the less c-Li1sSis formation in the
Li-Si alloys will be good for battery performance. This explained the reason for FEC to

improve the battery performance since FEC can decompose to generate HF.
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Chapter 6

Solvent effects on Li distribution within Li-Si alloys

6.1 Introduction

The energy capacity and cycle life of the Si anode based secondary batteries are
relative to electrolytes. The electrolyte can decompose in the first cycle of Si lithiation
to form a layer of poor electron conductivity while good ion conductivity of the surface
film when the potential is below 1.3 V vs. Li/Li*. This film is well known as the solid
electrolyte interface (SEI). SEI can prevent the further decomposition of the electrolyte
kinetically. Severe electrolyte decomposition can reduce the energy capacity and cycle
life for the Si anode based secondary batteries. First, the continuous expansion and
shrinkage of the Si electrode material makes the SEI thicker, decreasing the electrical
conductivity of Si electrode and increasing the irreversible capacity.’?> Because of
expansion and shrinkage of Si in the charge and discharge process, SEI film can be
broken and the surface of Si electrode exposes to the electrolyte again, leading the further
electrolyte decomposition to reduce the battery capacity. Second, the volume expansion
and shrinkage of Si can cause breakage and pulverization of Si particles, which is
particularly more severe for larger Si particles.® Breakage can cause Si new surfaces and
contact the electrolyte, resulting in further electrolyte decomposition and loss of
electrical contact between the particles. Generally speaking, it is expected to have better
performance for Si anode based secondary battery if the electrolyte is stable for
decomposition, or it can form a stable SEI on Si surface.

Electrolytes were considered as a key element that determines the battery
characteristics such as the electrochemical reversibility, cycle life, rate capability and
columbic efficiency for Li based secondary batteries such as Li ion, Li air or Li-S
secondary batteries. For instance, in Li ion secondary batteries, the conventional
electrolyte uses Li salt solved in propylene carbonate (PC) or dimethyl carbonate (DMC)
as solvent. This electrolyte has enhanced effects on capacity and cycle life of the Li ion

secondary batteries. However, the electrolyte using PC or DMC as solvent is highly
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unstable in Li-O2 or Li-S secondary batteries. Dimethyl sulfoxide (DMSO) and
tetracthylene glycol dimethyl ether (TEGDME) are reported to have the best stability
when they are used in Li-O> and Li-S secondary batteries, respectively. Therefore, the
electrolyte must be chosen to have the best performance on the battery characteristics
for Li based secondary batteries. Especially when considering the solvents, it must be
stable or has enhanced effect on battery characteristic like energy capacity and cycle life.
The emerging research interest on Li-O2 and Li-S secondary batteries make Si anode
more promising application in these batteries.*’ When Si anode is applied in these
secondary batteries to replace Li anode, the solvent effects on Si lithiation must be
studied since electrolytes are different for Li-ion, Li-O2 and Li-S secondary batteries.

In this chapter, the solvent effects on the structures and compositions of the Li-Si
alloys were studied by combining SEM, SXES, and windowless EDS analysis. The Li-
Si alloys were prepared by using single crystal Si(111) lithiation under potentiostatic
charging at 10 mV vs. Li/Li" in 1.0 M LiPFs in different solvents. The solvents are
DMSO, TMS, EA, TEGDME, DMC, and PC. The lithiation charge density is 1000
mC-cm for all the Li-Si alloys. The structures are obtained by SEM. The components
are analyzed by SXES. The Li Ko, Si L23 and Si Ka intensity changes were strictly
analyzed to obtain the specific thicknesses and Li distribution for the Li-Si alloy layers.
The solvent effects were discussed.
6.2 Results and Discussion
6.2.1 Electrochemistry of Si(111) Lithiation in Different Solvents

Figure 6-1 shows the cyclic voltammogram for lithiation and delithiation of single
crystal Si(111) electrode measured in 1.0 M LiPFe in different solvents. The solvents are
DMSO, TMS, EA, TEGDME, DMC, and PC. The potential was scanned negatively
from 2.7 to 0.01 V (vs. Li/Li*) and positively to 2.7 V (as indicated by arrows) at a scan
rate of 1 mV-s™. The arrows indicated the scan directions.

It had been analyzed for the lithiation and delithiation process of the single crystal
Si(111) electrode in 1.0 M LiPFs in DMC solvent in section 3.2.1 in Chapter 3. A high
cathodic current started to flow at around 100 mV, which corresponds to the lithiation

of Si(111). Two broad peaks at around 300 and 500 mV, which correspond to the
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delithiation of Si(111) were also clearly observed. The cathodic and anodic charges were
approximately 76.6 and 62.5 mC-cm, respectively. The current efficiency, which is
ratio of anodic to cathodic charge, is approximately 82%. This efficiency is consistent
with other reported values.®® The irreversible 20% charge is due to electrolyte

decomposition and some Li remaining in the Li-Si alloy after delithiation.
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Figure 6-1 Cyclic voltammogram for lithiation and delithiation of single crystal Si(111)
electrode measured in 1.0 M LiPFe in different solvents. The solvents are DMSO, TMS,
EA, TEGDME, DMC, and PC. The potential was scanned negatively from 2.7 to 0.01

V (vs. Li/Li*) and positively to 2.7 V at a scan rate of 1 mV-sX. The arrows indicated the

scan direction.

