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GENERAL INTRODUCTION

Lithium-ion battery has brought high-energy density, good power performance and
no memory effect into the world of portable energy storage devices; nowadays it has
become the main power source in mobile electronics applications. Even though it has
allowed a great evolution in the field of energy storage, lithium ion battery has not
considerably improved its capacity of energy storage since its first commercialization by Sony
in 1991. With the constant development of high energy consuming portable devices, the
field of energy storage systems searches for a breakthrough technology which will help to
fulfill the need for high energy density batteries. In this case, silicon offers the possibility of a
significant improvement in the energy density of anode materials, reaching a specific
capacity about ten times higher than the typical carbonaceous electrodes present in most of
the commercial lithium-ion batteries.

However, when silicon is submitted to a massive lithiation, it undergoes an intense
volume expansion which results in a poor capacity retention with along the cycle life. The
main strategy to overcome such problems is the use of nanosized silicon geometries. On the
other hand, with such a geometry, the surface area of the electrode is maximized and
consequently all the surface related side reactions increase. Therefore, the important role
played by the solid electrolyte interphase on the performance of lithium-ion batteries
becomes an essential factor to be controlled for the development of silicon based
electrodes.

The present project started in this context, at the initiative and with the support of
SAFT Company. During the internship of A. Kocan, in 2008, preliminary results suggest that
silicon surface modification could have a positive impact on the electrochemical
performance of amorphous thin film electrodes for lithium-ion batteries.® The applied
surface treatments were consisting in the creation of monomolecular layers by covalent
grafting to the silicon surface. It has therefore been decided in the framework of the present
thesis to make a detailed study of those aspects using an in situ analytical technique. For
that purpose, coupling of infrared spectroscopy to the electrochemical environment of Li-ion
systems has been at the core of the present work. This has been achieved in a geometry of
attenuated total reflection using thin-film electrodes. The present report is then organized in
four successive parts.



In the first introductive chapter, some experimental issues associated to the studies
on thin-film silicon electrodes are specifically addressed. These aspects could be at first
considered as more or less trivial issues, but they are actually crucial in order to obtain
significant, reproducible results. The second chapter is devoted to surface chemical
treatments. Various molecular species have been grafted on amorphous silicon surface, and
the electrochemical impact of these surface modifications has been closely looked at during
the first lithiation/delithiation cycle. The third chapter is devoted to in-situ studies by
infrared spectroscopy under electrochemical control. A special attention has been put on the
characterization of the SEl layer, for electrodes with a surface modified according to some of
the surface treatments previously investigated, and for two different electrolytes. The last
chapter is aimed at differentiating between surface phenomena responsible for irreversible
processes in Li-ion system, on which surface treatments may have an impact, and bulk
phenomena which also contribute to these irreversible processes. For that purpose,
a-Sig.9(CHs3)o.1:H, a promising material with a bulk composition modified as compared with
a-Si:H, has been considered.



Acknowledgments

Firstly, | would like to express my gratefulness towards Francgois Ozanam, Michel
Rosso and Thierry Gacoin who jointly advised me over the last years. | was very fortunate to
have their support, guidance and friendship. | am also deeply thankful to lonel Solomon who
encouraged me in different aspects of this work.

| am deeply indebted to Christian Jordy and Georges Caillon. Their knowledge and
support strongly contributed in this work. Additionally, they were very patient and tolerant
with this scientific adventure.

| would also like to thank you Viacheslav Kubytskyi, Nguyen Le Thang Long, Lucie
Devys and Jongwook Kim whom | have benefited from discussions of all sorts, for your
friendships and support. | am also deeply thankful to all the members of the laboratory for
all the care and help. You helped in making these years of work and study a pleasant
journey.

Finally, | would like to thank my parents and French family whose love and support
have brought me to where | am today.



Summary

1-SILICON AS ACTIVE ANODE MATERIAL FOR Li-ION BATTERIES 8
1.1 —Introduction to Li-ion batteries 8
1.2 - Silicon based Li-ion electrodes 10
Silicon volume expansion upon lithiation 11
Solid electrolyte interphase formation in Li-ion anodes 12
Amorphous silicon thin films 15
1.3 — Electrochemical characterizations 16
Electrochemical characterization of a-Si:H thin films 16
Cell design and substrate influence on the irreversible charges 18
1.4 - Conclusion 24
2 —SURFACE TREATMENTS 26
2.1 —Introduction to surface treatments on electrode materials 26
2.2 — Molecular grafting 27
FTIR applied to grafting characterization 28
Hydrogenated surface 29
Surface methylation 33
Decene grafted surface 36
Undecylenic acid grafted surface 41
Polyethylene glycol grafted surface 44
Combined grafting of undecylenic acid and polyethylene glycol 48
2.4 — Discussion 51
2.5 - Conclusion 54



3 —IN SITU FTIR

57

3.1 —Introduction to in situ ATR-FTIR study 57
3.2 —-FTIR as a tool for studying Li-ion electrodes 58
3.3 —In situ ATR-FTIR characterization 62
SEl formation 63
Si-H consumption 70
The role of the surface pretreatment 73
The role of electrolyte composition 82
SEl thickness estimation 88
Reconstructed SEI spectrum 95
Bulk lithiation 97
3.4 - Conclusions 103
4 — BULK METHYLATED a-Si:H AND CHARGE DIFFERENTIATION 108
4.1 — Bulk methylated amorphous silicon — a:Siy o( CH3).1:H 108
Characterization and electrochemical performance 109
In situ FTIR of methylated amorphous silicon 112
4.2 — Irreversible charge differentiation 114
Analytical method 114
The role of surface and bulk on the irreversible charges 116
4.3 — Conclusion 119
5 — GENERAL CONCLUSIONS AND PERSPECTIVES 120
Appendix A — Experimental procedures of molecular grafting 124
Appendix B — Principles of Fourier transform infrared spectroscopy 126
Appendix C - Attenuated total reflection geometry 129
6 — References 131



Chapter 7 | icon = sctve materia

for Li-ion batteries

This chapter briefly introduces the
principles of Li-ion batteries,
demonstrating the challenges on the
development of silicon based anode
materials. It also reveals important
experimental requirements in the
study of thin film electrodes.




1 - SILICON AS ACTIVE ANODE MATERIAL FOR Li-ION BATTERIES

1.1 - Introduction to Li-ion batteries

The development of new mobile electronics has regularly increased in the last few
years. With the competitive market of smartphones, tablet PCs and electrical vehicles this
trend will increase in the following years. This new era of communications and mobility
would not have been possible without energy storage solutions to power these mobile
devices.

Among a wide range of energy storage systems, secondary electrochemical
accumulators are currently the dominant technology for powering portable devices, mostly
due to their capability of delivering electrical energy with high power density and
rechargeability. This is the case of lithium-ion batteries, which were first commercialized by
Sony in 1991 and represented a breakthrough in terms of energy density and high operating
voItage.2

A lithium-ion system consists of an electrochemical cell containing a positive and a
negative electrode separated by an ionic conductor electrolyte. Metal oxides are often
employed as active materials for the positive electrode and the negative electrode usually
consists of carbon. The electrolyte is imbibed in a porous separator which also acts as a
physical barrier avoiding the contact between electrodes but allowing for transporting Li*
ions. Under discharge, lithium ions flow
¥
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. . = 0 DISCHARGE
electrolyte. During charge, the ions move

in the opposite direction flowing from
the positive to the negative electrode, as
demonstrated in Fig. 1. Safety issues
related to the growth of lithium

dendrites and the risk of internal short-

circuit on Li-metal batteries contribute to 3

the development of the so-called Li-ion II

CHARGE

ol

technology, which have both positive and
negative electrodes based on Li hosting Fig. 1 — Li-ion battery representative scheme.
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The quantity of electrical energy that a battery is able to deliver is a function of the
cell potential (V) and capacity (mAh g™), which are related to the intrinsic property of the
materials that form the cell electrodes. Energy density is generally expressed per unit of
mass (Wh kg) or unit of volume (Wh I'). Fig. 2 represents the energy density of different
battery technologies. The evolution of electrochemical energy storage systems can be
identified along the improvement on energy density.>*
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Fig. 2 — Volumetric and gravimetric energy densities of different battery technologies.

Despite the evolution of energy storage achieved by developments on
electrochemical accumulators, the capabilities of lithium battery technology are constantly
being challenged by the modern multifunctional portable devices which are increasingly
requiring higher performance in terms of power density. Energy storage was not able to
improve with the same rate as the electronic industry progress.



1.2 - Silicon based Li-ion electrodes

Lithium-ion batteries play an important role in power supplies for portable devices in
a wide range of applications, with a great need for improvement in the energy density of the
current energy storage devices. In this case, for an effective development of high energy
density batteries, the development of high capacity electrode materials, for both positive
and negative electrode, is an essential factor. Regarding negative-electrode materials, in
general, commercially available systems are based on graphite anodes with a theoretical
specific capacity of 372 mAh g™.
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Fig. 3 — Theoretical specific capacity of main anode materials for Li-ion batteries.

As shown in Fig. 3, the specific capacity of carbon is relatively low when compared to
promising anode materials. Among them, silicon has been appointed as an important
material for the next generation of Li-ion batteries. The use of silicon as negative-electrode
material can represent a high improvement in energy density on Li-ion batteries due to its
high specific capacity and the low charge/discharge potentials. As compared to graphite,
silicon can store a much higher amount of lithium, reaching a theoretical specific capacity of
4200 mAh g*.” It is about 10 times higher than the current technology. Besides, silicon is an
abundant element on earth and with technological processes well developed for the
industry of semiconductors.

10



Silicon volume expansion upon lithiation

The high specific capacity of silicon comes from its alloying reaction with lithium,
which allows for insertion of up to 4.4 atoms of lithium per atom of silicon. Such a massive
guantity of lithium inserted into silicon has harmful consequences to the hosting structure. A
metallic Li atom has a radius of 2.05 A, which is far higher than those of the commonly
studied host atoms (Sn: 1.72 A, Si: 1.46 A, Sb: 1.53 A, Mg: 1.45 A). Because of this steric
constrain, a lithiated material will always develop a larger volume than the original
unlithiated one. A full lithium insertion into silicon leads to a volume expansion of about
300%.°

The volume change of silicon is not dependent on its original structure: both
amorphous and crystalline silicon are submitted to similar levels of stress during cycling. As
sketched in Fig. 4 the atomic theoretical volume varies nearly linearly during
lithiation/delithiation, proportionally to the content of inserted lithium. The values
presented in Fig. 4 are strictly applicable for crystalline systems described by the Li-Si phase
diagram,’” however a great similarity of volume expansion is expected for amorphous silicon.

4200 mAhfz 824 45
3590mah/z 76.4 A3

3100 mah/z 67.3 A®

1900mah/z 51.5A3

\

1635 mah/z 435 A3

954mahfz 31.4 A w
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CUBIC TETRAGOMNAL ORTHORHOMBIC —~ MONOCLINIC ORTHORHOMBIC — TETRAGOMAL CUBIC

YINILL.

Lisi LiyzSiz LiSi LiysSis LiysSis LizzSis

Fig. 4 — Crystal structure, theoretic capacity and volume per Si atom for the Li-Si system.

Crystalline silicon undergoes phase transitions during lithiation, resulting in an
amorphous structure after complete delithiation, the so called electrochemically-driven
solid-state amorphization phenomenon.g’9 However, deep silicon lithiation at room
temperature leads to a silicon amorphization until approximately a limit of 60 mV vs Li/Li*
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and a composition of Li;Si, is reached. Beyond this limit a crystalline LiisSi; phase is
produced.10 Pursuing silicon lithiation beyond this limit makes the process not totally
reversible, since lithium cannot be completely extracted from Li;sSis. Upon delithiation, this
crystalline phase turns into an amorphous Li,Si phase (with x between 1 and 2) which is
responsible for a partial irreversible charge.™® Therefore, in order to avoid the formation of
the irreversible Li;sSi; phase we will avoid the use of deep lithiation limits in most part of the
electrochemical tests performed in this work. In this case, we assume that once the Li;sSis
phase is not formed, the theoretical specific capacity value for silicon is 3590 mAh g, which
will be taken as a reference value for all the calculations of specific capacity presented here.

A large volume change in the active material during cycling results in loss of
mechanical integrity, cracking, pulverization and the disconnection of the active particles

112 The breakdown of the conductive network

from the conductive current collector.
between active particles and current collector can be evidenced by the rise of the internal
resistance.” In the case of silicon, compressive stresses are experienced during lithiation as
a result of volume expansion. However, initiation and propagation of cracks are normally
promoted by tensile stresses instead of compressive stresses. Such phenomena occur during
delithiation, where the contraction of silicon results in large tensile stresses, leading to
cracking.*® All these facts contribute to the isolation of lithiated silicon particles, where the
delithiation reaction was not completed. In consequence, the electrical access of these
residual particles becomes impossible contributing to the irreversible capacity increase
encountered on silicon electrodes.

Despite all detrimental consequences from volume change in silicon, important
volume changes upon cycling are also faced by the most efficient and popular
electrochemical systems — Lead-Acid and Ni-Cd batteries. The negative electrode in Lead-
Acid batteries (Pb/PbSQ, reaction) undergoes a volume change of 120%, while the negative
electrode of Ni-Cd batteries (Cd/Cd(OH), reaction) is submitted to volume expansion of
130%. It exemplifies that the volumetric expansion is not an irremediable drawback and that
electrode processing and additives are key issues for the success of an emerging system.®

Solid electrolyte interphase formation in Li-ion anodes

In a first approach, the electrochemical processes present on lithium ion batteries
appear to be quite simple, basically consisting on reversible exchange of lithium ions
between two electrodes. However, in practice the operation of this electrochemical system
encompasses more complex aspects.

Lithium-ion batteries work at voltages that are beyond the electrochemical stability
of the main organic solvents present in the electrolyte. This high voltage enables such
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batteries to deliver high power as well as to promote the reduction and decomposition of
the electrolyte. During the first charge of a Li-ion battery, the electrolyte undergoes
reduction at the negatively polarized electrode. This process occurs at the interface between
electrode and electrolyte at low potentials, consuming charge and lithium ions in an
irreversible way. The product of this reaction is basically a mixed layer of Li,COs, lithium alkyl
carbonates, lithium alkoxides and other salt by-products (e.g. LiF for electrolytes based on
LiPFg salt); all these species form the so-called solid electrolyte interphase (SEl). Fig. 5
sketches the gradual formation of the SEI by the electrochemical reduction of the electrolyte
all along the surface between active electrode material and electrolyte. This decomposition
layer is mainly formed at the beginning of the lithiation process, especially during the first
cycle.

ml

DECOMPOSED
Tl —

ELECTRODE Li*

SEI

ELECTROLYTE

- 7

Fig. 5 — Scheme of SEl formation on Li-ion electrodes.

Two competitive reaction mechanisms have been proposed for the electrochemically
induced reduction of electrolytes based on carbonated solvents. As shown in Fig. 6, one
possible reaction path (reaction 1) leads to the formation of a Li,COs rich SEI layer, with
ethylene as a co-product. It is believed that this reaction results in a weakly stable SEI.
Another possible reaction path (reaction Il) leads to the formation of lithium alkyl carbonate,
with a smaller amount of gaseous products, yielding a more stable and compact SEI layer.™

Different studies observed that electrode morphology and surface chemistry can
affect these two mechanisms, leading to the preferential formation of one of the two
species. This preferential effect associated with the electrode characteristics was specifically
confirmed for graphite electrodes where the SEI composition of basal planes was found to
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be rich in organic products, while the prismatic edge of the graphite structures developed an

inorganic composition.ls’17

This gives evidences of the role played by the surface properties
on the SEl composition and consequently its effects on the passivation properties. Therefore,
by controlling the species present on the electrode surface one can tailor the SEI

composition in order to obtain improved passivation properties.

r o]
o +2Llit+2e = 2 )J\ + 2CH,=CH, 0]
Li-0 O-Li
2 +2Li* + 2e o
o O-Li
-CH,=CH, — (n)
Li-O o)
o

Fig. 6 — Reaction mechanisms for SEI formation.

Even though SEl is formed from the electrolyte partial decomposition and could be
thought to be detrimental to the electrode processes, the properties of this layer are unique
and play an important role in the entire Li-ion system. The SEl is in first approximation
permeable to lithium ions and rather impermeable to other electrolyte components and
electrons. The characteristics of the SEl layer formed at the electrode/electrolyte interface
can influence the kinetics of lithiation/delithiation and the interfacial stability during
prolonged electrochemical cycling. Also, it offers a reasonable protection for electrolyte
compounds from further decomposition and prevents electrode from corrosion.*®

The cycling capability and lifetime in Li-ion batteries are dependent on the nature of
the interfaces between electrodes and electrolyte, whereas safety is a function of the
stability of the electrode materials and interfaces. Therefore, the performance and safety of
Li-ion batteries are intrinsically related to the features of the SEl layer present in the system.

Having in mind the importance of the SEl on the performance of the Li-ion batteries,
some electrolyte additives are used to intentionally react during cell operation and
chemically coat the active materials with an organic film. Vinylene carbonate (VC) is part of a
group of reduction-type electrolyte additives, where the presence of one or more
polymerizable carbon-carbon bond makes possible its reduction during cell operation. VC is
electrochemically reduced prior to electrolyte solvents, forming an insoluble solid product
which decreases the subsequent electrolyte decomposition. The high reduction efficiency of
VC makes its presence sufficient for stabilizing the SEI layer even at small concentration (1 to
2 wt.%)."® In the case of silicon active material VC is responsible for a smooth and uniform
SEI formation, allowing for superior electrochemical performances.™®
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Another class of additives may not be reduced during cell operation but will act as a
collector for the radical anions formed during the intermediate steps of the electrolyte
reduction, or coupling agent with the final products of the SEl, assisting its stabilization.”
One example of such additives is mono-fluoroethylene carbonate (FEC). Under cell
operation, such a compound it is responsible for producing smoother and more stable SEl in
silicon electrodes, resulting in improvements in the reversible capacity and coulombic
efficiency.20

Amorphous silicon thin films

The present study was achieved on silicon thin film electrodes, which constitute a
simple system for studying the physicochemical effects of silicon lithiation. This
configuration allows for getting more direct information on the silicon electrochemical
evolution and electrode/electrolyte interactions, avoiding parasitic effects associated to
binders or conducting additive materials. It also allows for using surface-characterization
techniques in a well-defined geometry, providing more easily interpretable results.