The lithiation and delithiation process of the single crystal Si(111) electrode in 1.0

M LiPFs in other solvents are similar to that in 1.0 M LiPFs in DMC solvent. A high
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cathodic current started to flow at around 100 mV, which corresponds to the lithiation
of Si(111). Two broad peaks at around 300 and 500 mV, which correspond to the
delithiation of Si(111) were also clearly observed. However the current are different for
Si(111) lithiation in different solvents. This is due to the difference in the Li-Si alloy
nuclei formation number density and the Li* ion conductivity in the electrolytes. The
current efficiency, which is ratio of anodic to cathodic charge, ranges from
approximately 80% to 90%. Since some irreversible charge is due to electrolyte
decomposition, the difference in this current efficiency should be due to the electrolyte

decomposition difference in different solvents.
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Figure 6-2 Current density as a function of time when the potential was stepped from
500 to 10 mV for Si(111) lithiation in 1.0 M LiPFe in different solvents. The solvents
are DMSO, TMS, EA, TEGDME, DMC, and PC. The lithiation charge density was 1000

mC-cm™ as indicated by arrows.

106



The Li-Si alloys were prepared under potentiostatic charge at 10 mV. Figure 6-2
shows the current density as a function of time when the potential was stepped from 500
to 10 mV for Si(111) lithiation in 1.0 M LiPFe in different solvents. The cathodic current
density due to the lithiation of Si increased to a maximum at first, and then decreased
gradually to an almost constant value, for all the solvents. The Li-Si alloys were prepared
when the lithiation charge was 1000 mC-cm™ as indicated by arrows in Figure 6-2. The
current maximum is different for different solvents. It is due to the difference in the Li-
Si alloy nuclei formation number density and the Li* ion conductivity in the electrolytes,
which is also shown in CV results in Figure 6-1. The structures to determine the Li-Si
alloy nuclei number density are obtained by SEM and will be discussed in section 6.2.2.
6.2.2 Structures and Compositions of Li-Si alloys Prepared in Different Solvents

Figure 6-3(a-f) shows SEM images of the surface morphology of the Li-Si alloys
prepared in 1.0 M LiPFe in different solvents. Triangular pyramids exist in all Li-Si
alloys and covered the specimen surface. It can be clearly seen that the sizes of pyramid
depend on the solvents, and rang from approximately 2.0 to 0.1 um. The pyramid size
was counted by measuring single pyramid area as shown in Figure 6-3(a) and shown in
Table 6-1. In each Li-Si alloy, at least 100 pyramids were measured. The pyramid size
depends on the solvents and ranks as follow: DMSO >TMS > EA > TEGDME > DMC >
PC.

Figure 6-3(A-F) shows SEM images of the cross section of the Li-Si alloys prepared
in 1.0 M LiPFe in different solvents. In Chapter 3, the structure and composition in Li-
Si alloy prepared in 1.0 M LiPFs in DMC had been analyzed precisely. This layered
structure of the Li-Si alloy was also shown here in Figure 6-3(E). The compositions of
the Li-Si alloys consist of the 1% crystalline Li1sSis layer, the 2" amorphous Li13Sis layer,
and the 3" Li diffused LixSi layer. The layered structures were clearly observed for all
the Li-Si alloys prepared in different solvents. However, the layer thickness depends on
the solvents. The sum thickness of the 1%t and 2" layer can be determined by SEM images
and shown in Table 6-1; the sum thicknesses of the 1t with 2" layer depend on the
solvents and vary from approximately 3.0 to 2.0 um. It ranks as follow: DMSO > TMS >

EA > TEGDME > DMC > PC. The thickness of the 3™ layer cannot be obtained because
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the 3 layer cannot be observed clearly by SEM images.
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Figure 6-3 SEM images for (a-f) the surface and (A-F) cross section of Li-Si alloys
prepared in 1.0 M LiPFe in different solvents. The lithiation charge density is 1000
mC-cm2 for each Li-Si alloy. The solvents are DMSO (a, A), TMS (b, B), EA (c, C),
TEGDME (d, D), DMC (e, E), and PC (f, F). Thickness statistics of the 1% with the 2"
layer for each Li-Si alloy. The layered structures were represented in both (A) and (E),

which are the Li-Si alloys prepared in DMSO and DMC, respectively.