Hydrogenated amorphous silicon thin film (a-Si:H) electrodes were prepared by
plasma enhanced chemical vapor deposition (PECVD) in a low-power regime where silane
(SiH4) molecules are decomposed to form a deposit on the surface of a heated substrate, as
schematically shown in Fig. 7. Pure SiH, SLESRORE
precursor results in a hydrogenated

amorphous silicon deposit, where part of the

silicon bonds is passivated by hydrogen and

. . GAS INLET 3 GAS OUTLET
where a substantial content of free atomic ——— - —_—

HEATED SUBSTRATE HOLDER

hydrogen is present in the material. When a

mixture of silane and methane (SiHs/CHa) is
used instead, methyl groups (CHs3) are

ELECTRODE

incorporated in the silicon network producing

a so called methylated amorphous silicon Fig. 7 — Schematic description of a
[ [ PECVD chamber.

deposit (a-Siy(CHs)x:H).”* chamber

The deposition is usually performed on 250°C heated substrates, with a pressure of
40 mTorr and a SiH4 flow of 2 L h™. During the deposition, the SiH, plasma is assisted by a
13.56 MHz radio frequency excitation delivering to the plasma a power of 0.10 W cm™.
These parameters result in a deposition rate of 3 nm s™. The thickness of the electrodes was
kept rather thin, varying from 10 to 200 nm, in order to prevent or decrease mechanical
electrode degradation of the electrode due to the large volume change during
electrochemical cycling and the associated loss of active material. Higher capacity retention
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on amorphous thin films upon cycling can be achieved by decreasing the thickness of the
film*? and/or increasing the methyl content concentration.”®

1.3 - Electrochemical characterizations

At first sight, thin-film based electrodes offer ideal conditions for electrochemical
measurements: the planar geometry allows the active surface to be accurately determined.
The absence of binder or conductive additives gives intrinsic results related to the thin film
material and improved resistance against fracture formation. However, thin-film geometry
contains a very small mass of active material, which results in a low value of capacity per
area of electrode. In the case of a 100 nm thick a-Si:H electrode (a typical value in the
present work), assuming a density of 2.3 g cm™ and a theoretical capacity of 3590 mAh g*,
the cell capacity can be estimated on 59.5 pAh. This value is extremely low, especially when
compared with commercial cells (e.g. Sony 18650 cell with a nominal capacity of 2400
mAh).? Working with such low capacity values makes any parasite reaction have important
consequences on the charge values measured during cell operation. In order to identify and
minimize the role played by experimental conditions on the charge consumed during
electrochemical cycling, different experimental aspects were tested.

Electrochemical characterization of a-Si:H thin films

Galvanostatic cycling with potential limitation (GCPL) is a method for electrochemical
evaluation of battery materials. This technique consists in applying a constant current to the
electrochemical cell while its potential is monitored and kept between two potential limits.
Each time a potential limit is reached the current is reversed and this procedure is repeated
according to the chosen number of cycles. The time (t) under constant current (/) of each
step of charge/discharge is used to determine the quantity of electrical charge (C) per mass
of active material (m) of the tested material, as Eq. 1 describes. C is commonly expressed in
mAh g and represents the gravimetric specific capacity of the material.

C=I-t/mc-/ t/m Eq. 1
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Current density is another important parameter for battery testing. Here the current
density is determined as a function of the cycling rate conventionally described as C/n, which
means that a full charge or discharge of the cell is achieved in n hours. For example,
assuming that silicon lithiation has a theoretical specific capacity of 3590 mAh g*, a cell
containing 1 g of silicon would charge or discharge in 1 hour using a current of 3590 mA. The
same principle of calculation can be applied for thin film electrodes. Table 1 presents the
values of capacity and current density calculated for thin film electrodes based on silicon
theoretical specific capacity of 3590 mAh g, assuming a surface area of 0.72 cm? and
deposit density of 2.3 g cm™ for a-Si:H.**

Table 1 — Theoretical capacity and current density* values of a-Si:H thin film electrodes.

Thickness (nm) C(uAh) C(mCQ) ic/l(uAcm'Z)

10 5.9 21.2 8.3

30 17.8 64.1 24.8
60 35.7 128.5 49.5
100 59.5 214.2 82.6
150 89.2 321.1 123.9
200 118.9 428.0 165.1

Silicon electrodes and associated lithiation and delithiation reactions represent the
half-cell correspondent to the negative electrode in a lithium-ion system. However, for
experimental purposes the silicon half-cell is assembled with a lithium half-cell, based on a
metallic lithium electrode, where in this case silicon is considered as the positive electrode.
Therefore, in a lithium-ion system silicon undergoes lithiation upon charge and delithiation
during discharge or vice-versa when using a metallic lithium foil as counter-electrode in

electrochemical half-cell.

During the first discharge, the electrolyte is reduced on the negative electrode
triggering the SEI layer formation. Subsequently, silicon lithiation starts to take place as
moving phase boundary in the electrode.? This electrochemical lithiation is characterized by
the plateau on the potential (E) versus specific capacity (C) plot, Fig. 8. After the lower
potential limit is reached, silicon undergoes delithiation and the E vs. C curve exhibits a
delithiation plateau. From the complete cycle, reversible (Qgrev) and irreversible (Qyrg)
charges can be determined, as sketched in Fig. 8.

" Current density for a cycling rate of C/1
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Fig. 8 — Typical electrochemical cycling of silicon.

Cell design and substrate influence on the irreversible charges

Another challenge for the study of thin film materials by electrochemical processes is
to determine the surface of contact between the thin film and the electrolyte. The amount
of electrochemical signal in a thin film configuration is entirely dependent on the surface
area exposed to the electrolyte, highlighting the importance of a precise determination of
this experimental parameter. Commercially available cell designs for battery applications are
usually not well suited to the study of thin film electrodes. On these common cell designs,
the control of the electrode surface in contact with the electrolyte is hardly reproducible. A
precise way of certifying this contact area consists in using a standard electrochemical cell
where the contact between electrode and electrolyte is achieved through an aperture. This
type of electrochemical cell stores the electrolyte and keeps the distance between
electrodes constant, avoiding the use of a separator, but at the expense of using a larger
electrolyte volume. The coupling of the electrode and the cell is assured by an O-ring seal,
enabling a constant area of contact and protecting the system against leakages.

Galvanostatic cycling with potential limitation (GCPL) was performed in different cell
geometries in order to check the influence of the cell design on the electrochemical
performance of thin film electrodes. Electrochemical experiments were carried out using
1M LiClO,4 in propylene carbonate as electrolyte, a 30 nm thin film a-Si:H deposited onto
stainless steel as working electrode, a lithium foil mounted on a copper current collector as
counter electrode, a current density of 25 pA cm™ and potential limits between 0.01 V and

18



2 V vs. Li/Li*. Bare stainless steel electrodes were also tested for the purpose of investigating
the substrate effect on the electrochemical results.

Two cell designs were tested, one based on a commercially available cell typically
employed for testing materials for Li-ion batteries (here called Swagelok-like cell) and the
other one based on an O-ring sealed standard electrochemical cell. The first cell makes use
of an electrolyte imbibed separator and does not offer any restriction for the excess of
electrolyte present in the separator. In comparison, the O-ring sealed standard
electrochemical cell offers a precise control of the contact surface between electrode and
electrolyte.

As shown in Fig. 9a, the lithiation profile E vs. C of a-Si:H thin film electrodes depend
on the cell design used for the experiment. The capacity values are shown in terms of mC in
order to compare the results obtained for silicon electrodes with tests performed on bare
stainless steel. These tests demonstrate that bare stainless steel react most irreversibly with
lithium, representing a source of irreversible charge (gray line in Fig. 9a). In a Swagelok-like
cell, schematically represented on Fig. 9b, the excess of electrolyte spreads inside the cell
when it is sealed, increasing the area of stainless steel in contact with the electrolyte. This
increases the amount of irreversible charge created by side reactions not related to the
electrochemical processes on silicon active material. It is assumed that the enormous value
of lithiation capacity measured for the thin film in the Swagelok-like cell (black line in Fig. 9a)
is due to the contribution of the substrate and internal cell walls in contact with the excess
of electrolyte. This problem cannot be minimized by decreasing the quantity of electrolyte
present in the separator because, in such cell configuration, the use of a low quantity of
electrolyte makes the wetting of the entire electrode surface critical. A reduced amount of
electrolyte can also make the system become extremely sensitive to the pressure applied on
the separator.

Using a standard electrochemical cell, as schematically represented on Fig. 9c, the
lithiation feature of a-Si:H becomes similar to what is observed in the literature® (blue line in
Fig. 9a), with a capacity value close to the theoretical value (for a 30 nm thick a-Si:H deposit,
a value of 80 mC corresponds to about 3700 mAh g™).
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Fig. 9 — Effect of cell designs on electrochemical performance of thin film based electrodes (a) performed in
swagelok-like (b) or standard (c) electrochemical cells. a-Si:H electrodes are based on 30 nm thick deposits
with theoretical capacity of ~64 mC (equivalent to 3590 mAh g).

Electrochemical measurements on thin film electrodes are also extremely dependent
on the surface preparation of the substrates. Charge consumption due to SEI formation is
proportional to the real surface area of the electrode. In this case, surface roughness of the
substrate play an important role on the electrochemical measurements, justifying the
importance of roughness control.

For the purpose of quantifying the roughness of stainless steel substrates, surface
profiles were measured using a surface profiler (Dektak 150). On these measurements
stainless steel button cells were also tested as one possible option of substrate. As shown in
Fig. 10, pristine button cells and stainless steel plates exhibit high average surface roughness
(Ra)T and important dispersion of results, represented by the standard deviation bars. A
reduction in the results dispersion was achieved by simply polishing with emery paper (grain
size of 15 um). The minimal value of R, and of its dispersion is obtained by polishing with
diamond paste (grain size of 1 um). Surface preparations not only decrease the substrate
roughness but also decrease the dispersion of these values, contributing to the
reproducibility of the electrochemical measurements.

' R, — Average surface roughness: Arithmetic average deviation from the mean line within the assessment
length.
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Information related to the influence of cell design and substrate preparation on the
electrochemical performance were taken into account to set the experimental conditions of
the following work. Standard electrochemical cells with compartments containing about
1 ml and electrode apertures of 0.72 cm? were used for the electrochemical characterization
of most of the materials analyzed in this work. Galvanostatic cycling with potential limitation
(GCPL) was performed in standard electrochemical cells, assembled in an Argon filled glove-
box, using 1M LiClIO; in propylene carbonate as electrolyte and lithium foil counter
electrodes, as previously described. Silicon based electrodes were prepared by depositing a-
Si:H of different thicknesses on polished stainless steel substrates. GCPL measurements were
performed inside a glove-box, current densities were calculated for cycling rates of C/10 with
potential limits between 0.1 V and 2 V vs. Li/Li".

Fig. 11 shows the first lithiation/delithiation cycles of thin film electrodes of a-Si:H
with various thickness from 10 nm to 200 nm. For all the electrodes a lithiation plateau is
reached at about 0.24 V vs. Li/Li*, which is related to the movement of the phase boundary
between a-Si:H and a-Sili,:H during lithiation. It is in agreement with the lithiation potential
observed for silicon nanoparticles.?® In the case of crystalline silicon the lithiation potential is
expected to be lower, between 0.07 and 0.115 V vs. Li/Li*.*>

The lithiation capacity is found to increase almost linearly with deposit thickness as
expected. Irreversible capacity value is found to be weakly dependent on the deposit
thickness, as it is expected if it corresponds only to the SEI formation. However, some
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dispersion is observed. A close look at the beginning of the cycle (see insert in Fig. 11)
reveals that some additional contribution is recorded before reaching the lithiation plateau
for the thinnest deposits.
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Fig. 11 — Electrochemical cycling of a-Si:H thin film electrodes. Labels indicate the thickness of the thin film
deposit and the irreversible capacity as a percentage of the reversible one.

In order to identify the origin of these additional electrochemical reactions present
on the thinnest electrodes during their first lithiation, cyclic voltammetry was used. It was
performed on a-Si:H films deposited on bare stainless steel, with a thickness varying
between 10 nm to 100 nm. The potential was scanned at 0.5 mV s starting from open
circuit potential until 0.1 V vs. Li/Li". Cell assembling and characteristics follow the same
parameters as those used for GCPL measurements.
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Fig. 12 — Cyclic voltammetry of a-Si:H thin film electrodes and bare stainless steel electrode.

As shown in Fig. 12, a bare stainless steel electrode exhibits intense cathodic
reactions. For potentials higher than 0.9 V vs. Li/Li" the signal corresponds to lithium
reactions with alloy elements present in stainless steel. Theoretically, lithium reaction with
Chromium and Manganese oxides is responsible for charge consumptions from 758 to
1058 mAh per gram of oxide.?” However, the oxide conversion reaction undergoes a large
irreversibility on the first cycle due to Li,O formation.?® Cathodic signals from 0.8 to
0.3 V vs. Li/Li* correspond to the electrolyte reduction and SEI formation?’, signals at lower
potentials typically correspond to a-Si:H lithiation®?® at the same time as SEI formation
continues to take place. *° Electrochemical lithiation of oxide species present in the substrate
does not seem to play an important role on the electrochemistry of a-Si:H thin film
electrodes. However, the intense electrochemical reactions detected for stainless steel at
potentials around 0.6 V vs. Li/Li*, corresponding to SEI formation, is shown to be also present
on the 10 nm-thick electrode and to become very weak for the 100 nm thick one. It
demonstrates that stainless steel influence the absolute value of the irreversible charge on

very thin electrodes, suggesting the presence of pinholes in the deposits.
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1.4 - Conclusion

Along this first chapter it has been explained how electrochemical experiments on
thin-film materials differ from conventional powder based electrodes in several aspects. At
first, the modest quantity of active material decreases the ratio between lithium
electrochemical reactions with silicon and parasite reactions. It makes the charge consumed
on electrochemical reactions between substrate and electrolyte, often negligible in usual
systems, become an important source of irreversibility. In this case, cell geometry can play
an important role on the precision and relevance of the electrochemical results. It was
demonstrated that Swagelok-like cells are not suited to perform electrochemical
measurements on thin film electrodes and that a standard O-ring sealed cell is appropriate
for such experiments. Besides, in thin-film geometry, the mass of active material is also
dependent on the surface preparation of the substrate. Controlling the substrate roughness
insures the precise control of the amount of active material and increases experimental
reproducibility.

It was finally shown that silicon thin films deliver a great specific reversible capacity
under electrochemical cycling. In average, about 2800 mAh g was reversibly obtained
during the first cycle, operating with a relatively high limit of lithiation (0.1 V vs. Li/Li*) and at
room temperature. A high irreversible charge during the first cycle was also observed, which
has been found to be weakly dependent on the electrode thickness. For the thinnest
samples the contribution of the substrate to the irreversible capacity of the electrode may
have to be considered, due to the presence of pinholes in the deposit.
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C h a pte r 2 Surface treatments

In this chapter we explore the
possibilities of surface modification
of silicon by the grafting of different
chemical species in order to limit
some detrimental effects of the SEI
layer. Grafting characteristics and
electrochemical performances of
amorphous silicon electrodes are
investigated for determining the
passivation properties of such
molecular layers.
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2 - SURFACE TREATMENTS

2.1 - Introduction to surface treatments on electrode materials

As a boundary between active electrode material and electrolyte medium, the
electrode interface plays an important role in the performance of the entire electrochemical
system. This interface is not only the starting point for lithium permeation into silicon, but
also where most of the side reactions responsible for the SEI formation take place. The
characteristics of this frontier can impact the kinetics of lithium permeation and the
physicochemical properties of the SEl layer.

Naturally formed SEl layer may present an inhomogeneous nature, suffer from partial
detachment during cycling and make use of a certain amount of charge during its formation,
for which charge is irreversibly consumed for electrolyte reduction during the first cycIes.31
The development of a designed molecular layer, which might be viewed as an artificial inner
part of the SEI, can offer an alternative to limit the main disadvantages of a natural SEl.
Engineered solid electrolyte interphases may minimize the detrimental reactions associated
with the electrode-electrolyte interface, which is the critical part of any electrochemical
system.?

However, surface modifications on electrode materials must take into account
structural and volumetric changes of the electrode during lithiation. Ideally, a stable
passivating SEI layer that tolerates or recovers rapidly when damaged by the changes in the
electrode volume would improve its lifetime and reduce irreversible charge possess. At the
same time, this idealistic SEI must allow for a fast lithium ion transfer between the
electrode-electrolyte interface. Simple treatments, such as non-covalent coatings or
depositions, have a weak bonding with the active electrode material, limiting their stability.
Covalent attachment of organic molecules offers a robust coating for electrode materials.
Moreover, if the layer formed by covalent grafting to the surface does not exhibit lateral
reticulation between grafted moieties, it is expected to be stable through cycling.

Covalently linked molecular monolayers are a current way of surface modification of
silicon substrates, complementing and/or extending the applications of relevant
technological materials toward, for example, the development of molecular devices and
well-defined sensing interfaces.®” There exists numerous methods of surface modification by
molecular grafting, however, when it comes to the field of energy storage, diazonium
chemistry is one of the most usual.**** The electrochemical reduction of diazonium salt
generates an organic radical which can attach to the electrodes surface via a covalent bond,
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providing an artificial SEI layer composed of at least one molecular monolayer. This method
of surface grafting was essentially employed on carbon surfaces where electrochemical
performance of graphite based electrodes can be improved by the grafting of ponsionane35,

1** or lithium benzoate®’ multilayer films. Additionally, molecular grafting

nitropheny
represents an alternative for improving electronic conductivity of Li-ion electrodes by
directly bonding the active material into a conductive matrix® or by making use of the

grafted layer as a precursor for a conductive carbon coating39.

Surface chemistry can deeply affect the electrochemical processes in lithium-ion
batteries by modifying the mechanisms of SEI formation, leading to layers with different
chemical compositions and passivation properties. However, it may happen that a modified
surface induces the formation of SEl layers with properties for blocking not only the
continuous electrolyte reduction, but also the transfer of lithium ions through the electrode
surface, resulting in harming the performance of the entire electrochemical system. In the
case of silicon nanowires, the surface coating by methyl or siloxane species leads to highly
passivating SEl layers, hindering the bulk lithiation and resulting in weak capacity values.*

2.2 - Molecular grafting

Grafting of organic species can be reached by various possible routes and using
several chemical schemes different from diazonium chemistry. Silicon offers significant
possibilities for a direct covalent Si-C bond, allowing for surface functionalization by
innumerous functional groups. Surface modification, or the so claimed artificial SEl, can be
tailored on different aspects according to the grafted component. Such a wide range of
possibilities makes necessary the adoption of an experimental strategy. In this work, linear
organic molecules were electrochemically or photochemically grafted on amorphous silicon
electrodes in order to establish an artificial SEI layer. Grafted species were varied in order to
explore the effects of surface covering density, chain length and functional group
termination.

In an important number of molecular grafting cases, surface covering density and
molecular chain length are correlated. This correlation is based on the fact that once one
molecule is grafted into a surface atomic site it can decrease the probability of a second
molecule being grafted in the surrounding atomic sites by steric hindrance effect. This
exclusion effect is more effective when the grafted chain is longer and the chain density
increases. On the other hand, there are cases where the grafted molecule actually helps
grafting the subsequent molecules by creating a new active site for grafting in its close
vicinity. When steric hindrance is exceeded or avoided, the dense attachment of molecules

leads to the formation of a polymeric brush, with a maximized steric barrier effect. **2
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FTIR applied to grafting characterization

Fourier transform infrared spectroscopy (FTIR) is an important tool for studying
materials at the molecular level. Infrared radiation can be partially absorbed at specific
frequencies corresponding to their vibrational resonances, which allows for identifying
functional groups by the vibrational signature of their chemical bonds.

Infrared spectra are obtained by detecting the changes in the transmitted intensity
across a probed sample, as a function of the wavenumber. When computed as an
absorbance, the intensity of the analyzed signal is linearly correlated to the amount of the
probed species present in the sample.*® In order to enhance the detection sensitivity, the
attenuated total reflection (ATR) technique is often used. Such a method makes use of a
waveguide crystal allowing numerous reflections to take place between the infrared beam
and the sample surface. For each reflection, the infrared beam probes the medium adjacent
to the prism along a penetration depth, which corresponds to the spatial extent of the
evanescent wave associated with the infrared electric field. This geometry is frequently used
for the characterization of molecular grafting, where organic species can be directly grafted
onto the ATR crystal. This principle was used here for analyzing the characteristics of
molecular layers directly grafted on a thin amorphous silicon layer deposited on the surface
of the ATR crystal, as schematically sketched in Fig. 13. Considering the small thickness of the
amorphous silicon layer (few
nanometers) and its optical similarity
with the Si (111) ATR crystal, the
presence of the amorphous layer does

Grafted layer

a-Si:H

not introduce sizeable losses for FTIR c-Si

analyses, hence it does not restricts the
applicability of the method. On the
opposite, it provides us with a surface
environment similar to that used for IR

the electrodes in our experiments. The

principles of FTIR and ATR techniques

i i oo . Fig. 13 — ATR-FTIR applied to grafting characterization.
are explained in detail in appendix B

and C.

The different surface chemical states associated with the grafted organic monolayers
were here characterized by ATR-FTIR spectroscopy using a Bomem MB100 spectrometer,
equipped with a liquid-nitrogen-cooled HgCdTe (MCT) photovoltaic detector. Such an
experimental configuration provides a wide spectral range for the analysis, from ~980 cm™ to
4000 cm™. The spectra recorded after surface modifications were compared to that taken
before grafting, providing the absorbance change with respect to the hydrogenated
amorphous silicon surface.
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Hydrogenated surface

A native layer of silicon oxide of 1-2 nm of thickness is expected to be formed on the
surface of the as-deposited amorphous silicon layer once it is exposed to air.* Therefore,
grafting of organic monolayers on oxide-free silicon surfaces by wet chemical routes
necessarily starts with the chemical etching of the silicon oxide layer and the saturation of
the exposed surface bonds.

Surface hydrogenation is the usual passivating agent present at the surface after
oxide removal from silicon surfaces. Alternative strategies of surface passivation can be

45,46 Hydrogen-terminated silicon

obtained relying on halogens such as iodine or chlorine.
surfaces can be prepared by chemical etching in fluoride-containing solutions. This type of
hydrogenation became an attractive procedure for surface preparation because of its ease
of preparation, relative stability in air and during brief time in water, and due to the lack of
appreciable reactivity toward a range of common solvents (including acetonitrile, diethyl

ether, chlorobenzene, hexane, toluene and mesitylene).32

The silicon etching in hydrofluoric acid was originally thought to lead to a fluoride
terminated surface due to the high strength of the Si-F bond (= 5.0 eV).*’ Schematically, the
high electronegativity of fluorine is used for removing the oxygen atoms from the silicon
surface by replacing Si-O bonds by Si-F. Back bonds of the fluorinated silicon atoms will then
become strongly polarized due to the electronegativity of F, allowing for the silicon atom
dissolution by insertion of a HF molecule in the polarized bond, which results in leaving Si-H
termination at the surface, as sketched in Fig. 14. This mechanism results in a hydrogen-
terminated surface.*® A more complete picture should take into account the role of water

species, especially OH ions.**>°

. 2P
0 00

Fig. 14 — Simplified scheme of the mechanism of silicon oxide stripping and silicon hydrogenation by HF in aqueous
solution. Notice that the final products of the etching are actually SiFs> ions.

In this work, all the amorphous silicon deposits were exposed to air after the
deposition process. All the samples were taken out from the deposition chamber at air
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contact before being cooled and stored in an Argon filled glove-box. Therefore, the surface
of pristine deposited layers is covered with a thin native oxide film.

Oxidized silicon surfaces are easily identified by FTIR. SiO, typically exhibits three
infrared absorption bands, common to all the polymorphs and located at frequencies in the
range of 480 cm™, 800 cm™ and 1100 cm™. These infrared signals correspond respectively to
Si-O bending modes, symmetric and asymmetric stretching modes of Si-O-Si units.”
However, the asymmetric stretching vibration mode is very sensitive to the oxygen
stoichiometry of the oxide and can vary linearly with the oxide composition. SiO, oxides
(x < 2) exhibit vibrational frequencies varying from 1075 cm™, for a stoichiometric oxide,

decreasing until 940 cm™ for oxides with low oxygen content. °2,33,54

In amorphous SiO, the
disorder-induced mechanical coupling of the transverse optically active oxygen asymmetric
stretch at 1076 cm™ with the longitudinal optically inactive oxygen asymmetric stretch are
responsible for generating the infrared absorption shoulder observed between the

1076-1256 cm1.5>%¢

Deoxidized surfaces were obtained by sample exposition to HF vapor for 10 s. This
technique has found to be efficient for removing most of the oxidized species from the
surface of amorphous silicon thin films. Fig. 15 demonstrates that even an intensively
oxidized surface (oxidized in a H,0,:H,SO; (1:3) solution) can be almost completely
re-hydrogenated by HF vapor exposition. Notice that the hydrogen content of the HF-vapor
treated surface is similar to that of the surface immersed in HF solution and that only a
minute amount of oxide is detected at the HF-vapor treated surface.
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Fig. 15 — ATR-FTIR of oxidized and HF vapor treated a-Si:H surfaces.
Both spectra referred to the surface hydrogenated by immersion in HF solution.
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All the spectra in Fig. 15 are referred to the spectrum of the same amorphous silicon
deposit hydrogenated by immersion in a HF concentrated solution for 1 s. This wet
treatment leads to a complete surface hydrogenation, but also represents a risk of excessive
silicon etching, especially for amorphous silicon, and corrosion for metallic substrates. The
use of etching by HF vapor avoids such a risk of chemical dissolution, but it also leads to
some surface contamination with Si-F.>’

The intense signals of SiOy stretching vibrations (1000 — 1300 cm !) present on the
oxidized surface practically disappear after HF vapor hydrogenation. By comparing the
integrated values of band intensities, it appears that the oxide content was decreased to
about 8% after hydrogenation. Moreover, HF vapor is capable of yielding a surface covered
by Si-H bands (revealed by the absorption peak at ~2100 cm™) in the same amount as those
present in the reference hydrogenated spectra.

The electrochemical performance of all the surface-modified amorphous silicon
layers described in this chapter were tested by recording one electrochemical cycle. For this
purpose, a 30 nm thick layer of a-Si:H was deposited on mirror polished stainless steel
substrates submitted to the different experimental process of surface grafting described in
the appendix A. Electrochemical tests were performed in O-ring sealed electrochemical cells
using 1M LiClO4 in propylene carbonate as electrolyte and lithium foil mounted on a copper
current collector as counter electrode. Galvanostatic cycling with potential limitation (GCPL)
was performed at the rate of C/10, based on the theoretical value of capacity calculated for
the 30 nm thick a-Si:H layer (17.8 pAh) and an exposed surface of 0.72 cm? The potential
was limited from open-circuit voltage (OCV) to 0.1 vs. Li/Li* during silicon lithiation and from
0.1 vs. Li/Li* to 2.0 vs. Li/Li* during delithiation. A systematic study of different experimental
parameters was performed in the first chapter, and resulted in an optimized testing setup
which allows for good reproducibility of the electrochemical results presented here.

The results of electrochemical tests demonstrated the positive effects of surface
hydrogenation on the performance of amorphous silicon based electrodes. As shown in
Fig. 16, the removal of surface oxides decreases the charge irreversibly lost during the first
electrochemical cycle. This can be experimentally evidenced by comparing the values of
lithiation and delithiation capacities measured for hydrogenated samples (black line) and for
pristine layers (gray line). The hydrogenation decreases the lithiation capacity by
100 mAh g, the irreversible capacity by 520 mAh g, increases the coulombic efficiency by
10% and decreases the irreversible capacity (calculated as a percentage of the reversible
capacity) by about 32%. In both cases the electrochemical cycling presented similar aspects,
such as electrolyte decomposition starting from about 1.3 V vs. Li/Li* with an intensive SEI
formation from 0.4 V vs. Li/Li*, and a lithiation plateau at 0.230 V vs. Li/Li". The high values of
lithiation capacities, exceeding the theoretical value of 4200 mAh g™, demonstrate that the
charge is being used not only for silicon lithiation but also for side electrochemical reactions,
such as the electrolyte decomposition.

31



It therefore appears that surface hydrogenation not only is necessary for the directly
covalent grafting of organic molecules into silicon but also can play an important role on the
lithiation and delithiation processes. Even though the pathway and final products resulting
from the conversion of the native oxide layer by reacting with lithium are still uncertain, the
presence of the oxide layer has consequences on the electrochemical performance of silicon
based electrodes, as shown in Fig. 16. The SiO, reduction expected from Eq. 2.1 is assumed
to be kinetically impossible.58 However, SiO, can be converted to silicate forms according to
Eq. 2.2 and Eq. 2.3.%°

SiO, + 4Li* + 4e = Si + 2Li,0 (2.1)
5Si0, + 4Li* + 4e = Si + 2Li;Si,0s (2.2)
2Si0, + 4Li* + 4e = Si + LisSiO, (2.3)

The presence of the native oxide layers on the surface of electrode materials could
therefore contribute to the initial irreversible capacity through its electrochemical reduction.
It could also represent a barrier for bulk lithiation, since SiO, is a Li-ion insulating material.
This might avoid the complete lithiation of the silicon electrode, decreasing the specific
capacity and increasing the interfacial charge transfer impedance.59
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Fig. 16 — Electrochemical cycle of a-Si:H deposits on steel substrates.
Hydrogenated surface (black line) and pristine surface (gray line).
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Surface methylation

A perfect passivation of all the silicon atomic sites present on the surface of a silicon
crystal is only possible by hydrogen termination. However, hydrogenated surfaces exhibit
limited chemical stability, being oxidized under normal conditions of pressure and
temperature. Stable grafted layers are often obtained by molecular grafting of long
molecules, however the Van der Walls radius of molecular chains prevents the complete
surface passivation due to steric hindrance between adjacent grafted units, regardless the
chemical strategy used for the grafting. As a noticeable exception, the methyl group is one of
the few species with a size compatible with a complete saturation of all the surface silicon
dangling bonds.®® The distance between silicon surface sites on Si(111) surfaces is 3.8 A,
while the van der Waals radius of a methyl group is ca. 2 A. The later value seems slightly too
large for making a complete substitution of all surface Si-H bonds possible. However, a
proper orientation of the neighboring methyl groups makes such a substitution possible and
complete methylation of the silicon surface has been demonstrated.®

In the present work, silicon surface methylation was obtained by anodic treatment in
organic anhydrous electrolyte composed of 3M CHsMgl in diethyl ether. Detailed
experimental procedures are presented in the appendix A. The surface methylation starts
from the hydrogenated silicon surface and first requires the breaking of Si-H bonds, which is
obtained either by anodization at positive enough potentials or through anodic generation
of organic radicals and further reaction of these radicals with the surface. The resulting
silicon dangling bonds can then be grafted in the presence of a second radical according to
different reaction paths, as summarized by the following reactions, where h* stands for
silicon hole: ®

=Si® + CHg. - =SiCH3 (2.4)
=Si® + CHsMgl + h" = =SiCH; + Mgl" (2.5)
=Si® + CHs + h" = =SiCH; (2.6)

The reactions described in 2.4-6 allow for achieving a complete surface methylation
in flat atomic surfaces of crystalline silicon.® However, when the surface morphology is
modified, for example in porous silicon, the efficiency of molecular substitution of
hydrogenated silicon by methyl groups decreases to about 80%.% It is therefore expected
that surface methylation applied to amorphous silicon surfaces results in a large but
incomplete Si-H substitution.
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Fig. 17 presents the ATR-FTIR spectrum of a methylated amorphous silicon layer. The
grafted layer can be identified by the deformation modes of the methyl group at 1255 cm™
for symmetric deformation and 1410 cm™ for asymmetric deformation, and the stretching
modes at 2900 cm™ for symmetric stretching and 2960 cm™ for asymmetric stretching.®
Besides the surface methylation, residual contamination from the grafting reactants and
oxides can be identified by the extra peaks in the ATR-FTIR spectrum. It is likely due to the
fact that some cleaning steps had to be avoided due to possible corrosive effects for samples
based on stainless steel substrates, such as rinsing in HCI for Mg(OH), removal as suggested

in previous works.®
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Fig. 17 - ATR-FTIR of methylated a-Si:H surface, referred to the hydrogenated surface in HF vapor.

Direct quantitative evidence of methylation was obtained by comparing the
integrated values of the band intensities of the Si-H vibration modes centered at 2100 cm™
before and after the grafting procedure. It was possible to determine that the surface
methylation was responsible for a consumption of 55% of the hydrogenated sites. However,
part of the Si-H consumption is maybe due to surface oxidation during the anodic process of
grafting under trace impurities. Small trace of such oxidation, sometimes observed, is totally
absent from the spectra plotted in Fig. 17, which does not exhibit any oxide-related feature
in the 1000-1200 cm™ range. All in all, it might be considered that the methylation efficiency
is limited to a value of ~ 50%, larger than the grafting efficiency of longer molecule chains
(see here after) but specifically lower than the figure reached on crystalline or porous silicon.
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Electrochemical tests show that surface methylation has a negative impact on the
electrochemical performance of the amorphous silicon layers deposited on stainless steel
substrates. Fig. 18 shows that the grafting treatment increases the charge irreversibly
consumed during the first electrochemical cycle. The comparison between capacity values
obtained for the methylated a-Si:H electrode (black line) and for the pristine layers (gray

line) shows that the lithiation capacity 50
increases by 255 mAh g' and the ’
irreversible  capacity increases by
340 mAh g'1 for the grafted samples. The CH, surface

electrode methylation decreases the 00 Y

2,51

coulombic efficiency by about 5% and
increases the irreversible charge by 18%
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from about 0.8 V vs. Li/Li’; this extra Fig. 18 — Electrochemical cycle of a-Si:H deposits on
reaction is no more discernible when the steel substrates. Methylated surface (black line)

L Lo and pristine surface (gray line).
lithiation potential is reached.

Even though surface methylation leads to a decreased electrochemical performance,
when compared to the pristine case, the results indicate that the capacity values here
obtained were close to the theoretical value expected for silicon. The effect of surface
methylation was clearly related to the introduction of new chemical species into the
electrode processes resulting in additional sources of side reactions and consequently
increasing the amount of irreversible capacity. Our results are substantially different from
the results observed elsewhere for silicon nanowires,40 where the surface methylation was
responsible for passivating the electrode, with undesirable consequences for the capacities
values. In the case of silicon nanowires, the surface modification results in a reversible
capacity of 538 mAh g in the first electrochemical cycle. Taking into account that the
surface area of electrodes based on nanowires increases the role played by the surface
phenomena during cell operation, we can assume that part of the difference in the electrode
performances is related to the reduced degree of surface methylation and the presence of
contaminants observed in our experiments.

The superficial aspect of all the grafted electrodes studied in this work has been
investigated by scanning electron microscopy (SEM). After completing one electrochemical
cycle the samples were removed from the cell in an Argon filled glove-box, rinsed in fresh
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anhydrous propylene carbonate, rinsed in anhydrous dimethyl carbonate, vacuum dried and
stored in the glove-box. The SEM images were taken from samples directly brought from the
glove-box in a protected atmosphere, being exposed to air only when installed in the
microscope chamber. The SEM analysis does not show any important modification of the
surface with the grafting procedure or with the electrochemical cycling. As shown in Fig. 19,
methylated a-Si:H electrodes present a very smooth surface with the presence of some few
structures. Some of them identified as probable traces of electrolyte rising, white spots of
about 500 nm in the Fig. 19. Additionally, the presence of zones of higher contrast having
4 um of diameter is observed. At the center of these zones an emerging structure (circular
mark on the figure) possibly results from an inhomogeneous lithiated spot or concentrated
SEl formation due the presence of surface contaminant.

Fig. 19 — SEM image of a methyled a-Si:H electrode after the first electrochemical cycle.

Decene grafted surface

Longer chains can be obtained by alternative (non electrochemical) techniques,
which offers a better limitation of unwanted surface contamination, and the possibility of
designing a thicker artificial SEl layer. Decene can be covalently bonded to silicon atoms
with a high grafting density of about 6 molecules per nm?, offering an important blocking
property.®® The application of such a molecular coating in lithium-ion batteries can allow for
producing an artificial passivation layer that could reduce the need of electrolyte
decomposition for the formation of a natural SEIl. This strategy can increase the chemical
stability of anode materials in contact with electrolytes, reducing the irreversible charge
losses and resulting in more efficient electrochemical systems.
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The grafting of decene is performed on oxide-free hydrogenated silicon surfaces by
hydrosilylation, a radical-induced reaction which can be initiated either by free radical
initiators, visible or ultraviolet light, or thermal activation.?*®*% The cleavage of the Si-H
bond can be effectively photoinduced by 350 nm photons, a fact that makes UV light an
attractive reaction initiator.®® Grafting of decene on hydrogenated silicon starts with a
photoinduced surface activation which is followed by the nucleophilic attack of an alkene.
The reactions 2.7-9 describe the grafting mechanism, where the first reaction is the UV
initiation followed by the propagation of the radical induced by the grafted molecule.

=Si-H + hv - =5i® + H* (2.7)
=Si® + CH2=CH(CH2)7CH3 - ESi—CH2CH2(CH2) 7CH3. (28)
=Si-H + ESi—CH2CH2(CH2) 7CH3. - ESi—CH2CH2(CH2) 7CH3 + =Si®+H* (29)

Such a reaction scheme is still debated and probably oversimplified, but the final
surface product has been characterized.*?