Table 6-1 Pyramid size and sum thickness of the 1% and 2" layer of the Li-Si alloy

prepared in different solvents

solvents DMSO TMS EA TEGDME DMC PC
Pyramid size 1.36 1.32 1.02 0.93 0.68 0.41
/ um +0.15 4+ 0.13 + 0.09 + 0.08 + 0.05 + 0.05
Thickness of
the 1st and 2.97 2.71 2.47 2.42 2.34 1.98
2nd layer +0.18 +0.13 + 0.08 +0.17 +0.13 + 0.08
/ um

In Chapter 4, it was found when the charge of Si(111) lithiation is 50 mC-cm?in 1.0
M LiPFs in DMC solvent, the pyramid is around 0.1 um and consist of a-Li13Sis. Then
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it will transfer to c-LiisSis when the pyramid grew to a bigger size. For the Li-Si alloy
prepared in FEC in Chapter 5, the Li-Si alloy pyramid in the 1% layer is small to
approximately 0.1 pum and also consists of a-LiisSis. It suggests the pyramid was
energetically stable to be a-Li13Sis when it is small.

Figure 6-4 show the SXE spectra for the 1%t and 2" layer in the Li-Si alloys prepared
in different solvents. The 1% layer for the Li-Si alloys was pyramid layer. The peak
position of Si Loz and Li Ko emission for all the Li-Si alloys was 91.8 and 53.3 eV,
respectively, which indicate the pyramid layer is c-LiisSis. The 2" layer for the Li-Si
alloys was the layer beneath pyramid layer. The peak position of Si L3 and Li Kq
emission was 91.6 eV and 53.6 eV, respectively, which indicate the pyramid layer is a-
Li13Sis. In summary, all the Li-Si alloys prepared in these different solvents have the

same composition, which consists of the 1 layer of c-Li1sSis and 2" layer a-Li13Sia.
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Figure 6-4 SXE spectra for the 1%t and 2" layer in Li-Si alloys prepared in different

solvents.

Even though these Li-Si alloys have same compositions, they have different amount
ratio of c-Li15Sis and a-Li13Sis alloy phase. To determine the amount (or layer thickness)
of c-Li1sSis, a-Li13Sis and Li-diffused LixSi alloy in the 1%, 2" and 3 layer in different
Li-Si alloys prepared in different solvents, the EDS line scan were applied to all the Li-
Si alloys. The EDS line scan method and its analysis were already presented in Chapter
3. After the EDS spectra deconvolution were conducted, the intensities of Li Ko, Si L23

and Si Ko were obtained for all the Li-Si alloys prepared in different solvents.
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Figure 6-5a shows the intensity changes of Li Ko emissions along the line scan for
the Li-Si alloys prepared in different solvents. The intensity changes were similar for all
the Li-Si alloys. That is, the Li Kq intensity increased with the 1¥' layer at first, and then
decreased from the 1% layer to Si substrate. The Li K intensity decreased from the 1%
layer to Si substrate, consistent with the Li-Si alloy layer structure, i.e., the first
crystalline Lii5Sis and the second amorphous Li3Si4 layer, followed by lowly lithiated
Si layer over Si substrate. However, the Li K« intensity change in each layer depends on
the solvents. The boundaries between the 1%t and 2" layer, the 2" and 3' layer, were
determined by monitoring the intensity change. Two arrows were used to represent the
boundaries in each Li-Si alloy. It can be easily seen the layer boundaries moved to less
deep position by the order: DMSO-TMS-EA-TEGDME-DMC-PC. The Li distribution
depends on the solvents, that is, less Li remains in the 1%t layer when the solvents changed
from DMSO to PC. Figure 6-5b shows the intensity changes of Si K« emissions along
the line scan for the Li-Si alloys prepared in different solvents. The intensity changes
were similar for all the Li-Si alloys. The Si Ko intensity increased from the 1% layer to
Si substrate. The arrow was used to represent the boundaries in each Li-Si alloy. It can
also be easily seen the layer boundaries moved to less deep position by the order:
DMSO-TMS-EA-TEGDME-DMC-PC. This order is consistent with the observation in
Li Ko intensity change.

In Chapter 3, the Li distribution in the 3" layer of the Li-Si alloy prepared in 1.0 M
in DMC can be known by monitoring the Si L2z intensity change, because the Li Kq
intensities are too low to distinguish its intensity changes. The 3™ layer is found to be Li
diffused LixSi layer. The thickness of each layer can be precisely determined by
monitoring the Si L3 intensity change. Figure 6-5¢ shows the intensity changes of Si
L>3 along the line scan for the Li-Si alloys prepared in different solvents. For all the Li-
Si alloys, the intensity changes of Si L3 show similar behavior. The Li distribution had
been precisely determined, in which, the Li concentration decrease from the 1% layer to
Si substrate, and the Li concentration decrease within the 3" layer like a Li diffusion
layer. The thicknesses of each layer can be easily determined and shown in Figure 6-