Qualitative and quantitative information about decene grafting on silicon surfaces
can be obtained by ATR-FTIR measurements. The infrared signature of decene species
grafted on silicon consists of the vibration modes of CH, scissoring at 1460 cm’l, CH,
symmetric stretching at 2852 cm™, CH, asymmetric stretching at 2925 cm™, CH; symmetric
stretching at 2880 cm™ and CH; asymmetric stretching at 2955 cm™. As shown in Fig. 20, all
the characteristics vibration modes of decene were found in the the ATR-FTIR spectrum
obtained for the grafting of decene on amorphous silicon. Moreover, a small signal of non-
stoichiometric oxides is also observed at wavenumbers below 1075 cm™.
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Fig. 20 — ATR-FTIR spectrum of amorphous silicon layer grafted with decene,
referred to the hydrogenated surface in HF vapor.

The concentration of surface grafted species was determined from a truly
guantitative study of the infrared signature of decene, where the CH vibration signals were
fitted by using a model consisting of a linear baseline and Voigt functions as described in
reference 70. The absorbance signal characteristic of the symmetric stretching vibration
mode of CH,, positioned at about 2850, was used to estimate the total surface density of
CH, species present on the silicon surface. The results were compared to the calibration
values obtained from the infrared cross section of the same CH, vibration mode in
dodecane, giving origin to an equation which relates the infrared absorption signal of viCH,
with its surface concentration on silicon. Assuming that each decene molecule is composed
of nine CH; groups, one can estimate the decyl chain surface concentration. In the present
work, the decene grafting on a-Si:H surfaces resulted in surface concentration of decyl
chains of 2.9 x 10 cm™, estimated from the analysis of the infrared spectrum shown on
Fig. 20. This value is close to the one obtained for grafting in atomically flat Si(111) surfaces,

estimated to 3.1 x 10** cm™.”°

Quantitative analyses, having the peak areas calculated for oxidized surfaces as a
reference, leads to the conclusion that oxidation during decene grafting does not overcome
2% of the initial hydrogenated sites. Taking into account that 92% of the surface was
efficiently hydrogenated by HF vapor, the total oxide content on the decene grafted surface
does not exceed 10% of the surface.
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Previous work estimated that the maximum coverage of Si(111) surfaces by the
grafting of decene molecules is between 0.4 and 0.5 of the atomic sites
(7.83 x 10 cm™).”%57%% we can expect that this value is proportionally respected for the
case of a-Si:H and assume that the difference verified between the values of grafting
concentration in a-Si:H and in Si(111) indicates the relation between the surface treatments
in these two different substrates. According to our estimation (based on the intensity of the
2850 cm™ peak in the infrared spectrum)’, the decyl surface concentration account to
3.2 x 10 cm™ on the a-Si:H grafted surface, i.e., ~40% of the atomic sites with respect to
Si(111). When taking into account the small amount of oxide on the surface, this figure
reveals the achievement of a dense molecular layer.

As shown in Fig. 21, the shape of the electrochemical cycling of a decene grafted
electrode (black line) presents an unexpected feature when compared to a pristine electrode
(gray line). The charge consumed for lithiation is much increased by parallel reactions that
prevent the complete silicon lithiation. It is observed that for very high capacity values
(> 5500 mAh g'l) the electrochemical potential moved to a different electrochemical plateau,
30 mV lower than the lithiation plateau. The lithiation process was intentionally interrupted
at 7840 mAh g™ due to the abnormally large value of capacity reached by the system. The
reversible charge value of 1480 mAh g demonstrates that only a modest part of the charge
was consumed for silicon lithiation. Besides the atypical performance of decene grafted
electrodes, it seems to initially delay the electrolyte decomposition at about
1.3 V vs. Li/Li* and decrease the capacity necessary for reaching the lithiation plateau.
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Fig. 21 — Electrochemical cycle of a-Si:H deposits on steel substrates.
Decene surface (black line) and pristine surface (gray line).
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The result of such odd charge capacity is revealed by the SEM images in the Fig. 22.
Low magnification images (a and b) give the general aspect of the sample. It is possible to
observe the presence of a ramified superficial structure of several micrometers. Traces of
electrolyte from rinsing and drying procedures, which also result in beam sensitive
structures, were previously observed in other samples. Electrolyte traces follow the direction
of the solvent drying resulting in a peculiar geometry of marks different from the ramified
structures observed for decene grafted electrodes. It dismisses the fact that the observed
structures are simply traces of the electrolyte drying. Such structures cover most part of the
sample and were found to be very sensitive to the electron beam of the microscope. Fig. 22
(c to e) show high magnification images at a fixed position over one of the observed
structures. The sequence of images (c to e) was recorded in a short period of time and
reveals the fast decomposition of the superficial structures when exposed to electron beam
in the SEM. These structures are extremely similar to those formed during the grafting of
high molecular weight modified PEG on crystalline silicon, as observed in reference 69. It
indicates that decene grafted silicon electrodes can lead to centers of intense electrolyte
reduction with subsequent polymerization giving origin for such structures. Since surface
decyl layers appear very dense it can be inferred that the location at which the structures
nucleate are associated to defects in the layer or oxidized spots.
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Fig. 22 — SEM images of a decene grafted a-Si:H electrode after the first electrochemical cycle. Low magnification images
(a, b) and high magnification images during different time intervals at a fixed position (c-e).
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Destructive effects of ex-situ analysis, such as SEM, demonstrate the importance of in
situ measurements on the study of sensitive materials. The idea behind the in situ
experiments of this work is not only to prevent the oxidation of lithiated materials but also
to avoid changing the structure or inducing chemical evolution of less stable species. This
concept will be further discussed in chapter 3.

Undecylenic acid grafted surface

Carboxyl-terminated alkyl monolayers represent an attractive surface
functionalization for different application fields such as chemistry, biochemistry, sensor and
microelectronics. Similarly to the previous mention for decene grafting, undecylenic acid
layers are also obtained by radical-induced hydrosilylation initiated by different methods.
The processes yield densely packed Si-C covalent bonded layers, offering good hydrocarbon

chain surface coverage and chemically stable surfaces,**’°

with exception for grafting under
visible light which leads to low density grafted layers.”* The improved stability of such
molecular layers can be proved through the thermal stability of undecylenic acid layers

grafted on Si(111) surfaces, which remain stable up to 150°C.”

Undecylenic acid grafting follows the same mechanism proposed for the grafting of
decene. It is performed on oxide-free silicon surfaces obtained by hydrogenation followed by
the hydrosilylation process, which involves first the cleavage of the Si-H bond and second the
free radical addition of the grafting molecule.**®*% The reactions 2.10 to 2.12 describe the
UV initiation and further radical propagation leading to the grafting of undecylenic acid on

silicon sites.
=Si-H+ hv = =Si* + H* (2.10)
ESi. + CH2=CH(CH2)8COOH - ESi—CH2CH2(CH2)3COOH. (211)

=Si-H + ESi—CH2CH2(CH2)3COOH. - ESi—CH2CH2(CH2)8COOH + ESi. + H+ (212)

ATR-FTIR analyses confirm the presence of carboxydecyl chains grafted to the surface
of amorphous silicon layer through reaction of the C=C double bond of the undecylenic acid.
Fig. 23 shows the spectrum of an acid grafted a-Si:H layer on an ATR crystal. The grafted
layer can be essentially identified by the C=0 stretching mode at 1715 cm™, but also by the
C-OH scissoring at 1415 cm'l, CH, scissoring at 1465 cm'l, CH, symmetric stretching at
2855 cm™ and the CH, asymmetric stretching at 2925 cm™. The spectrum also reveals a
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minor surface oxidation according to the stretching vibration of non-stoichiometric oxides at
wavenumbers under 1075 cm™, estimated to amount of 2.6% of the hydrogenated sites
resulting in a total oxidation of about 10% of the surface silicon atoms.

As for decyl layers, the measurement of the infrared peak intensity and the
comparison to a liquid-phase calibration procedure, makes possible the evaluation of the
concentration in the molecular layer.”® The estimation of acid species concentration on the
surface of silicon is based in the infrared signal correspondent to the C=0 stretching
vibration at 1715.6 cm™. The resulting values yield a surface concentration of acid molecules
of 2.9 x 10 cm™ in a-Si:H, which appears larger than typical values obtained for Si(111)
(2.7 x 10* cm™ from reference 70).

The difference between these two figures suggests that grafting probability is
enhanced at the a-Si:H surface, due to the increased availability of surface Si-H bonds
(associated with Si-H, Si—H, and Si—Hs sites). Besides the uncertainty on the peak
determination, the result here again point to the achievement of a dense acid-terminated
molecular layer.
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Fig. 23 — ATR-FTIR spectrum of amorphous silicon layer grafted with undecylenic acid,
referred to the hydrogenated surface in HF vapor.

The effect of undecylenic acid grafting on amorphous silicon based electrodes was
tested by electrochemical (GCPL) experiments in O-ring sealed cells, using 1M LiClO4 in
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propylene carbonate as electrolyte and lithium foil mounted in copper as counter-electrode.
Fig. 24 shows the electrochemical cycle of an a-Si:H based electrode grafted with
undecylenic acid (black line) and a pristine electrode (gray line). The change in the electrode
performance due to the surface treatment is evident. The lithiation capacity is decreased by
960 mAh g with a minor decrease in the delithiation capacity by 120 mAh g’ and an
important reduction in the irreversible capacity by about 840 mAh g. It results in a 9%
increase in the coulombic efficiency and 30% decrease of the irreversible capacity as a
percentage of the reversible capacity.
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Fig. 24 — Electrochemical cycle of a-Si:H deposits on steel substrates.
Undecylenic acid surface (black line) and pristine surface (gray line).

Fig. 24 additionally reveals the change in the shape of the electrochemical cycling
resulting from the surface treatment. The zone related to the first electrolyte
decomposition, from 1.3 V vs. Li/Li" till the lithiation potential, and the lithiation capacity are
significantly decreased with the grafting. It suggests that the layer of undecylenic acid
molecules effectively act as a passivating agent contributing to decrease the electrolyte
decomposition on the electrode surface and the amount of charge irreversibly consumed for
the formation of a spontaneous SEI.

The superficial aspect of undecylenic acid grafted electrodes has been observed by
SEM. Fig. 25 shows the SEM images of the a-Si:H grafted electrode after the first
electrochemical cycle. Unlike previous surface treatments, grafting with undecylenic acid
results in a rich surface modification after electrochemical cycling. The main feature is the
presence of a layer covering most of the surface, but intensely fractured by a network of
defects with origin in the scratching marks left by the polishing procedure. A selected region
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on Fig. 25 had its contrast intentionally increased for revealing the layer structure. All of
these structures, with exception to the polishing marks, were not present in the surface
before the electrochemical cycling. The origin of the layer is not clear, which could
tentatively be associated to the SEI, may be cracked under drying. In spite of the low
magnification of the SEM image, no contrast is discerned under optical microscope.

Fig. 25 — SEM image of undecylenic acid grafted a-Si:H electrode after the first electrochemical cycle. Inset region where
the contrast was intentionally modified for revealing the layered structure observed.

Polyethylene glycol grafted surface

Polyethylene glycol (PEG) is a low-molecular-weight polyethylene oxide (PEO) with
chain length up to about 150 repeating units. It is a crystalline, thermoplastic polymer also
considered as an uncharged polyether.73 PEG plays an important role in surface science for
bioengineering applications. Ultrathin PEG coatings can be obtained by grafting of linear
chains, representing an efficient barrier for blocking nonspecific protein absorption.”
Grafting of dense PEG layers can typically reach thickness values on the range of 1.5 to
11.5 nm, grafting density up to ~2 chains per nm? and distance between grafting sites of
0.9 nm, for PEG of 5000 g mol™ of molecular weight.74

Such barrier properties can be applied for lithium-ion systems, in order to
establishing an artificial passivation layer for electrode materials. Therefore, PEG grafting on
amorphous silicon layers was performed by UV photo-induced mechanism in a protected
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atmosphere using concentrated poly(ethylene glycol) methyl ether with average mean
molecular weight of 750 g mol™. UV irradiation is considered to be an excellent method for
surface grafting of polymers due to its simplicity, cleanliness and efficient production of
active species.”” Grafting of PEG on silicon is based in the nucleophilic attack of Si-H surface
species by the oxygen lone pair present in the CH3(OCH,CH,)10OH alcohol end group and
followed by loss of dihydrogen which results to an oxidative addition and formation of the
CH3(OCH,CH,)4160-Si= link.”® The reaction yielding to PEG grafting on silicon surfaces is
summarized in Eqg. 2.13. The complete experimental grafting procedure of PEG is detailed in
the appendix A.

ESi. + OH(CH2CH20)16CH3 - ESi—O(CH2CH20)16CH3 +H, (213)

Amorphous silicon layers deposited on ATR crystals were grafted with PEG and
analyzed by ATR-FTIR. Fig. 26 show the spectrum obtained for the grafted layer with the
hydrogenated surface as reference. The spectrum clearly indicates the PEG grafting with
some surface oxidation and consumption of Si-H surficial species. Notice that PEG absorption
(C-O-C stretching mode) sizeably contributes to the large peak around 1100 cm™
(overlapping Si-O-Si modes from silicon oxidation). PEG layer is identified by various CH,
vibration modes, such as twisting modes at 1247 cm™ and 1296 cm™, wagging at 1325 cm™
and 1350 cm™, scissoring at 1460 cm™, and symmetric stretching at 2876 and asymmetric
stretching vibrations at 2935-2940 cm™. Additionally, one can discern concentrations from
the symmetric and asymmetric stretching modes of CHsz groups at 2820 cm™ and 2980 cm’l,
respectively. C-C and C-O vibration modes in the C-O-C structure are centered at about
1110 cm™, with shoulders extending from 1040 cm™ until 1140 cm™. This wide range of
vibration frequencies close to 1000 cm™ makes the determination of stoichiometric SiO, at
1075 cm™ difficult.
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Fig. 26 — ATR-FTIR spectrum of amorphous silicon layer grafted with polyethylene glycol,
referred to the hydrogenated surface in HF vapor.

For accessing the value of grafted PEG concentration on the silicon surface the
intensity of the large band in the 2650-3050 cm™ region is integrated. This value has been
shown to be related to the amount of PEG molecules on silicon surface on the basis of a
calibration procedure.”” The intense superposition of infrared absorption bands makes the
individual fitting of all the vibration modes located in this region difficult. However, it has
been demonstrated that the integrated area of the whole band, with a careful baseline
subtraction, results in an accurate estimation of the surface grafting concentration.”’ On this
basis, the analysis of the infrared spectrum shown in Fig. 26 indicates a surface
concentration of PEG chains of 1.5 x 10 cm™ in a-Si:H and representing a surface coverage
of ~20% (referred to the Si atom density of a Si(111) surface).

Silicon based electrodes prepared from a-Si:H deposits on stainless steel substrates
were electrochemically tested after the grafting. The performance of such electrodes was
clearly improved by the surface treatment. Fig. 27 shows the first electrochemical cycle of a
PEG grafted silicon based electrode and its comparison with a pristine electrode. The
improvements reached with this treatment are the decrease of the lithiation capacity by
760 mAh g and the increase of the delithiation capacity by 120 mAh g™. This leads to an
increase of 12% in the coulombic efficiency and a decrease of 38% of the irreversible charge
normalized to the reversible charge. The shape of the electrochemical cycles in Fig. 27
indicates the decrease of charge consumed during electrolyte decomposition at
1.3 V vs. Li/Li* until the lithiation plateau. Additionally, the lithiation capacity is significantly
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reduced without loss in the delithiation capacity. This suggests that the part of the charge
capacity irreversibly consumed in secondary reactions is decreased by the PEG layer without
harming the silicon lithiation/delithiation process. Unusually, it is noticed that the
delithiation capacity increased albeit modestly with the surface treatment.
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Fig. 27 — Electrochemical cycle of a-Si:H deposits on steel substrates.
Polyethylene glycol surface (blackline) and pristine surface (gray line).

The superficial aspect of the grafted electrode after the first electrochemical cycle
was analyzed by SEM and is presented in Fig. 28. It indicates that grafting and the
electrochemical cycling do not modify the surface aspect of the electrode significantly.
Therefore, the electrode exhibits a smooth surface after cycling where the presence of
abrasion marks from the polishing procedure are the main identified features.
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Fig. 28 — SEM images of a polyethylene glycol grafted a-Si:H electrode after the first electrochemical cycle.

Combined grafting of undecylenic acid and polyethylene glycol

The improved electrochemical performance obtained for polyethylene glycol grafted
electrodes indicates a possible effect of the chain length on the electrochemical properties
of amorphous silicon. Long chain length molecules can increase the effective thickness of the
molecular layer, keeping a densely packed structure and enhancing the passivation
properties.

This hypothesis was tested by attempting to create a grafted layer of even longer
molecular chains while keeping a good coverage density. We chose the two species which
improve the electrochemical performance in a single grafted layer: firstly grafting the surface
with undecylenic acid and then coupling the PEG chain to the acid layer.

The chemical coupling of acid and PEG molecules is made by esterification. During
the esterefication reaction the hydrogen present in the carboxylic termination of the
undecylenic acid layer is replaced it by the PEG chain deprotonated at its alcohol
termination. The reaction, schematically given below, is usually obtained by thermal
activation in the presence of a catalyst. In this work p-toluenesulfonic acid was used as
catalyst for the esterification reaction and all the experimental procedure is detailed in the
appendix A.

ESl—CH2CH2(CH2)8COOH + CH3(OCH2CH2)160H

¢ (2.14)

ESi—CH2CH2(CH2)3COO(CH2CH20)15CH3 + Hzo
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The esterification of undecylenic acid layer by PEG results in a combined FTIR
signature originating from both species. Fig. 29 shows the ATR-FTIR spectra of the original
surface grafted with undecylenic acid and that after esterification. Notice that the acid
infrared spectrum was obtained with reference to a hydrogenated surface while the
spectrum of the combined grafted surface was obtained using the acid spectrum as the
reference. This latter choice allows for the identification of the incremental signals obtained
by the addition of PEG molecules on the grafted acid layer. Hence, the presence of PEG is
identified by the twisting vibration modes of CH, at 1247 cm™ and 1296 cm™, wagging at
1325 cm™ and 1350 cm'l, scissoring at 1460 cm'l, stretching vibrations from 2800 cm™ to
3000 cm™, and the C-O-C structure at about 1110 cm™. The esterification reaction is
evidenced by the modification of the C=0 stretching mode, originally positioned at 1715 cm™
for the undecylenic acid layer, shifted to 1735 cm™in the ester configuration which results in
the “derivative” shape of the vCO band.

Infrared spectroscopy allows for quantifying the conversion rate of carboxylic groups
to ester by comparing the spectra of undecylenic acid and esterified undecylenic acid.
Employing the procedures described for the quantification of a pure PEG surface and pure
acid surface already described here, one can estimate the acid surface concentration, the
esterificated surface concentration and the esterification yield. The acid surface
concentration after grafting is then estimated to 2.9 x 10™ cm?in a-Si:H and the PEG surface
concentration after the combined grafting is estimated to 1.2 x 10™ cm It indicates an
esterification rate of 41%. Therefore, the resulting a-Si:H surface exhibit a mixed coverage
with acid chains and PEG esterified to undecylenic acid chains.
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Fig. 29 — ATR-FTIR spectrum of amorphous silicon layer grafted with undecylenic acid esterified with polyethylene glycol,
referred to the surface grafted with undecylenic acid.
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Combined undecylenic acid and PEG grafting, obtained by undecylenic acid
esterification, has been found to deteriorate the electrochemical performance of amorphous
silicon electrodes when compared to the pristine case. As shown in Fig. 30, the combined
grafting increases the lithiation capacity by 1180 mAh g™ and decreases the delithiation
capacity by 90 mAh g, resulting in an increased irreversible capacity of 1270 mAh g
Coulombic efficiency is also decreased by 11% and the irreversible capacity as percentage of
the reversible capacity is increased by 57%. Electrochemical cycling results, exhibited on Fig.
30, indicate reduced electrolyte decomposition at elevated potentials (1.3 V vs Li/Li%)
similarly to what has been found for single grafted undecylenic acid or PEG electrodes.
However, the increased values of lithiation capacity, exceeding the theoretical value of
silicon lithiation, reveal the presence of electrochemical side reactions.

The combined grafting treatment appears disappointing in terms of electrochemical
performance. Increasing the chain length of the grafted molecules does not necessarily
improve this performance. In the present case, it appears that the combined effect of two
molecules with different but individually favorable nature leads to an unfavorable
configuration for the passivation properties of the final grafted layer in a lithium-ion system.
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Fig. 30 — Electrochemical cycle of a-Si:H deposits on steel substrates.
Combined undecylenic acid and polyethylene glycol surface (black line) and pristine surface (gray line).

The doubly grafted electrodes were analyzed by SEM after the electrochemical
cycling. The SEM images reveal smooth and homogeneous surfaces with no macroscopic
defects or structures. Making use of high magnification images makes it possible to identify
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large quantity of particles of about 400 nm of diameter, diffuse dark spots on the amorphous
layer and traces of the polishing surface.
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Fig. 31 — SEM images of a combined grafting of undecylenic acid and polyethylene glycol on a-Si:H
electrode after the first electrochemical cycle.

2.4 - Discussion

The previous results demonstrate that depending on its chemical nature, a molecular
layer grafted at the electrode surface may have a beneficial or detrimental effect on the
electrode performance. Let us try to rationalize the results.

From a general view point, the grafting of molecules covalently linked on silicon
surface can offer an efficient anchoring point for the species formed during electrolyte
reductive decomposition. In general, the mechanisms of electrolyte reduction are based on
the electrochemical decomposition of the solvent molecules with the formation of radial

114 These reaction decomposition products can

species during intermediary reaction steps.
react and attach to the electrode surface, or recombine and precipitate on the electrode
surface, resulting in the SEI formation. In the same way the grafted molecular layer can react
with the decomposition products, offering favorable or unfavorable sites for these reactions
and thereby affecting the process of SEI formation. On general grounds, if the molecular
layer offers favorable sites for interaction with the electrolyte decomposition products, it
should contribute to the firm anchoring of the SEl layer to the electrode surface, owing to its

covalent bonding to the electrode.

Analyzing the energy of dissociation of the different chemical bonds present in the
grafted molecules could be a first attempt to evaluate the reactivity of the molecular layer
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with the decomposition products and the possible hosting sites for products of electrolyte
reduction.

In the point of view of dissociation energies and reaction kinetics there is an
important difference between Si—H and Si—CHs, as well as between Si—H and Si—CgH15CHs,
where weaker chemical bonding can offer the possibility of preferential dissociation during
electrode processes, allowing a reactive surface site to be created and further reactions with
electrolyte decomposition products to take place at this site. With respect to the above
species, corresponding to the surface termination after hydrogenation, methyl or decyl
grafting, the process of primary interest appears to be proton removal from the species
present at the surface. Such a process is evident for the case of hydrogenated surface, for
example, where the proton removal offers an access for in situ covalent bonding of SEI
products with a modest energy barrier. It comes into play in the grafting reaction used on
oxide-free silicon surface.

The role of additional species present on the hydrogenated surface can also be
guestioned. As a matter of fact, the HF vapor etching used for the removal of most of the
surface native oxide, results in a surface rich in Si—H bonds but also with SiO, and Si—F traces.
The strong bonding energy of Si—F likely makes them inefficient as promoters of surface
activated sites. Then all the possible reactions between substrate and electrolyte reduction
products are expected to take place at the hydrogenated sites. Si-H has a weak bond-
dissociation energy and appears to be a good candidate for surface activation, as above
mentioned. This can result in improved properties for the SEl layer.

The dissociation energy associated to proton removal from a surface Si-H species is
about 3.5 eV, while from a surface Si—CHs group it is estimated to 4.3 eV. Similarly to Si—CHs,
the removal of a proton from an alkyl chain involves a dissociation energy ranging from 4.1
to 4.3 eV. Fig. 32 shows the molecular structure representation of different species present
on the surface of silicon electrodes due to chemical etching (Si—H and Si—F) or obtained by
grafting procedures. It also indicates the dissociation energies of the most probable affected
bonds during electrode processes.

a) b)
4.3 eV
H| __H
C
4.1 eV
23ev
3.0ev 5.0eV HZl _H
\ S
HYDROGENATED FLUORINATED METHYLATED ALKYLATED
a-5i:H

Fig. 32 — Dissociation energy of main species present on the surface of silicon electrodes due to chemical etching (a) and
molecular grafting (b). Values of bond energies obtained from the references 42,78-83.
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Therefore, methylated or alkylated surfaces offer for instance an increased energetic
barrier for any chain activation when compared with Si-H. Consequently, SEl bonding to the
silicon electrode is hardly achieved with the presence of these species grafted on the
electrode surface. In these conditions, it additionally appears that using a long chain (decyl
case) results in impeding lithium transfer to a-Si:H, with severe consequences to the
electrode performance, as experimentally observed.

During electrochemical cycling, decene grafted electrodes exhibit a standard
behavior until the end of the lithiation plateau, where the drop of potential seems to be
associated to the onset of another electrochemical reaction with important amount of
charge consumption: this reaction results in a blocking effect for the subsequent silicon
delithiation. This suggests that the decene layer is stable until the potential values close to
the lithiation potential, however once this limit is reached a kind of breakdown occurs
yielding the accumulation of decomposition products.

The bond-dissociation energy approach is valid for explaining the relation between
electrochemical performances and surface treatments with saturated hydrocarbons
molecules. However, we believe that for molecules such as acid and PEG, the chemical
reactivity also comes into play. Our results suggest that these molecules have improved
affinity with decomposition products, providing a good anchoring to the SEl layer while
maintaining a satisfactory ionic conduction.

Acid termination favors reactions with solvent products leading to a covalent link
between SEl and electrode, where in the case of PEG such reactions take place with
exoethylene units and probably not with the inert methyl termination. Both of these
molecules result in improved electrochemical performances achieved by reducing the charge
spent on side reactions, without affecting the reversible charge.

Undecylenic acid grafting represents an interesting surface treatment for amorphous
silicon based electrodes for lithium-ion batteries. The densely packed superficial structure
can offer an efficient passivation layer, apparently decreasing the need for intense SEI
formation. The covalent attachment of the grafted molecules to the electrode material
ensures a mechanical stability of the layer along volume changes in the electrode under
electrochemical cycling. From a chemical point of view the carboxyl-terminated molecules
offer a certain chemical similarity to carboxyl based typical SEl components, such as Li,COs
or ROCO,Li, accounting for the chemical affinity with electrolyte decomposition products.
Additionally, the carboxylic acid termination on undecylenic acid molecules may represent
an active site for chemical modifications during cycling, such as the bonding with SEl
compounds which can covalently link the electrode material and the SEI layer.

On this basis, the disappointing performance of the combined acid/PEG grafting
appears somewhat puzzling. It appears plausible that PEG coupling on the acid terminated
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layer actually shields the remaining acid termination from the electrolyte decomposition
products, by analogy with the antifouling behavior of the PEG Iayers.77 It remains unclear
why the long PEG molecules which likely adopt an entangled conformation on the top of the
layer,®* would exhibit a lower chemical affinity with the electrolyte decomposition products
as compared to the case where they are directly grafted on the silicon surface.

2.5 - Conclusion

Various approaches were used to adjust the chemical composition of amorphous
silicon thin films, in order to create a suitable artificial passivation layer on the silicon
surface. Molecular grafting allows for the formation of densely packed structures with
specific chemical properties affecting the electrode electrochemical performances. The
choice of chemical species was based on the possible chemical reactivity (end group and
chain skeleton), thickness of the molecular layer (chain length) and maximum achieved
coverage at the silicon surface.

All the treated surfaces were controlled by FTIR measurements to verify their
effectiveness and by electrochemical tests to determine the electrochemical impact brought
by such modifications. It was shown that grafting can change the surface properties of the
material, increasing its ability of effectively storing energy through electrochemical
reactions. The origin of such behavior can straightforwardly be interpreted by the presence
of an artificial passivation layer reducing the need of a natural SEl and the energetic cost of
its formation, but also allowing for the covalent bonding between the electrode material and
SElI components through the grafted molecular layer, thereby reducing irreversible charge
losses. Fig. 33 summarizes the effect of surface modifications on the electrochemical
performance of silicon electrodes based on the analyses of the irreversible capacities.

In the case of grafted surfaces, the best performances were brought by PEG and
undecylenic acid. Both these species are not attached through the same kind of chemical
bonding with the silicon surface. PEG is connected to silicon by a Si-O bond while
undecylenic acid is linked by a Si—C bond. The similar positive results obtained for these two
different species indicate that both chemistries are compatible with the development of
efficient artificial passivation layers for lithium-ion electrodes. Moreover, it shows that the
chain (terminal part of the chain and/or end group) bring the chemical features relevant for
enhancing of the electrochemical performance.

Film effective thickness does not appear to play a key role in the beneficial effect of
the grafted layer. A “long” decyl chain appears to exhibit a detrimental effect as compared
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to a short methyl termination, but on the opposite a similarly long carboxydecyl chain
exhibits superior performances.
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Fig. 33 — Irreversible capacities of silicon electrodes surface modified by molecular grafting.

Chemical trends among the various tested modifications can be, at least partially,
rationalized in terms of chemical reactivity or affinity with the electrolyte decomposition
products. It is however clear that a better level of understanding could be reached by
making use of a direct chemical characterization of the chemical state of the interface and
the SEI layer. Such is the purpose of the in situ infrared experiments presented in the next
chapter.
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Chapter 3 | in-situ FTIR

In situ FTIR allows for characterizing
different electrode processes. It was
used here for identifying the surface
phenomena of SElI formation in
amorphous silicon electrodes with
different surface chemical
treatments and in  different
electrolytes.
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3 -INSITU FTIR

3.1 - Introduction to in situ ATR-FTIR study

The mechanisms of SEI formation, lithium transport through SEI layer and bulk
lithiation are rather complex phenomena and still a subject of controversial scientific
discussions although they were extensively investigated by numerous techniques. In view of
electrode materials, the thermodynamic instability of most of electrolytes leads to the
formation of SEI layer on the electrode surface. SEI film composition and structure are
sensitive to trace water, oxygen, and impurities. Such a susceptibility to ambient conditions
highlights the importance of using characterization techniques that avoid the contact of
electrode materials with non-protected conditions. However, even under protected or inert
conditions, ex situ characterizations always require sample preparation procedures that
represent an important change in the electrode environment, being partially responsible for
the final results obtained, independently of the characterization technique. The most
common example applied for the field of electrode materials is the rinsing and drying
procedures, which can affect the final state and compositions of the sample surface
significantly.

In the case of SEl layer, the chemical environment plays an important role not only
for the layer formation but also on its maintenance. However, from the point of view of ex
situ characterization techniques the perception of solid electrolyte interphase is usually
related to a solid layer created from insoluble decomposition products of reactions between
electrode and electrolyte. These measurement do not take into account the part played by
the chemical environment on the structure of the SEI, especially the role of the solvent in the
passive layer composition. On the other hand, in situ characterization techniques allow the
analysis of the SEI formation to be performed without modifying its natural environment.

Infrared spectroscopy represents a powerful tool for the in situ study of
electrochemical interfaces, in particular for the case of semiconductor-electrolyte interfaces
by the help of multiple-internal-reflection geometries. FTIR has proved to be highly sensitive
to electronic absorption, providing direct information on the semiconductor space-charge

88687 polarization of the infrared light and

layer and on electronic states at the interface.
time response analysis can give details about the orientation of interface species and
kinetics, respectively. Moreover, the changes in electrolyte absorption and spectrum
baseline can provide indirect information about species non-active to infrared, surface

roughening, or porous formation.®
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3.2 - FTIR as a tool for studying Li-ion electrodes

Common features of studies in the field of nanotechnology arise from problems
connected with the physicochemical investigation of ultrathin films, which originate in
general from their extremely small thickness. As previously mentioned infrared
spectroscopy, and in particular Fourier transform spectroscopy, offers important advantages
in the measurements of molecular composition and structure specially when combined with
an attenuated total reflection (ATR) crystal.

ATR is based on the multiple-internal-reflection geometry, where the difference of
refractive index between two media captures the incoming infrared beam in an ATR crystal
with high refractive index. During its travel along the ATR crystal the infrared beam is
reflected several times at the interface with the external medium. These internal reflections
generate an evanescent wave that extends beyond the surface of the crystal into the
external medium, collecting information about the species present within the probed depth
and attenuating the final signal. More details about this principle can be obtained in
appendix c.B9t

Semiconductors are generally used as materials for ATR crystals due to their high
refractive index and sufficient transparency for most of the useful vibrational range.
Additionally, moderate doping values generate sufficient electronic conductivity to make the
use of semiconducting ATR crystals as electrode (or current collectors) possible for in situ
electrochemical experiments, where the infrared beam may be sent toward the interface
through the electrode itself.

In this work, an ATR crystal was coupled with a thin layer of the active material and
employed as working electrode in an electrochemical cell, as described in Fig. 34. ATR
crystals were obtained from germanium or silicon single crystals with parallel edges bevelled
at 45°. The ATR crystals received on one side an electrical contact (Ohmic contact made of
Au-Sb) and on the opposite side a 30 nm layer of active material a-Si:H. The infrared probe
has its starting point based on the silicon surface, therefore, it is crucial that the contact
between the electrode and electrolyte must be as intimate as possible. This need dismisses
the use of a solid separator. Hence, a special cell was designed for the in situ FTIR study of
amorphous silicon in the absence of a solid separator and using a lithium foil mounted in a
copper current collector as counter-electrode. Galvanostatic cycling with potential limitation
were performed using a potentiostat (AUTOLAB). The current density was kept at
24.8 uA cm™. It corresponds to a charge/discharge rate of C/1 (full theoretical charge or
discharge in 1 hour). All the in situ cells were assembled and filled with the electrolyte in an
Argon filled glove-box. The cells are made of an hermetic glass vessel, allowing for putting
the cell at air contact. For experiments, the cell mounted in the IR chamber, was kept under
constant nitrogen purge during the entire in situ experiment in order to avoid atmospheric
disturbances in the infrared spectra.
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Fig. 34 — In situ ATR-FTIR cell.

In-situ FTIR experiments were performed by simultaneously cycling the
electrochemical cell and acquiring FTIR spectra. The ATR-FTIR spectra were recorded using a
Bomem MB100 FTIR spectrometer equipped with a liquid-nitrogen cooled HgCdTe (MCT)
photovoltaic detector. Spectra were recorded with a p polarized infrared beam over the
~950-4000 cm™ spectral range for silicon based ATR crystals and -~850-4000 cm™ for
germanium based ATR crystals (spectral range limited by the ATR crystal in the former case,
and by the detector response in the latter one).

Due to the fact that all working electrodes for in situ experiments were based on ATR
crystals made from materials that can also intercalate lithium ions, the limit between the
active material (amorphous silicon layer) and the bulk material (crystalline silicon or
germanium) was carefully investigated. ATR crystal lithiation was found to be practically
limited to the a-Si:H deposit by choosing a relatively high limiting potential for lithiation. For
lithiation potentials limited at 0.125 V vs. Li/Li*, the prism was shown to be intact after at
least 20 cycles. However, if the lithiation limit is lower than 0.125 V vs. Li/Li*, the crystal can
be damaged during cycling more and more severely when the potential limit is set lower and
lower. Lowering the lithiation values demonstrated to increase the probability and the
damages in the ATR crystals. Fig. 35 shows the final superficial aspect of an ATR crystal
containing an amorphous silicon layer on the surface, electrochemically cycled for 20 cycles
between 2 V vs. Li/Li" and 0.01 V vs. Li/Li*. The images show the surface in contact with the
electrolyte, where in a macroscopic view the identification of the cycled zone is possible (Fig.
35a) and in the SEM images (Fig. 35b) superficial cracks are easily revealed.
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Fig. 35 — Macroscopic (a) SEM (b) images of an electrochemically ATR based electrode
cycled 20 times under deep lithiation (E,y = 10 mV vs. Li/Li’).

In our experiments, the electrochemical potential of cells based on silicon ATR
crystals sharply decreases when the system reaches the theoretical capacity value of the
amorphous silicon layer, with an increment in capacity due to charge consumed for SEI
formation. This important electrochemical response demonstrates that the amorphous
silicon lithiation is slightly easier than the crystalline silicon lithiation and can conveniently
be time separated. Therefore, one can also prevent the crystal lithiation by stopping the
electrochemical lithiation at the exact moment when the amorphous silicon is completely
lithiated.

Silicon ATR crystals were shown to be suitable for electrochemical experiments but in
the point of view of infrared light, the use of germanium based ATR crystal can offer better
transmittance values in a wider spectral range. However, in electrochemical cells based on
germanium crystals, the change in the electrochemical potential when approaching the full
amorphous silicon lithiation is not noticeable as it was for crystalline silicon. The amorphous
silicon lithiation plateau is prolonged till capacity values largely exceeding the theoretical
value calculated for the deposited layer. The excess of lithiation capacity is due to the
lithiation of the ATR crystal leading to its mechanical failure.