5(d). The thickness of the 1% layer depends on the solvents and decreased by the
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following order: DMSO-TMS-EA-TEGDME-DMC-PC. The thickness of the 3" layer
is almost the same for all the Li-Si alloys. The thickness of each layer can be used to
calculate how much charge needed for the layer growth shown in Figure 6-5(e). Less
charge was used to grow the 1% layer when the solvent changed from DMSO to PC. It

suggested less amount of c-Li1sSia formed in the 1% layer.
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Figure 6-5 Intensity changes of (a) Li Kq, (b) Si Kaand (c) Si Lo,z emissions along the
line scan for the Li-Si alloys prepared in different solvents. The boundaries between the
1% and 2" layer, the 2" and 3" layer, were determined by monitoring the intensity
change. (d) The thicknesses of each layer for different Li-Si alloys determined from

Figure 6-5(c). () The charge that is used for the 1% and 2" layer growth in different Li-
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Si alloys.

6.2.3 Discussion on the Factors of Solvents that Affect Si(111) lithiation

To make clear what is the main factor that the solvents affect the structures and
compositions of the Li-Si alloy, we did galvanostatic and potentiostatic lithiation, which
will determine if the current or potential is the main factor. Figure 6-6 and 6-7 show the
SEM images of the Li-Si alloy galvanostatic charged in different solvents at -100 and -
400 pA-cm. The currents are chosen according to the maximum cathodic currents in
different solvents ranging from -100 to -500 uA-cm™ in Figure 6-1. If the current was
the only main factor that affect the pyramid size, the pyramid size must be the same
under the same current in different solvents. However, Figure 6-6 and 6-7 had shown
that even though the lithiation current was the same, the structures (pyramid size) were
different in different solvents. Under the same galvanostatic current, the structures
(pyramid size) still depend on the solvents. There must be more essential factor than the

lithiation current for the solvents that affect the structures of the Li-Si alloys.

Figure 6-6 SEM images of the surface of Li-Si alloys galvanostatic prepared in 1.0 M

LiPFs in different solvents. The lithiation current was —100 uA-cm.
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Figure 6-7 SEM images for the surface of Li-Si alloys galvanostatic prepared in 1.0 M

LiPFs in different solvents. The lithiation current was 400 uA-cm

In chapter 4, we had clarified that the structures of the Li-Si alloys can be affected
by the potential (10, 30, 50 and 70 mV vs Li/Li*) in the same solvent. The pyramid nuclei
number density is decided by the potential (overpotential). The potentiostatic lithiation
under different potential was also conducted in different solvent as shown in Figure 6-8.
As is observed, the pyramid number density is decided by the potential and the solvents.
From Figure 6-3 and 6-8, the effects of the solvent on the Li-Si pyramid structure (Li-Si
alloy pyramid nuclei number density) can be summarized as follow: first, the pyramid
nuclei number density No increases when the potential goes more negative (70 - 50 >
30 = 10 mV) in the same solvent; second, the pyramid nuclei number density No
increases when the solvent changes by the solvent order (DMSO - TMS - EA >
TEGDME - DMC - PC).
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Figure 6-8 SEM images of the Li-Si alloys potentiostatic prepared at 70, 50, 30 and 10
mV in DMC and DMSO. The relationship of nuclei number density with the applied

potential are also shown for both solvents.

To explain the relationship between pyramid nuclei number density No and the
potential and the solvent, it need to know and analyze the electrochemical reaction that
happen on the Si surface. The Li-Si alloy composition on the surface had been
determined as c-LiisSis in Chapter 3. Reaction 6-1 show the electrochemical reaction of
solvated Li ion with Si to form LiisSis. Here, E2; is the equilibrium potential which is
relative to the solvents. As is known, Li ion remains in the electrolyte as solvated ion
Li*(sol), (sol is the solvent molecule, n is the number of coordinating molecule).
Before it alloys with Si, the solvated Li ion needs to desolvate as shown in reaction 6-2,
in which, Kg., is the desolvation constant defined as Kyoq0 =
([Li*] - [sol]™/[Li* (so),D*>. [Li*], [sol] and [Lit*(sol),] are the concentrations
of the free Li ion, the solvent and the solvated Li ion, respectively. After the solvated Li
ion desolvate as reaction 6-2, it will react with Si to form Li1sSis as shown in reaction 6-

3, in which, E? is the equilibrium potential which is independent on the solvents.
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15Li*(sol),, + 4Si+ 15~ = Li;sSi, + 15n - sol E2, 6-1
15Li* (sol),, = 15Li* + 15n - sol Kiesor 6-2

15Li* + 4Si+ 15e~ = LiysSi, + n - sol E° 6-3

The sum of reaction 6-2 and 6-3 will result in reaction 6-1. The relationship between