The absence of an electrochemical evidence for the lithiation limit of layers deposited
on germanium points out the difference between the lithiation of crystalline silicon,
crystalline germanium and amorphous silicon. Lithium atoms, coming from the lithiation of
the amorphous silicon deposit, experience a change in the energetic landscape when
diffusing into crystalline silicon, resulting in the decrease of cell electrochemical potential.
However, even if a similar behavior might be expected for the case of amorphous silicon
deposited on germanium, the difference between the energy states of these two materials
do not lead to a perceptible change in the cell potential during lithiation.
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In the point of view of the electrode processes, the experimental in situ setup allows
for probing all the electrolyte modifications in the range of the evanescent infrared wave. In
a first approach, the amorphous silicon based electrode can be described as a reversible or
Nernstian electrode, because quasi-equilibrium thermodynamic relationships are obeyed at
the electrode surface. Here, the surface concentrations of species involved in the Faradaic
process are related to the electrode potential by a Nernst-type equation. Therefore, mass
transfer plays an important role in the electrochemical dynamics of such a system and will
be responsible for defining the formation of a Nernst diffusion Iayer.92 As illustrated by
Fig. 36, the formation of a diffusion layer in the vicinity of the electrode has direct effects on
the in situ measured FTIR.

Electrochemical system

Co(x=0)

Optical system

EVANESCENT WAVE

n,

Fig. 36 — lllustration of Nernst diffusion layer formation and its relation with the in situ FTIR measurements. Notice that
typical infrared probing depth (d,) is much shorter than typical diffusion layer thickness (6;). So that the IR beam
essentially probes an electrolyte with a concentration C, (x=0).

In parallel to the reversible exchanges in lithium species, the reversible bulk lithiation
also contributes to the change in the concentration or nature of the solvent species present
in the diffuse layer. Solvent molecules trapped in lithium solvation shells present in this layer
are turned into free solvent species by the lithium consumption during bulk lithiation
reaction, and regenerated by the bulk delithiation.

Most of the in situ characterizations presented in this chapter were also tentatively
compared to ex situ measurements, which means that after the in situ experiments the
samples were also ex situ analyzed. However, such measurements make necessary the use
of rinsing and drying procedures after the electrochemical cycle, where the presence of
trace electrolyte components can result in strong infrared signals inducing high incertitude in
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the results. The results are not presented here, because they are considered as not
conclusive. The FTIR signals were dominated by the electrolyte bands much more intense
than those obtained using in situ measurements and they exhibited low reproducibility.

3.3 - In situ ATR-FTIR characterization

FTIR spectroscopy detects functional groups at distinct frequencies. The detection
sensitivity, intrinsically associated to the dynamic dipole moment of the probed species, is
enhanced in the ATR mode. In the case of in situ studies of Li-ion batteries, a great variety of
infrared signals are expected. Most of the species in contact with the in situ working
electrode in the experimental cell can give rise to an infrared signal. However, most of these
signals are only part of a background absorption associated with the cell transmittance and
do not give any information about the processes present in the system. This background
absorption is cancelled by referring the measured signal to a spectrum recorded in a
reference state. For this purpose, a FTIR spectrum was recorded prior to starting the
lithiation/delithiation cycles on every freshly assembled and filled cell and it was used as the
reference spectrum for the entire set of spectra obtained during the following
electrochemical cycles. Using this reference spectrum, the results are displayed in terms of
absorbance computed using the natural logarithm and scaled to one internal reflection. This
data treatment procedure is particularly relevant since it highlights all the spectral signature
of modifications occurred in the system during electrochemical cycling.

All the in situ FTIR spectra present in this chapter were acquired during continuous
electrochemical cycling of the cells with a rate of C/1 and limited by the lithiation and
delithiation potentials of 0.125 and 2 V vs. Li/Li*, respectively. Infrared signal was recorded
without interrupting the electrochemical cycling. It was verified that continuous
electrochemical cycling allows optimum reproducibility of the results and avoids charge (or
potential) relaxation observed when the electrochemical cycle is stopped. Each FTIR
spectrum is the result of an accumulation of 100 spectra obtained during a period of 2 min,
followed by a 1 min pause in the infrared acquisition. A typical recording procedure results in
a new spectrum acquisition every 3 min and a capacity resolution of 3.2 mC or 180 mAh g'1
for a cell based on an amorphous silicon layer of 30 nm. The electrochemical signal obtained
during cycling with simultaneous in situ FTIR signal acquisition is displayed in Fig. 37. This
signal shows similar features to the electrochemical cycles performed using a standard
electrochemical cell (presented in chapter 1 and 2), however, here the capacity values are
different from those previously measured for similar surface preparations due to the higher
potential limit for lithiation chosen for the in situ measurements.
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Fig. 37 — Electrochemical cycling of a surface hydrogenated amorphous silicon layer
in 1M LiClO, in PC using the in situ FTIR cell.

As shown in Fig. 37, the amorphous silicon lithiation exhibits a very flat plateau at
about 0.180 V vs. Li/Li*. The electrochemical cycling in this in situ cell presents capacity
values substantially lower than the theoretical ones. This is expected due to the high
potential limit for lithiation (0.125 V vs. Li/Li") used during the cycles. As previously
mentioned, this high limit of lithiation helps for preventing the lithiation of the ATR crystal
avoiding its subsequent cracking.

The high sensitivity of the ATR-FTIR technique enables to detect various features
during electrochemical cycling. All the information collected along in situ FTIR experiments
are now presented according to the different topics relevant for a practical comprehension
of the system.

SEI formation

Most of the spectral information concerning the formation of the solid electrolyte
interphase is identified in the so called fingerprint region in FTIR, typically from 1100 cm™ to
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1700 cm™ in our case. It is important to take into account that all the infrared spectra are
referred to the state corresponding to the amorphous silicon layer on the ATR crystal in the
electrochemical cell, at open circuit potential previous to any current flow. In this way, the
presence of new chemical species or the increase in concentration of the existing ones can
be identified by a positive signal at a specific wavenumber value corresponding to one of its
vibration modes. Similarly, the loss or reduction in concentration of any chemical species will
result in a negative band in the spectrum. The intensity of the absorbance signal is
proportional to the quantity of chemical species probed by the infrared beam, according to
an absorption coefficient associated to the amplitude of the characteristic electric moment
of the vibrator.”

In situ FTIR analysis of the SEI formation clearly exemplifies the effect of chemical
modifications on the final spectrum. The growth of the SEI layer modifies the chemical
composition in the vicinity of the electrode creating a number of new chemical species
responsible for the rising of positive peaks in the FTIR spectra. However, SEl formation also
causes the electrolyte displacement away from the amorphous silicon surface resulting in
the loss of the infrared signal correspondent to the electrolyte spectrum. The fact that
different phenomena occurring in the electrochemical cell have opposite effects on the final
infrared signal make the interpretation of FTIR results a complex procedure.

Electrolyte composition plays an important role in the feature of the FTIR results.
Since the electrolyte is the departure point for the SEI formation, a complete identification
of its infrared signature is essential for understanding the in situ FTIR results. The FTIR
spectrum of the 1M LiClO, in PC electrolyte was analyzed on the literature basis**> and the

main vibration modes are listed in Table 2.

Table 2 - Band assignments of 1M LiClO, in PC in the fingerprint region. Modes are labeled according to usual
convention: v stands for stretching modes, 6 for deformation modes, t for twisting modes, w for wagging modes and p
for rocking modes.

Functional groups in PC Mode Vibration (cm™)
C=0 v 1784
C-0-C Vas 1119, 1176
V,s Solvated 1134, 1209
CH, ) 1558
CH; ) 1450
T 1485
OCH, ® 1389
o solvated 1408
PC ring p 1148
® 1338
v 1354
v solvated 1362
ClOy v 1097
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Some of the functional groups detailed in Table 2 are sensitive to the presence of
lithium ions. These ions have impact on the vibration modes of different functional groups in
propylene carbonate. PC molecules solvating Li* ions have vibration bands shifted from
1354 cm™ to 1362 cm™ for PC ring stretching and 1389 cm™ to 1408 cm™ for OCH, wagging.
For C-O-C asymmetric stretching, the vibration mode at 1119 cm™ shifts to 1184 cm™ while
the one at and 1176 cm™ shifts to 1209 cm™. Additionally, the perchlorate anion is identified
by its stretching vibration mode at 1097 cm™.

Fig. 38 shows the FTIR spectra obtained in situ for an amorphous silicon layer with a
hydrogenated surface at the end of different electrochemical cycles at delithiated state,
except for the very light gray line, which shows the first spectrum recorded during the
beginning of the first lithiation. The spectrum of the electrolyte with the assignment of the
most significant vibration bands is shown at the bottom of the frame for stressing the
correlation with the in situ results. The electrolyte spectrum was computed accordingly to
the same absorbance scale as the in situ results (this spectrum is referred to a spectrum
recorded in the absence of electrolyte in the cell), but it is actually drawn using an
attenuation factor of 50. The sequence of spectra demonstrates the evolution of the
electrode surface state during the first ten cycles.
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Fig. 38 — ATR-FTIR spectra obtained in situ cell after 1, 5 and 10 cycles (top)
and the spectrum of the employed electrolyte.
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In general, it was noticed that in situ spectra of amorphous silicon electrodes do not
show very sharp absorption peaks. It illustrates the fact that the SEl is not rich of a particular
component but is composed of a distribution of different species with similar chemical
composition and that in situ FTIR technique is able to identify such a diversity. Positive-going
bands in Fig. 38 clearly demonstrates the formation of new chemical species along
electrochemical cycling. As previously mentioned in chapter one, propylene carbonate is
thermodynamically unstable under electrochemical cycling conditions being decomposed
mainly in ROCO,Li and Li,CO3, whose contributions can be identified in the in situ spectra
(see labels in Fig. 38).

Large contributions in the in situ spectra can be related to electrolyte signals resulting
from the change in the solvent/solvated ratio of concentrations and negative going bands. It
is known that when lithium ions are solvated by nonaqueous organic solvents, the solvents
affect the reduction potential and the subsequent decomposition reactions.”® In the case of
electrochemical experiments in PC based electrodes, besides the contribution due to the
electrolyte displacement by the SEI layer above mentioned, a part of the negative-going
bands could be related to the change in the molecular environment around PC molecules
caused by the lithium ion solvation of PC. This phenomenon is revealed by the simultaneous
formation of a paired signal of negative-going bands indicating the loss of free solvent
molecules and positive-going bands related to the formation solvated ion molecules. Some
of the latter being clearly distinct from SEI products. Fig. 38 indicates the presence of at least
two well defined paired signals created by the change in the vibration modes of PC ring
stretching from 1354 cm™ to 1362 cm™ and O-CH, wagging from 1389 cm™ to 1408 cm™,
both caused by the lithium ion solvation. These signals revealed to be relatively intense
during all the electrochemical cycle, including at the end of the delithiation process,
suggesting not only the presence of solvated ions in the SEI layer but also an increase of its
concentration along the cycling life.

The concentration of propylene carbonate solvated to lithium ions is then dependent
on the charge exchanged during electrochemical cycling. The fluctuations in the
concentration of solvated species can be explained by diverse reactions occurring during
electrochemical cycling, including the reversible reaction described in Eq. 3.1.>*

Li*(PC)s < Li*(PC); + PC (3.1)

The electrode polarization attracts the lithium ions to the interface between
electrolyte and electrode where different reactions affect the lithium concentration and
modify the balance described in Eq. 3.1. At the same time as lithium concentration increases
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due to electrode polarization, lithium ions enter the silicon electrode and some of them are
trapped in the formation of the SEl layer. Therefore, polarization tends to favor solvation,
while silicon lithiation and SEI formation favor the presence of free solvent molecules.

Even if at this stage the distinction between solvated PC and SEI products is not
completely clear, it was verified that during lithiation the solvent signal decreases at the
same time as the signal of solvated species increases. This result indicates the increase in
lithium concentration in the probed region. Once the system is under delithiation, the
original amount of solvent and solvated species is gradually regained and the final FTIR signal
is partially reestablished. Fig. 39 shows the in situ FTIR spectra obtained during the first
lithiation and delithiation processes for and a-Si:H based electrode in 1M LiClO,4 in PC.
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Fig. 39 — ATR-FTIR spectra of in situ cell at different stages during the first lithiation
cycle of hydrogenated amorphous silicon.

The usual model of Nernst diffusion layer described for reversible electrodes assumes
a mass-transfer-controlled reaction, as described in the introduction of this chapter.
However, based on the in situ measurement and the described increase of lithium ions on
the electrode surface during electrochemical cycling, it appears that mass transfer in the
electrolyte is not the critical step in the studied system. The observed relationship between
the applied electric field (electrode potential) and the amount of solvated species points to
the important effect of lithium ion accumulation close to the amorphous silicon electrode.
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We believe that the rate of silicon lithiation is the step controlling reaction, increasing the
concentration of solvated species at the electrode surface. Therefore, the electrochemical
system is under lithiation-rate (kinetic) control than under mass-transfer-control, as
illustrated by Fig. 40.

Additionally, the presence of vibration bands related to solvated molecules are
identified in the Fig. 39 even at the delithiated state after electrochemical cycle,
demonstrating that the SEl formation include the trapping of solvated species and contribute
for the high concentration of lithium species observed in the electrode vicinity.

Li-ion electrochemical system o (x=0)

G

Fig. 40 — lllustration of the lithium concentration layer in amorphous silicon based electrodes.

The change in lithium ions concentration can affect the refraction index of the
electrolyte. This is the principle behind holographic interferometry experiments, used for
measuring the concentration profile of lithium-ion electrolytes during electrochemical

%97 Therefore, one could wonder whether the reversible infrared signal measured by

cycles.
in situ experiments is actually the result of the modification of the refractive index in the
electrode vicinity caused by the change in lithium concentration and its effect on the depth
of penetration of the evanescent infrared wave. According to reference 96, the change in
the refractive index of PC is of 3 x 10> M™. Based on this value we calculate that even with
an overestimated increase of lithium concentration from 1M to 10M, the change in the
infrared signal will be merely 3% of the measured signal. This effect therefore appears

negligible.

During silicon lithiation the cathodic potential increases the cation concentration. The
anion concentration is slightly affected by electrode processes, also leading to the increase
in the absorbance vibration mode characteristic of perchlorate anion ClO,, (1097 cm™),
which cannot be clearly observed in Fig. 39 due to superposition with intensive positive-
going signals. However, anionic composition of the diffuse layer is reestablished after the
electrode complete delithiation and the absorbance band of ClO, recover its original value.
This reversible change in the anion concentration along the cycle sustains the behavior
observed for cationic species during cycle.
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The SEI layer has its own characteristic bands, as already mentioned. Fig. 39 shows
that most parts of the observed infrared signals are evolving reversibly with electrochemical
cycling, including bands correspondent to the SEI. Absorption intensities of SEl related
species change with the cycling direction, increasing during lithiation and decreasing during
delithiation, suggesting partial reversibility. Such a reversible aspect of the SEl is not obvious
from the point of view of reaction mechanisms and is barely mentioned in the literature.
However, some evidences of this phenomenon were already observed in different electrode
materials, as for instance, in a-Si:H based electrodes, the reversible formation of Si-F bonds
has been monitored by XPS measurements.”® Microscopy measurements demonstrate that
the formation of an organic layer surrounding Cu,O particles, used as lithium-ion anode
material, could be the responsible for a secondary reaction mechanism involving a reversible
part of the SEL.*® In the same way, the analysis of electrochemical lithiation of NiO film
electrodes and carbon nanotubes demonstrated the formation of partially reversible SEI by

100,101

cyclic voltammetry experiments. Additionally, impedance studies of SEI formed on

positive electrode materials indicated partial reversibility of the SEI formation.*?

Both free and solvating solvent signals have their intensity affected by overlapping
with bands belonging to SEl species. These overlaps can yield an underestimation of the
negative absorbance values for solvent signals and an overestimation of the positive values
of solvated signals. Independently of an exact estimation, the results suggest that the SEl is
rich in solvated lithium species allowing for a good ionic conduction over this interface. It
also attests the important role of the electrolyte as a precursor and active member of the
SEl. Therefore, in situ FTIR experiments give particular evidence of a dynamic SEI layer,
containing important amounts of electrolyte.

Negative-going bands indicate the loss of chemical species as a consequence of the
chemical consumption, change on the vibration mode related to a change in the molecular
environment or physical displacement caused by the growth of the SEI layer. Nevertheless,
all these phenomena imply the change of the chemical landscape in the region probed by
the infrared wave, which can be represented in a very simplified manner by the physical
displacement of the pristine electrolyte. Then, from this point of view, the negative-going
vibration modes can be considered as simply related to the loss of the global electrolyte
signal due to its displacement caused by the growing SEI layer.

The most significant signal loss detected in the entire infrared range was the
negative-going band at 1784 cm™, assigned to C=0 stretching vibration in PC. This band
presents an intense absorption signal already in the reference spectrum, with values close to
the maximum limit of detection (all the infrared radiation absorbed in this spectral range).
During the electrochemical lithiation C=0 absorption signal is rapidly saturated, for this
reason the quantitative analysis of such signal has not been taken into account. Fig. 41
illustrates the various contributions to the measured signal with emphasis to the C=0 region,
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exemplifying the spectrum deformation caused by the absorption saturation, and its
comparison with experimental data in situ obtained in 1M LiClO4 in PC.
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Fig. 41 - lllustration of the signal deformation caused by the strong C=0 absorbance of the electrolyte.

Si-H consumption

Hydrogen is a key agent in the preparation of silicon-based devices for
microelectronic or photovoltaic purposes. It is for example responsible for the
semiconductive properties obtained through the passivation of dangling bonds by Si—-H bond
formed in amorphous hydrogenated silicon.'®® The PECVD technique allows for producing
high quality a-Si:H films with (a high) hydrogen concentration in the deposited film whose
value depends on the experimental conditions. Increased deposition rates result in higher
concentration of bonded hydrogen and associated increase of internal strain in the a-Si:H
bond network. This internal strain is therefore responsible for weakening the Si-Si bonds.*®*

The phenomenon of lithium storage into silicon electrodes is responsible for the
breaking of Si-Si bonds during electrochemical lithiation, with the number of broken bonds
proportional to the amount of lithium inserted into silicon.’® Hence, we believe that bulk
silicon hydrogenation plays an important role in the electrode lithiation. The weakened
hydrogenated silicon network can favor the insertion of lithium atoms by decreasing the
energy barrier for breaking the Si-Si bonds.*® It can also be thought that Si-H bands, though
much less numerous than Si-Si bands, are also favorable site for the incorporation of the

lithium atoms, in view of the lower bond-dissociation energy of Si-H as compared to Si-Si.