E2 |, Kiesorand E° can be obtained and shown in equation 6-4,

RT
ES, =E°+ ?m Kaesol 6-4.

o

The equilibrium potential E2, in different solvents is a function of the desolvation
constant Kg,,;- The nuclei number density No is a function of overpotential n and can

be almost linear to exp(nF/RT) and shown in equation 6-5,10-1

(Egol - E)

F_ EF ESF
) = eXP(—57) - exp(

=2 6-35,
RT )

() -
Ny < exp RT) = ex

where E is the applied potential, E2, is the equilibrium potential in reaction 6-1, R and
T are the gas constant and ambient temperature. Bring the equation 6-4 into 6-5 and the
following equation 6-6 can be obtained,
Ny o€ exp(Cor) - eXD(= ) - Kona -6,
RT RT

Based on equation 6-6, we can explain the experimental results, that is, the nuclei
number density No (or the pyramid size) is affected by the applied potential E (10, 30,
50, 70 mV vs Li/Li*) and the solvent K;.s,; (DMSO, TMS, EA, TEGDME, PC, DMC).

0
First, exp(%) in equation 6-6 is a constant, because E° is independent on the

solvents according to equation 6-3. N, can be only affected by £ and Kj,z,;, Which are

relative to the applied potential and the solvents, respectively.
Second, exp(— %) is a function of the applied potential £. In the same solvent,

Kgesor 1s fixed. Therefore, more negative potential (70 = 10 mV) resulted in more N,

nuclei formation and smaller pyramid. There is a linear relationship between InN, and
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E, which had been obtained and shown in Figure 4-10 and Figure 6-8 and was consistent
with the experimental results. The curve slope of InN, and E is -F/RT, which has a
constant value of -0.0389 mV~!. This suggest the slope is independent on the solvents.
In Figure 6-8, the slope of InN, and E is -0.0287 and -0.0353 mV-! in DMC and DMSO
were close to the theoretical value -0.0389 mV!.

Third, for the same applied potential £, the nuclei number density N, is a function
of desolvation constant K;.s.;. It is expected larger K,5,; Will resulted in more N,
nuclei formation. In other words, if the solvated Li ion is easier to desolvate, more N,
nuclei will form. To explain the solvent dependent nuclei formation, we need to compare
Kgeso1 among the different solvents. However, it is difficult to obtain the specific value
of Kges0; for all the different solvents. To obtain the value, the first principle calculation
can be used to calculate the specific value, but it will take very long time for all the
solvents. According to the equation that define the desolvation constant K .s0; =
([Li*] - [sol]™/[Li* (sol),,)*°, Kgeso; is function the concentration [Li*(sol),] of
the solvated Li ion, here, the sum of [Li*] and [Lit*(sol),] is 1 M. If the value of
[Li*(sol),] can be obtained or compared for different solvent, it can be quantitatively
or qualitatively used to analyze the nuclei number density. Raman spectroscopy can
detect the vibration mode of the solvent molecule from Li*(sol),. This inspires us to
use Raman spectroscopy to qualitatively compare Ky.q,; or [Li*(sol),] in different
solvents.!?

It need to be mentioned at first that there are two kinds of organic solvent molecule
in Li salt containing electrolytes: one is free solvent molecule without solvating Li* ion;
another is solvating solvent molecule to Li" ion Li*(sol),,. The amount of free and
solvating solvent molecule in the electrolyte depend on the solvent properties. It has no
meaning to compare K;,g; or [LiT(sol),] by directly compare the Raman intensity
of the solvated Li ion [Li*(sol),] in different solvents, because the vibration mode in
different solvents is different. An indicator solvent is needed to realize this compare by
selecting one same vibration mode (such as stretching mode of DMSO molecule), and
other solvent was added into this indicator solvent to see how [LiT(DMS0),] will

change. For example, it is expected the solvating molecule Li*(DMSO0),, will increase
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if another easier-to-desolvate (large K,.5,;) solvent is added, because the Li" ion will be
extracted for the easier-to-desolvate solvent to solvated by free DMSO. Based on this
rule, we can compare the desolvation constant Kg,.g, for the different solvents.
According to Raman intensity, we can compare the ratio change of solvating to free
solvent molecule amounts [Lit(DMSO0),]/[DMSO] after adding other solvents into
DMSO, and then qualitatively compare the desolvation constant Kg,;.