Experimentally, Si-Si bonds have a IR-active vibration mode at 610 cm™ which is out
of the spectral infrared range of our measurements (950-4000 cm™).'%” However, it has been

found that in a hydrogenated silicon network the very reactive atoms of lithium can
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otherwise affect the infrared active Si-H bonds. This feature allows for in situ monitoring the
electrode lithiation by infrared. The first steps of electrochemical lithiation are associated
with negative-going peaks in the range of Si-Hy species. As shown in Fig. 42, a negative band
centered at 2115 cm™ appears after charging the silicon electrode with a capacity of
60 mAh g™. This negative signal corresponds to the superimposition of different stretching
vibration modes of surface species, such as Si-H, from 2101 cm™ to 2129 cm'l, Si-Hsz from
2130 cm™ to 2150 cm™ and SiH,(Si0) at 2170 cm™.2%*% Upon pursuing electrode lithiation
the spectra demonstrate the consumption of species belonging to the bulk a-Si:H deposit,
such as Si-H at 2004 cm™ and Si-H, at 2086 cm™.'® The signal is very intense and the
spectrum corresponding to the end of the first electrochemical cycle in Fig. 42 was drawn
divided by a factor of two to adjust it to the frame.

All the changes in the Si-H, bonds associated with the negative-going peaks in the Fig.
42 were obtained during electrode lithiation. The peak at 2004 cm™ reaches its maximum
amplitude at the end of the electrochemical lithiation and it is not regenerated with
delithiation. This demonstrates that the loss of Si-H bonds is not reversible with cycling. The
following cycles contribute to increase the loss of Si-H bonds, increasing the intensity of the
negative-going peak at the end of each delithiation.
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Fig. 42 — ATR-FTIR spectra obtained in situ at different steps of the electrochemical cycle (black lines).
The negative envelope of the spectrum recorded after the first electrochemical cycle has been fitted
(red dots) as the superposition of different Si-H species (gray scale) and an intense absorption peak
on the low-wavenumber side of the spectral range of interest.

It was already mentioned that the intense absorption band of PC at 1784 cm™
corresponding to the stretching of the C=0 functional group, reaches values close to the
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limit of detection. During electrochemical cycling this limit is reached and due to data
processing results in a spectrum deformation in a spectral range from about 1640 cm™ to
1980 cm™. This can be observed in Fig. 42 as the growth of a positive peak at low
wavenumbers during the electrode lithiation. This distorted signal showed some partial
reversibility with cycling in agreement with the reversibility of the SEIl previously mentioned.

No particular evidence of surface oxide reduction was observed with silicon lithiation,
however vibration mode of SiH,(SiO) at 2170 cm™ or SiH(Si,O) at 2120 cm™ could be
overlapped with the previous mentioned Si-H, peaks making difficult its detection and
quantification.109

Quantitative information about the number of Si-H bonds consumed during lithiation
is hampered by the spectra deformation caused with the rising of SEl-related positive-going
peaks. Even though, the loss of Si-H, signal was quantified by fitting the negative-going peak
with mixed Gaussian and Lorentz functions centered at 2004 cm™ for bulk Si-H, 2086 cm™ for
bulk Si-H, and 2115 cm™ for superficial Si-Hy, as demonstrated by the gray peaks in Fig. 42.
For the fitting procedure a baseline was chosen (dashed lines in Fig. 42) based in the very
linear part of the curve between 2300 and 3000 cm™ and not shown in the Fig. 42. Also, a
Gaussian peak centered at ~1784 cm™ was added to account for the absorption due to PC.
The obtained values of fitting were compared with those measured for the hydrogenated
a-Si:H layer and indicate that 93% of the Si-H bonds are consumed during the first
electrochemical lithiation.

The hydrogen content of Si-H bonds in a-Si:H is estimated to be ~12 wt.%, by mass

104 in experiments performed on

spectrometer in hydrogen effusion measurement,
a-Si:H deposits prepared in similar conditions to those used in this work. Therefore, even if
most of the hydrogen atoms in a-Si:H are not engaged in a Si-H bond, the absolute amount
of hydrogen lost in the first electrochemical cycle of a-Si:H electrodes is massive and could
tentatively be estimated to be ~11 wt.%. This large loss of hydrogen can have important
effects on the SEI formation due to the fact that the electrode surface represents the border
between the hydrogen source and the electrolyte and consequently the place where the
released hydrogen will meet the SEI and electrolyte components. It is possible that the
hydrogen participates on the chemical mechanism of SEl products and especially in the HF
formation in LiPFg containing electrolytes, with detrimental effects for the SEI layer and even

for the silicon electrode.

72



The role of the surface pretreatment

As previously mentioned in the second chapter, pristine a-Si:H electrodes form a
native oxide layer when exposed to atmospheric conditions. It was also verified that the
electrochemical performance of pristine amorphous silicon could be improved by oxide
etching and especially by the introduction of a molecular monolayer of undecylenic acid.
Coupled infrared and electrochemical experiments have therefore been undertaken for
identifying in detail the origin of the effect of silicon surface treatment on the
electrochemical performance.

Different surface treatments were tested on a-Si:H electrodes prepared by thin film
deposition on the surface of ATR crystals. On the basis of the results reported in chapter 2,
pristine electrodes, surface hydrogenated electrodes and acid-surface electrode have been
selected for a detailed study. Electrochemical cycling was performed in 1M LiClO4 in PC.
Fig. 43 presents the spectra obtained at the end of first, fifth and tenth electrochemical
cycles for the different surface treatments. The spectra are presented for a region between
1100 cm™ and 1720 cm™ characterized by the signal of SEI products (Fig. 43a) and a second
region from 2500 cm™ to 3700 cm™ with less intense signals as indicated by the absorbance
scale (Fig. 43b).
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Fig. 43 — ATR-FTIR spectra in situ obtained in the delithiated state after 1, 5 and 10 cycles, for silicon electrodes with
different surface conditions. Labels on the bottom of the figure indicate the location of absorption bands of possible SEI
products. The red dashed lines correspond to the position of the main absorption bands of the electrolyte.
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General trends

As shown in Fig. 43, different silicon surface pretreatments leads to different SEI
composition and formation kinetics. Some SEIl features are common to all the surfaces,
indicating the strong dependence on the electrolyte composition. Even if the silicon surface
had been intentionally modified by the different surface treatments the origin of the SEI
layer is still the same for all the cells which leads to a roughly similar SEI chemical
composition. In this case, the previous general description of electrolyte decomposition and
SEl formation reactions were precisely identified.

The formation of alkyl carbonates, up to now represented by the general term
ROCO,Li, is expected to mostly correspond to lithium propylene dicarbonate (LPDC) in the

case of the electrochemical reduction of propylene carbonate, as described below. %!

2CH-(CH3)CH,-0CO; + 2e” + 2Li* = Li0,CO-CH-(CH3)CH,-OCO,Li + CsHe (3.2)

The vibration modes associated to this species are located among the positive bands
in situ measured for different silicon surface states. Moreover, the peaks characteristics of
Li,CO5 are also contributing to the positive signals observed. However, combining both
respective signals is not enough for addressing the entire group of infrared signals obtained.
The results of in situ measurements reveal the presence of flattened peaks centered at
specific position corresponding to the vibration modes of most of the identified SEI
components, but having a certain distribution in chemical composition or chemical
environment accounting for the absence of sharp absorbance signals. It is known, for
example, that SEI components are not only related to simple ROCO,Li species but to a
polymeric matrix or network of lithium ion coordinated compounds, which could result in

112,113

enlarged infrared signals. Moreover, ROCO,Li can be further reduced in the surface

film or by reaction with trace water in solution to form not only Li,COs; but also ROLi and

CO,, increasing the number of infrared active species in the SEI.***

Propylene carbonate is one of the most saturated solvent molecules used for
electrolyte in Li-ion batteries. Such a molecular chain ideally produces lithium propylene
dicarbonate (LPDC) as a main reduction product, however it does not necessarily
corresponds to the complete range of reaction possibly obtained from the PC molecule,
especially in a rich and dynamic chemical environment. Other commonly used solvents such
as EC, DEC, DMC ideally generate under electrochemical reduction specific products such as
lithium ethylene dicarbonate (LEDC), lithium ethyl carbonate (LEC) and lithium methyl
carbonate (LMC), respectively, according to:
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2CH,CH,-0CO, + 2€™ + 2Li* = Li0,CO-CH,-CH,-0CO,Li + CHq (3.3)
CH,CH,-0CO;, + e + L - 'CH,-CH,-0OCOs,Li + H* = CH3-CH,-OCO,Li (34)

OC(OCH3); + e + Li* = CH3-OCO,Li + CHs (3.5)

However, one can assume that during homolytic ring opening and radical anion
formation of PC it can be further terminated via various reactions with solvents,
contaminations and other decomposition products leading to the formation of SEl
compounds not necessarily predicted to be generated according with the Eq. 3.2. We added
in Fig. 43 (labels in the bottom of the figure) the position of the main vibration modes of
LPDC together with LEDC, LEC and LMC in order to show the possible correspondence of
representative carbonate decomposition products with the experimental results obtained.

The finger print region in the Fig. 43, specifically from 1240 cm™ to 1720 cm™,
demonstrates the presence of chemical species different from LPDC and Li,COs. This leads us
to believe that other decomposition products are possibly generated along the SEl formation
and also that the in situ measurements are able to detect the presence of the byproducts
with less-defined vibration modes, not yet identified elsewhere.

Another source of SEI components, and potential source of infrared signals as well, is
represented by the intrinsic presence of trace contaminants which can react with the very
active lithium ion species. The equations listed below indicate the products generated by the
most common sources of contamination in Li-ion batteries.'** For example, the presence of
CO, contamination leads to Li,CO; formation according to Eq. 3.6a-c.

CO, +e +Li" = CO,lLi (3.6a)
CO,Li + CO; = O=CO-CO,Li (3.6b)
CO,Li + CO, = 0=CO-CO,Li +e +Li* = CO + Li,CO3 (3.6c)

Water traces leads to the formation of LiOH, Li,O and LiH, as shown by Eq. 3.7a-c.

H,0 + e + Li* = LiOH + %H, (3.7a)
LOH+e +Li' = Li,O + %:H, (3.7b)
H+e +Li"= LiH (3.7¢)
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In the reaction with water traces, the lithium protonation step could be especially
favorable for amorphous silicon electrodes since the material has a large hydrogen content
which is affected by the electrode lithiation and probably turns for being injected in the
electrolyte during the first lithiation. Unfortunately, the vibrational signature of Li-H bond
located around 4050 cm™ is out of the spectral range of our experiments and the possible
formation of LiH as described by the Eq 3.7c cannot be directly identified.**> The presence of
nitrogen and oxygen contaminations leads to the respective production of LisN and LiO,,
according to Eqgs. 3.8-3.9c.

N, + 6e + 6Li" = 2LisN (3.8)

0,+e +Li" = L0, (3.93)
LiO, + e + Li* = Li»0, (3.9b)
Li,0, + e + Li* = 2Li0, (3.9¢)

The information collected by screening the main possible SEI compounds produced
by electrochemical reduction of the electrolyte or contaminant induced reactions of LiClO4
containing PC were used for identifying in detail the contribution of surface treatment state
on the SEl formation, according to the results presented on Fig. 43. Therefore, different
aspects were examined: the relative amount of SEI compounds, ROCO,Li, Li,CO3; and the
presence of the methoxy group (-OCHs); SEI homogeneity and covering efficiency has been
inferred by analyzing the solvent-related infrared peaks.

ROCO,Li species were identified by the vibration modes in three main regions at
1100-1140 cm'l, 1300-1480 cm™ and 1615-1660 cm™ where LPDC, LEDC, LEC and LMC
compounds, which exhibit peaks close to each other in these spectral ranges. A combination
of these compounds or other related decomposition products can be responsible for the
broad shape of the measured signal.

In the case of Li,COs, most of its vibration modes are overlapping with ROCO,Li
signals in the region of 1330-1610 cm™, making the analysis difficult on the basis of these
vibrational bands. Additionally, Li,CO; present four absorption peaks at 1118 cm™,
1146 cm™®, 1178 cm™ and 1225 cm™, where the band at 1178 cm™ coincides with strong
electrolyte absorption at 1176 cm™ (v.s C-O-C in PC). However, even with this overlapping,
features related to Li,CO3 spectrum can be identified and followed during the cycling life
using the three other signals in the 1110-1225 cm™? region. Also, the intensity of Li,COs
vibration modes in the first region (1330-1610 cm™) is very weak as compared to the
intensities in the second region (1110-1225 cm™). We can therefore consider that a
significant amount of Li,CO3 will result in the rise of signals in the 1110-1225 cm™ region.
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SEl homogeneity and covering efficiency can indirectly be deduced from the main
electrolyte absorption bands. The growth of the SEI layer tends to displace the electrolyte
away from the silicon surface, resulting in a negative contribution for the vibration modes
corresponding to electrolyte species. It is believed that an efficient covering SEI layer will
displace uniformly the electrolyte from the electrode surface leading to clear and sharp
negative-going peaks. This phenomenon is clearly identified on Fig. 43 by the presence of
negative-going peaks that emerge in the middle of positive signals addressed to SEl
compounds. These negative contributions coincide with the main electrolyte signals
identified by the dashed red lines in Fig. 43.

Hydrogenated surface

The results obtained for silicon electrodes surface hydrogenated by chemical etching
indicate the formation of an homogeneous SEl layer with high solvent blocking capability,
which is identified by the clear formation of negative-going signals, as shown in Fig. 43a.
Silicon surface hydrogenation also induces the formation of a ROCO,Li rich SEI layer
identified by the presence of strong signals at 1280-1560 cm™ and 1650 cm™. This SEI layer
was shown to have sizeable methoxy content, as indicated by the absorption band centered
at 2820 cm™ in the Fig. 43b. This fact gives evidence for the possible formation of
decomposition products not necessarily following the model chemical reactions predicted
for PC based electrolytes.

Additionally, the SEI formed on hydrogenated electrodes exhibit a low content in
Li,COs, as revealed by the absence of signals in the 1110-1225 cm™ region. In this spectral
range, the only vibration modes are related to the electrolyte displacement (negative-going
at 1176 cm™) and lithium ion solvation (1134 cm™ and 1209 cm™).

In general, silicon hydrogenation leads to a continuous formation of homogeneous
SEl layers from cycle to cycle, as verified by the progressive increase of the infrared signals
corresponding to SEl products. The measured spectra follow an homothetic evolution along
the electrochemical cycling life with constant proportion ratio among all the vibration
modes, which suggests a high chemical stability and an homogeneous in-depth composition.
As shown previously, surface and bulk Si-H bonds in a-Si:H are highly affected by the
electrode lithiation. In particular, most part of the surface hydrogen is lost during the first
electrode lithiation. Such a deprotonation takes place during the SEI formation and can have
effects on SEIl formation and stability.
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Acid surfaces

Compared with hydrogenated silicon, electrodes treated by surface-grafting of
undecylenic acid result in a modified SEI layer which is quickly formed and exhibit a mixed
ROCO,Li/Li,CO3 chemical composition. ROCO,Li compounds were identified by the strong
vibrational modes in the 1100-1140 cm™, 1280-1560 cm™ and 1650 cm™ ranges, while Li,CO;
was identified by the signals in the 1110-1225 cm™ region. This region is specifically modified
in the case of undecylenic acid grafted surface, showing a set of well-defined positive peaks
mixed with negative contribution of electrolyte displacement, as shown in Fig. 43a. It gives
evidences not only for the presence of Li,CO3 but also for the formation of an homogeneous
and passivating SEl layer.

Surface grafting also affects the kinetics of SEI formation by allowing for a fast
electrolyte reduction and passivation layer formation during the first cycle. This passivation
layer is mainly composed of LMC-rich ROCO,Li species, as evidenced by the stable methoxy
vibration band formed during the first electrochemical cycle. In the following
electrochemical cycles the SElI growth keeps on, however with a different chemical
composition. It is now composed of general ROCO,Li compounds and Li,COs, as indicated by
the rise of signals in all the SEI active regions, except the methoxy band.

Pristine surface

The effect of silicon electrode surface chemical state on the electrolyte reduction is
evident when the results of surface modified silicon are compared with the pristine material.
Without any surface modification, silicon electrodes develop a SEI layer with a mixed
chemical composition of ROCO,Li and Li,COs, with very unstable nature, inhomogeneous and
which continuously grows. Its mixed chemical composition is revealed by the intense
vibration modes obtained for all the identified SEI species in the spectral range shown in
Fig. 43. Part of these signals show irregular intensity variations along the cycling life, which is
probably due to the formation and further detachment of the SEI compound, demonstrating
the instability of SEI layers formed on pristine silicon. The near absence of electrolyte
displacement is attested by the weakness of negative-going signals, which are only observed
for the first electrochemical cycle. This suggests that the SEI layer is inhomogeneous and
quite porous. Most of the SEl infrared signals show a constant growth along cycling, with an
exception for the bands located in the 1110-1225 cm™? region attributed to Li,COs. Li,CO3 is
intensively formed after the first cycle until the fifth cycle and partially lost from there to the
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tenth cycle. Once again such a fluctuation in the SEI composition highlights the low stability
of the SEl formed on pristine electrodes.

Electrochemical performance and correlation with SEI characteristics

Fig. 44a shows the first electrochemical cycle of a-Si:H based electrodes with
different surface preparation, where pristine electrode exhibits a lithiation capacity of
2750 mAh g, a delithiation capacity of 1720 mAh g™ and a resulting irreversible capacity of
1030 mAh g*. In the infrared cell, hydrogenated electrodes exhibit electrochemical
performance (in terms of capacity) close to those of pristine electrodes (though somewhat
better). On the other hand, the grafting of silicon surface with undecylenic acid decreases
the lithiation capacity to 2445 mAh g, increases the delithiation capacity to 1840 mAh g™,
resulting in the decrease of irreversible capacity to 605 mAh g™ and a coulombic efficiency of
0.75 in the first electrochemical cycle. The evolution of the irreversible capacity for the three
electrodes during the first ten cycles is shown in Fig. 44b. Such results confirm the benefits
of surface grafting for the electrochemical performance of silicon based electrodes.
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Electrochemical performances of a-Si:H thin films obtained by in situ experiments are
similar to those observed for the first electrochemical cycle in standard electrochemical cells
and based on stainless steel substrates presented in the first chapter. Small quantitative
differences are associated with the change of the potential boundaries, but general trends
are preserved, validating the experimental setup developed for the coupling of infrared and
electrochemical measurements.