Figure 6-9(a) shows the Raman spectra of DMSO solvent and the electrolyte of 1 M
LiPFs in DMSO. The Raman shift ranges from 640 to 760 cm™. The Raman shift peak
of the C-S symmetric and asymmetric stretching modes of the free and solvating DMSO
are observed. Two bands at 667 and 697 cm™ were assigned to the C-S symmetric and
asymmetric stretching modes of the free DMSO. Two band at 676 and 708 cm™ were
assigned to the C-S symmetric and asymmetric stretching modes of the electrolyte of 1
M LiPFs in DMSO. Figure 6-9(b) shows the Raman spectra of the electrolytes of 1 M
LiPFe in EA, TMS, TEGDME, and DMC. Since these spectra show no peaks or limited
peaks in this Raman shift range, the application of the intensity ratio of free DMSO and
solvating DMSO was convenient. As explained above, the intensity ratio of free DMSO
and solvating DMSO will be used as qualitative parameter to compare the desolvation

ability K,,.,;0f the solvents or the concentration [Li*(sol),,] of the solvated Li ion.
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Figure 6-9 (a) Raman spectra of the electrolyte of 1 M LiPFe in DMSO, and DMSO
solvent. The Raman shift range from 640 to 760 cm, in which the Raman shift of the
C-S symmetric and asymmetric stretching modes of the free and solvating DMSO are
shown. (b) Raman spectra of the electrolytes of 1 M LiPFs in EA, TMS, TEGDME, and
DMC. These spectra show no peaks or limited peaks in this Raman shift range from 640

to 760 cm™.

Figure 6-10(a) shows the Raman spectra of the electrolyte of 1 M LiPFs in DMSO
mixed with equal volume of other solvents. The Raman shift range from 640 to 760 cm"
!, The solvents are TMS, EA, TEGDME, DMC, and PC. The intensity ratio of Raman
peaks at 697 and 708 cm™ are obtained to determine the concentration of the solvated
Li* ion [Li*(sol),]. The principle was shown in Figure 6-10(b). In the electrolyte of 1
M LiPFe in DMSO mixed with equal volume of other solvents, free DMSO is able to
attract solvated Li* ion by the mixed solvents and replace the other solvent to transfer to
a solvating DMSQO. Therefore, the number of solvating DMSO will increase if the mixed
solvents is easier to desolvate (or larger Keesor), in other words, the Raman peak ratio of
solvating DMSO to free DMSO will increase. The Raman peak ratio of solvating DMSO
to free DMSO is a qualitative number to represent the Kgesol for different solvents.

Figure 6-10(c) shows this intensity ratio after deconvolution in Figure 6-10(a). It
can be easily seen the ratio nearly increase by the solvents order: DMSO-TMS-EA-
TEGDME-DMC-PC. It suggests Kdesol increase by the solvent order: DMSO-TMS-EA-
TEGDME-DMC-PC. Now according to the Raman intensity ratio compare, it is able to
compare the Kqesol for different solvents like Figure 6-10(c) shows.

Because Ny X Kjpso; and Kypsor = ([Lit] - [sol]™/[Li* (sol),])*° o« I'> at the
same applied potential, the following relationship N, o I*°can be obtained. Here, the
pyramid nuclei number density N, can be obtained from Figure 6-3 (the same applied
potential is 10 mV) and the Raman intensity ratio I is shown in Figure 6-10(c). The
relationship between N, and I'° is plotted in Figure 6-10(d). It can be fitted as nearly

linear relationship as discussed. Therefore, the solvent dependence was explained.

0
In short summary, according to the equation N, o exp(%) - exp(— %) *Kgesor» it
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can explain the experimental results, in which, the pyramid nuclei number density
increases (pyramid size decreases) when the applied potential £ goes negative (70 =2 10
mV); the pyramid nuclei number density increases (pyramid size decreases) when the

solvent is easier to desolvate the solvated Li ion ( larger Kgjeo501)-
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Figure 6-10 (a) Raman spectra of the electrolyte of 1 M LiPFe in DMSO mixed with
equal volume of other solvents. The Raman shift range from 640 to 760 cm™. The
solvents are TMS, EA, TEGDME, DMC, and PC. The intensity ratio of Raman peaks at
697 and 708 cm™ are used to determine the solvation strength of the solvents to Li* ion.
(b) Schematic to show the principle of the intensity ratio to determine the desolvation
ability of the solvents to Li* ion. (c) The intensity ratio of Raman peaks at 697 and 708
cm? for the electrolyte of 1 M LiPFs in DMSO mixed with equal volume of other

solvents. (d) The relationship between the pyramid nuclei number density
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N, and the 15 power of the raman intensity ratio I'°. The number density N, was
obtained from Figure 6-1, and the Raman intensity ratio / was obtained from Figure 6-

10(c).

6.3 Conclusions

In this chapter, windowless EDS was used to study the Li distribution within the Li-
Si alloys prepared in different solvents. The structures and components of the Li-Si
alloys prepared in different solvents were studied by SEM and SXES, respectively. The
lithiation charge density is 1000 mC-cmfor all the Li-Si alloys. The solvents are DMSO,
TMS, TEGDEM, EA, DMC, and PC. The solvent effects on Si lithiation are determined
and discussed.

It was found that the structure and composition of the Li-Si alloys depend on the
solvents. When the solvents are changed, the thickness of the 1% c-LisSia alloy layer
decreased in the solvent order DMSO > TMS > EA > TEGDME > DMC > PC. However,

the 2" a-Li13Sis alloy layer increased. It was also found the 3 Li diffused LixSi alloy

0
layer were independent on the solvents. According to the equation N, o« exp(%) .

EF . . . D
exp(— E) * Kjes01, the pyramid nuclei number density increases (pyramid size decreases)

when the applied potential £ goes negative (70 = 10 mV); the pyramid nuclei number
density increases (pyramid size decreases) when the solvent is easier to desolvate the
solvated Li ion ( larger Kgp50;, DMSO - TMS - EA - TEGDME - DMC - PC).
The desolvation ability of the solvents to Li ion played a significant role on the

nucleation of the alloy pyramid.

120



Reference

1.  Nie, M. Y.; Abraham, D. P.; Chen, Y. J.; Bose, A.; Lucht, B. L., Silicon Solid Electrolyte Interphase
(SEI) of Lithium Ion Battery Characterized by Microscopy and Spectroscopy. J. Phys. Chem. C 2013, 117
(26), 13403-13412.

2. Ruffo,R.;Hong, S. S.; Chan, C. K.; Huggins, R. A.; Cui, Y., Impedance Analysis of Silicon Nanowire
Lithium Ion Battery Anodes. J. Phys. Chem. C 2009, 113 (26), 11390-11398.

3. Liu, X. H.; Zhong, L.; Huang, S.; Mao, S. X.; Zhu, T.; Huang, J. Y., Size-Dependent Fracture of
Silicon Nanoparticles During Lithiation. Acs Nano 2012, 6 (2), 1522-1531.

4. Yang, Y.; McDowell, M. T.; Jackson, A.; Cha, J. J.; Hong, S. S.; Cui, Y., New Nanostructured
Li2S/Silicon Rechargeable Battery with High Specific Energy. Nano Lett 2010, 10 (4), 1486-1491.

5. Hassoun, J.; Jung, H. G.; Lee, D. J.; Park, J. B.; Amine, K.; Sun, Y. K.; Scrosati, B., A Metal-Free,
Lithium-Ion Oxygen Battery: A Step Forward to Safety in Lithium-Air Batteries. Nano Lett 2012, 12 (11),
5775-5779.

6. Elazari, R.; Salitra, G.; Gershinsky, G.; Garsuch, A.; Panchenko, A.; Aurbach, D., Rechargeable
lithiated silicon-sulfur (SLS) battery prototypes. Electrochem Commun 2012, 14 (1), 21-24.

7. Hassoun, J.; Kim, J.; Lee, D. J.; Jung, H. G.; Lee, S. M.; Sun, Y. K.; Scrosati, B., A contribution to
the progress of high energy batteries: A metal-free, lithium-ion, silicon-sulfur battery. J Power Sources
2012, 202, 308-313.

8. Chan, C. K.; Peng, H.; Liu, G.; Mcllwrath, K.; Zhang, X. F.; Huggins, R. A.; Cui, Y., High-
performance lithium battery anodes using silicon nanowires. Nature Nanotechnology 2008, 3 (1), 31-35.

9. Holzapfel, M.; Buqa, H.; Hardwick, L. J.; Hahn, M.; Wuersig, A.; Scheifele, W.; Novak, P.; Koetz,
R.; Veit, C.; Petrat, F.-M., Nano silicon for lithium-ion batteries. Electrochim Acta 2006, 52 (3), 973-978.
10. Mostany, J.; Mozota, J.; Scharifker, B. R., 3-DIMENSIONAL NUCLEATION WITH DIFFUSION
CONTROLLED GROWTH .2. THE NUCLEATION OF LEAD ON VITREOUS CARBON. J
Electroanal Chem 1984, 177 (1-2), 25-37.

11. Mostany, J.; Parra, J.; Scharifker, B. R.,, THE NUCLEATION OF LEAD FROM HALIDE-
CONTAINING SOLUTIONS. J 4pp! Electrochem 1986, 16 (3), 333-338.

12. Yamada, Y.; Takazawa, Y.; Miyazaki, K.; Abe, T., Electrochemical Lithium Intercalation into
Graphite in Dimethyl Sulfoxide-Based Electrolytes: Effect of Solvation Structure of Lithium lon. J. Phys.
Chem. C 2010, 114 (26), 11680-11685.

121



122



Chapter 7

General Conclusion and Future Prospects

7.1 General Conclusion

In the present thesis, SEM, SXES and windowless EDS were mainly used to
determine the structures, compositions and Li distribution in the Li-Si alloys that were
electrochemically prepared in organic solvents. The ion adsorption and solvent effects
on the structures, compositions and Li distribution in the Li-Si alloys were
comprehensively studied.

In chapter 3, windowless EDS was used to study the Li distribution within the Li-Si
alloys prepared in 1.0 M LiPFs in DMC solvent combined with SXES. The lithiation
charge density was 1000 mC-cm for the Li-Si alloys. The emission intensities of Li
Kaand Si L3 of EDS spectra were obtained after deconvolution of the spectra. By
monitoring the Li Ko, Si L2;3 and Si Ko emission intensity changes in windowless EDS
spectra, the Li distribution in the Li-Si alloys were obtained. The Li concentrations in
the Li-Si alloys determined by windowless EDS were consistent with the determined
composition by SEXE, which revealed the 1% c-Li1sSis layer, the 2" a-Li13Si4 layer, and
the 3™ lowly lithiated Li\Si layer. In addition, the Li diffusion profile in the 3 LixSi
alloy layer was determined by monitoring the Si L3 intensity change of windowless
EDS spectra. The thickness of each Li-Si layer could be also determined, especially for
the 3" layer which cannot be observed clearly by SEM.

In chapter 4, five Li-Si alloys were electrochemically prepared under potentiostatic
charging at 10 mV vs. Li/Li" in 1.0 LiPFs in DMC. The lithiation charge densities for
the five Li-Si alloys were 20, 50, 120, 500 and 1000 mC-cm™. The structures and
compositions of the five Li-Si alloys were investigated by using SEM, SXES and
windowless EDS to study the single crystal Si(111) lithiation process. Under
potentiostatic charging, the cathodic current density due to lithiation increased to a
maximum value of -720 pA-cm?, and then decreased gradually to a constant value.

SXES revealed that pyramid formed a-Li13Sis phase at the initial lithiation, which then
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transformed into c-LiisSis phase. SEM measurements had revealed the c-LiisSis alloy
layer grew along with the Li diffused LixSi alloy layer until the lithiation current reached
its maximum value. Then the a-Li13Sis alloy layer began to grow after the lithiation
current reached its maximum value. Windowless EDS determined the Li distribution
change in each layer for the five Li-Si alloys. It was found Li distribution in the 3™ layer
would not change after the lithiation current reached its maximum value. The thickness
changes can be determined by monitoring the Li Ko, Si L3 and Si Kq intensity change
for the five Li-Si alloys. In situ synchrotron XRD measurements had revealed the c-
Li1sSis formation and dissolvation during the Si lithiation and delithiation. By studying
the current as a function of time under different potential, the Si(111) lithiation process
was clarified to be a diffusion controlled electrochemical process.

In Chapter 5, the effects of FEC and HF on the structures and compositions of the
Li-Si alloys were studied. The HF were found to be adsorbed on the Si surface. F
adsorption made the surface potential more negative and was expected to increase the
Li" ion concentration on the surface, resulting in more pyramid nuclei formation on the
surface. More pyramid nuclei formation resulted in smaller pyramid that covered the Si
surface, i.e., thinner crystalline LiisSi4 alloy layer. This explained the reason of FEC to
improve the battery performance, since FEC can decompose to generate large amount of
HF which can make the pyramid smaller.

In chapter 6, the effects of the solvents on the structures and compositions of the Li-
Si alloys prepared therein were studied. It was found that the structures and compositions
of the Li-Si alloys depend on the solvents. When the solvents are changed, the thickness
of the 1% c-Li1sSis alloy layer decreased in the solvent order DMSO > TMS > EA >
TEGDME > DMC > PC. However, the 2" a-Li13Si4 alloy layer increased. It was found
the 3" Li diffused LixSi alloy layer were independent on the solvents. Here it was
considered the solvation strength of the solvents to Li* ion played a significant role to
change the nucleation overpotential n which can affect the pyramid nuclei number
density No. Weaker solvation strength to Li* ion made Li" ion easier to dissolve to alloy
with Si, which resulted in more Li-Si pyramid nucleus formation under bigger

overpotential . More pyramid nucleus resulted in smaller pyramid. Therefore, the
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structure and compositions of the Li-Si alloys changed when the solvents were changed
and it determined that PC solvent can be the best solvent in which the Li-Si alloy has the
least amount of c-Li15Sis

In this thesis, windowless EDS has been proved to be a strong technique for
characterizing the Li distribution within the Li-Si alloys combined with SXES. It was
used to study the single crystal Si lithiation process. It was also used to study the solvent
effects on the Li distribution in the Li-Si alloys. Monitoring the Si L3 intensity change
provided the Li concentration profile within the Li-Si alloys.
7.2 Future Prospects

In the present thesis, the studies focus on the lithiation of single crystal, which is not
popular for practical use. The Si powder is popular to be used in practical batteries.
Therefore, it is important to study and make clear the electrolyte addition and solvent
effects on the structures and compositions of the Si powder in practical batteries in the

future, such as the reason that why FEC can improve the battery performance.
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