Attempts for quantifying the amount of SEl products generated along the
electrochemical cycling have to manage the difficulty of simultaneously accounting for the
vibration bands of the expected decomposition products and the loss of electrolyte signals
with the in situ measured FTIR spectra. When fitted to experimental data, such a
simultaneous combination of signals did not converge to acceptable values, probably due to
the large number of computed parameters necessary for reproducing the spectroscopic
results. Therefore, in order to quantify the SEI layer, the in situ obtained FTIR signals were
integrated numerically in the most significant spectral ranges for SEI compounds signals, as
such labeled in Fig. 43: 1100-1720 cm™ and 2660-2980 cm™.

The results obtained from the integrated FTIR signals were plotted as a function of
the cycle number and correlated to the cumulated irreversible capacity, as shown in
Fig. 45a-d. Fig. 45a-c indicates a relatively intense SEI layer growth upon electrolyte
reduction on pristine electrodes and a more gradual reaction on surface modified silicon
electrodes. However, a somewhat different picture results from the relation between
integrated absorbance and cumulated irreversible capacity, Fig. 45d. Under this perspective,
the amount of SEI compounds, here represented by the integrated FTIR signal, is linearly
proportional to the charge consumed irreversibly in the system. It suggests a close relation
between the electrochemical reduction of the electrolyte and the growth of the SEI layer.
From this point of view, an enhanced efficiency for SEl formation appears obvious for
grafted electrodes. Compared with hydrogenated or pristine silicon electrodes, a grafted
surface appears to impede the irreversible electrochemical processes not associated with SEI
formation, and therefore offers enhanced kinetics of SEl formation. It results in a more
efficient use of the charge consumed for electrolyte reduction, producing a similar amount
of electrolyte decomposition products with decreased charge consumption.
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We believe that the presence of an hydrogenated monolayer of silicon on the
electrode surface can result in an improved activity for SEl formation and anchoring by
offering a very reactive connection between radicals generated during the electrolyte
reduction and the active material, a chemical bonding substantially stronger than the simple

adsorption of the decomposition products.

The carboxyl-terminated molecular monolayer results in an efficient protection of the
surface although it might be permeable to ionic species and some solvent penetration, as
verified elsewhere.”® Such properties are possibly due to a controlled solvent approach with
simultaneous high ionic exchange through the molecular layer, allowing for leveling the

reactivity of the electrode surface. Carboxyl-terminated molecules then participate to the
electrolyte reduction by permitting selective approach of solvent molecules at specific
surface sites, targeting the charge transfer and SElI compound formation. This allows for
improved charge transfer efficiency for the electrolyte reduction reaction at the same time

as homogeneous SEI layer formation.

* The lines going through the experimental point in Fig. 45 were obtained by a fitting the experimental points

by Hill function (y = (Ymax - X") / (k" + x")) and are only guides for the eye.
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The role of electrolyte composition

Based on the fact that the SEI layer originates from the decomposition products of
the electrolyte, the electrolyte composition must play a major role in the physicochemical
characteristics of the SEl. Chemical composition of frequently used electrolytes shares a
common group of organic solvents. However, even having similar chemical composition,
different types of carbonates exhibit distinct physicochemical properties and their
combination is used for tailoring flashing and boiling point, melting temperature, viscosity
and others parameters. Additionally, each electrolyte component has a distinct chemical
stability under electrochemical cycling, which allows for programming the preferential
decomposition of target species and tailoring the chemical composition of the SEI. This is the
case of reduction-type electrolyte additives that undergo preferential decomposition for
improving SEl passivation properties without affecting the global properties of the
electrolyte. Besides the specific role played by solvents and additives, the lithium salt in the
electrolyte composition also affects the chemical composition of the SEI layer.

Since vinylene carbonate (VC) introduction as an electrolyte additive by SAFT in
1997,"® a large number of studies were dedicated to characterize its properties and the
resulting SEI layer induced by this compound. However, there is still a large discussion about
the role of VC in the electrolyte reduction and SEI formation. It is believed that the high
reduction potential of VC favors its preferential reaction prior to solvent decomposition
(even though the VC reduction has a reaction enthalpy comparable to that of EC or PC, it has

117°yC has a positive effect for both positive and negative

a lower activation energy).
electrodes, improving cyclability, especially at elevated temperatures, and reducing the
irreversible capacity. It was found that VC is responsible for forming poly alkyl Li-carbonate
species that suppress both solvent and salt anion reduction.™® This polymeric product can
be obtained by the radical polymerization of VC at the surface of both electrodes.'*’
However, it was also suggested that the VC can participate in the reduction of organic
solvents by assisting the electron transfer from the electrode to the solvent molecule
coordinated with Li*, launching the initial process of reductive decomposition of the
electrolyte.!3*

Another important electrolyte additive is fluoroethylene carbonate (FEC). The use of
FEC was initially proposed as a solution for the chemical shuttle obtained with the use of

120

chloroethylene carbonate as electrolyte component.”" FEC allows for the formation of more

stable SEI layers with high proportion of LiF, resulting in low interfacial resistance in Li-ion

electrodes. 1%

Also, it was noticed for silicon nanowires that FEC helps in reducing the
irreversible capacity losses, enhancing and stabilizing the reversible capacities over
prolonged cycling, even at elevated temperatures. It is believed that FEC decomposes first
into VC which will then form polymeric or oligomeric species responsible for generating a

polymer-like film on the electrode surface.'?® Therefore, it can be expected that both VC and
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FEC result in the formation of similar SEl layer containing polymeric species resulting from
the reduction of VC.

Here we investigate the use of these two different electrolyte additives, each of them
having its particular way of action. With respect to the electrolyte lithium salt, LiPFs was
considered as an alternative to LiClIO,;. Therefore, ATR-based silicon electrodes were
electrochemically cycled in the previous mentioned setup, allowing for in situ FTIR
measurements of the electrode/electrolyte interface. The experiments were performed in
an electrolyte composed of 1M LiPFg in PC:EC:3DMC using 2 wt.% of vinylene carbonate (VC)
and 10 wt.% of fluoroethylene carbonate.

The spectral signature of 1M LiPFg in PC:EC:3DMC (2% VC, 10% FEC) is mostly based
on the vibration modes of EC, DMC and PC. EC is identified by its CH3 twisting vibration mode
at 1480 cm™, the vibration of the C-O skeleton at 1195 cm™ and the ring stretching at
1156 cm™.*>*?* The presence of DMC is identified by the symmetric and asymmetric
vibration modes of CH; at 1436 cm™ and 1458 cm™, respectively.’”® Additionally, the
asymmetric stretching vibration of C-O-C in DMC is identified at 1277 cm™ and its solvated
pair at 1322 cm™.1%
and OCH, at 1389 cm™, C-O-C asymmetric stretching at 1170 cm™ and its solvated pair at
1209 cm™.%*% Table 3 presents the most representative infrared signals identified for 1M

LiPFg in PC:EC:3DMC (2% VC, 10% FEC) in the fingerprint region.

The PC content in the electrolyte is recognized by the CH; deformation

Table 3 — Band assignments of 1M LiPF¢ in EC:DMC:PC (2% VC, 10% FEC) in the fingerprint region, where v stands for
stretching modes, & for deformation modes, t for twisting modes, w for wagging modes and p for rocking modes.

Functional groups Component Mode Vibration (cm™)

C=0 PC v 1784

EC v 1760, 1790, 1825, 1860

DMC 1775, 1810

Ring EC v 1156
C-0-C PC Vas 1170
PC Vs solvated 1209
C-0O skeleton EC 1195
C-0-C DMC Vas 1277
DMC V,s Solvated 1322
OCH, PC ® 1389
PC o solvated 1408
CH; PC ) 1389
DMC s 1436
DMC Oas 1458
EC T 1480
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FTIR spectra of a-Si:H based electrodes were in situ obtained during electrochemical
cycling in 1M LiPFg in PC:EC:3DMC (2% VC, 10% FEC) and compared to the spectra obtained
in 1M LiClOQ4 in PC, as shown in Fig. 46. The spectra obtained for a-Si:H in LiPF¢ based
electrolyte appear drastically different from those obtained in LiCIO4. The main feature
observed for in the spectra recorded upon electrochemical cycling in the LiPFg based
electrolyte is the formation of intense negative-going bands along the cycling life. The
spectrum of the 1M LiPFg in PC:EC:3DMC (2% VC, 10% FEC) electrolyte has been plotted at
the bottom of Fig. 46 in order to highlight its similarity with the negative bands of the
spectra recorded in situ during electrochemical cycling. Fig. 46b shows the high-wavenumber
region with a different absorbance scale (enlarged by a factor of six). Here also, we can
notice a clear difference between the two electrolytes. The negative-going bands present in
all the spectra correspond to most of the vibrational modes identified for species belonging
to the electrolyte, indicating an intense change at the electrode surface during
electrochemical cycling.

Most of the FTIR positive signals observed in LiCIO4 based electrolytes and previously
identified as SEI components were affected by the intense negative bands caused by the
electrolyte displacement for experiments performed in LiPFg based electrolytes. With such a
negative contribution these intense bands could mask the trace of positive contribution
originating from SEl products. However, it is possible to identify some positive signals
unambiguously belonging to SEI components at 1500-1550 cm™ and 1600-1700 cm™, and
bands corresponding to solvation pairs modification with cycle at 1209 cm™ for asymmetric
stretching of C-O-C in PC and 1408 cm™ for wagging of OCH, in ion solvating PC. In the LiPFg
based electrolyte, the positive signals near 1209 cm™ and 1408 cm™ can unambiguously be
essentially ascribed to signal arising from ion-solvating PC molecules: in this case, the signals
associated to carbonate and alkyl carbonate species in the SEl are practically absent. The
rising of this positive signal means that the Li*-solvating PC has its concentration increased
during the electrochemical cycling. This indicates that the Li*-solvating PC is preferentially
trapped into the SEl layer, while all the other solvents are displaced by the growth of the SEI
layer. The relative absence of SEl signals with vibration modes similar to those observed in
LiClO, electrolytes is counterbalanced by the presence of positive signals between 1000 cm™
and 1150 cm™ related to the C-O vibration stretching in ROLi and the formation of
pon(VC).127’128
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Fig. 46 — ATR-FTIR spectra of a-Si:H obtained in situ during electrochemical cycling in 1M LiClO, in PC
and 1M LiPFg in PC:EC:3DMC (2% VC, 10%FEC).

The in situ FTIR measurements obtained for amorphous silicon based electrodes in
1M LiPFg in PC:EC:3DMC (2% VC, 10% FEC) reveal the formation of polymeric VC during the
first electrochemical cycle. Actually, poly(VC) compound have most of its characteristic
vibration bands located in the regions of strong electrolyte absorption or out of the spectral
accessible range, at 1817 cm™, 1147 cm™ and 758 cm™, according to reference 129. Only the
broad absorption band located at 1080 cm™ could be used for characterizing the formation
of poly(VC) on silicon electrodes. It was observed that poly(VC) is constantly being formed
and its total amount practically triplicates within ten electrochemical cycles.

It was already observed elsewhere that the surface film formed in LiPFs based

130,131

electrolytes has an important variety of inorganic composition. The production of

inorganic compounds in the presence of LiPFg comes from its unavoidable decomposition

but also can be increased by water contamination, as shown in Eq. 3.10a-d."****?

LiPF¢ S LiF + PFs (3.10a)
PFs + H,0 = PF30 + 2HF (3.10b)
PFs + 2xLi" + 2xe” — LixPFs., + XLiF (3.10¢)
PF;0 + 2xLi + 2xe” — LixPF3.,O + xLiF (3.10d)
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Unfortunately, most of the infrared signals from inorganic compounds possibly
formed in the studied system are located out of the accessible spectral range or in regions of
intense absorption of silicon. In this case, we search for evidences of inorganic compounds
formed on silicon based electrodes deposited on ATR crystal made from germanium, even
though this system does not allow us to finely control the state of the lithiation achieved by
the silicon thin film, as previously discussed in this chapter.

In this case, FTIR was in situ measured for a silicon thin film deposited on a
germanium ATR crystal and used as an electrode during silicon electrochemical lithiation.
The spectrum shown in Fig. 47 has been recorded when the potential reaches the lithiation
plateau (i.e., at a stage where a significant part of the SEl is thought to have been formed).
The spectrum confirms the presence of different inorganic species generated from the
decomposition of LiPFg: Si-F, Si-F5, Si-F3 and P-0-C.%®

3 - a-Si:H in 1M LiPF, in PC:EC:3DMC (2% VC, 10% FEC)

v P-O-C

Si-F v, SiF, vP-O-C

N v, SiF,
.

Change in absorbance
Al/l per reflection (1000x)

880 900 920 940 960 980 1000 1020 1040 1060
Wavenumber (cm™)

Fig. 47 — FTIR spectra of a-Si:H obtained in situ in 1M LiPFg in PC:EC:3DMC (2% VC, 10%FEC)
using a germanium ATR crystal.

The differences in the SEI composition obviously result from the change in the
electrolyte composition and have consequences on the electrochemical performance of the
electrodes. Comparing the capacity values of a-Si:H based electrodes electrochemically
cycled in 1M LiClO4 in PC to those obtained in 1M LiPFg in PC:EC:3DMC (2% VC, 10% FEC), we
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noticed an increase in the irreversible charge for cycling in LiPFg based electrolyte. Fig. 48
shows the electrochemical response of in situ experiments in 1M LiClO4 in PC and 1M LiPFgin
PC:EC:3DMC (2% VC, 10% FEC) during the first electrochemical cycle. The presence of an
electrochemical peak at the very beginning of the electrode lithiation, from about 1.25 V vs.
Li/Li* until the lithiation plateau, highlights the presence of intense electrochemical reactions
prior to silicon lithiation, such as the preferential reduction of electrolyte additives. In
general, electrochemical cycling of silicon in the LiCIO; based electrolyte results in an
apparent lithiation capacity decreased by 380 mAh g as compared to the LiPFg based
electrolyte. This is obtained practically without affecting the reversible capacity, which is
decreased only by 50 mAh g*, resulting in a decrease of the irreversible capacity by
330 mAh g™

309 i LiCIO, in PC
| —— IMLIPF, in PC:EC:3DMC (2% VC, 10% FEC)

2,54

2,04

E(WV),

1,64

1,04

O‘Sik

0,04

0 1000 2000 3000 4000
Capacity (mAh/g)

Fig. 48 — Electrochemical cycling of amorphous silicon electrodes
in different electrolytes using the in situ FTIR cell.
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SEI thickness estimation

The presence of negative-going infrared bands, previously explored in this chapter,
was accounted for in terms of the formation of the SEI layer resulting from the consumption
of chemical species present in the electrolyte and yielding electrolyte displacement away
from the silicon surface. The infrared signal collected in ATR geometry comes from the
infrared absorption experienced by the evanescent wave within its penetration depth into
the electrolyte. The SEl layer can be imagined as a moving barrier coming from the
electrode/electrolyte interface and growing into the electrolyte. This layer contains not only
the decomposition products due to electrolyte instability, but is in a first approximation free
of electrolyte. In a more realistic picture it contains some electrolyte, especially the solvent
molecules that during the lithiation/delithiation are affected by the electrode processes. The
solvent molecules exhibit peculiar spectroscopic signature because they are modified by the
change in the lithium concentration, resulting in different solvation configurations along the
electrochemical cycle, but also by the chemical environment. For example, once trapped in
the SEI layer, PC can still keep its solvent properties and allow for an effective ionic
conduction in the passivation layer.

SEl therefore appears as a transition layer between the bulk electrolyte and the solid
electrode, containing different chemical species from the decomposition products, solvated
Li* ions, and a somewhat modified electrolyte composition. This SEI layer also presents a
dynamic behavior, changing its chemical composition and effective thickness during each
electrochemical cycle but also from cycle to cycle. All these characteristics turn the concept
of SEl to be complex, with an important factor related to the solvation and diffusion
properties of the electrolyte along electrochemical cycling. It also confirms the importance
of in situ measurements for revealing the exact changes in this complex medium in the
original chemical environment.

In order to estimate the thickness of the SEI, we measured the intensity of the
negative-going infrared bands appearing during electrochemical cycling. As previously
discussed, the negative absorbance values obtained by FTIR represent that the measured
absorbance in a given wavenumber is less intense than the absorbance at the same
wavenumber in the reference spectrum, revealing the decrease in the concentration of
species having a given vibration mode averaged along the evanescent infrared probed
region.

The infrared signals recorded in situ during electrochemical cycling exhibit negative
peaks exactly coinciding with much more intense positive peaks of the electrolyte spectrum.
This difference in intensity is due to the fact that in the entire probed region, only a small
part was modified by the electrochemical processes in the in situ system. This modification is
that corresponding to the balance between species created, excluded or modified by the
formation of the SEI layer. The intensity of the electrolyte spectrum corresponds to

88



electrolyte absorption along a (know) probe depth, the change in intensity measured in the
in situ spectrum corresponds to the electrolyte absorption across the (to be determined) SEI
thickness. Therefore, by comparing the intensities of these two spectra one can deduce the
SEI thickness from the quantity of electrolyte displaced/modified by the growth of the SEl
layer. Of course, in view of the above discussion, this moving boundary approach which
assimilates the SEl to a compact layer completely excluding the electrolyte from the
interface with a-Si:H can only be considered as a rough approximation providing a schematic
order of magnitude. Moreover, a closer look to the data reveals some variations from peak
to peak in the relative intensity of the negative peak from the in-situ spectra to that of the
positive peak of the electrolyte spectrum. Such a difference might be due to the fact that
some chemical bonds are preferably modified during cycling, affecting their vibration modes
(experimental incertitude could also possibly account for the discrepancy, as discussed
later). This experimental observation is illustrated in Fig. 49, where the negative-going peaks
obtained for hydrogenated a-Si:H after electrochemical cycle are compared with the
respective peaks in the electrolyte spectrum. Labels of peaks represent the normalized
values of intensity using as reference the most intense signal at 1277 cm™ for 1M LiPF¢ in
PC:EC:3DMC (2%VC, 10%FEC), and the signal at 1354 cm™ for 1M LiCIO; in PC. The
electrolyte spectra at the top of Fig. 49 have their intensity values reduced in order to match
the intensity of its reference vibration mode with the intensity of the same band in the in
situ measured spectra. Such a reduction was obtained by multiplying the electrolyte
spectrum by a matching factor (k,), indicated in the figure. Additionally, the spectra of the
reference electrolytes are artificially shifted to higher ordinates for allowing a clearer
comparison to be performed with the a-Si:H electrode signals.
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Fig. 49 — Intensity comparison of vibration modes between the reference electrolyte spectra (top) and the in situ
obtained spectrum of a-Si:H electrode (bottom) after electrochemical cycle in different electrolytes.

The difference in the ratios of band intensity between cycled electrodes and the
electrolyte demonstrate that the SEI thickness estimation can vary according to the vibration
mode selected as reference and the reliability of the baseline correction. In order to
minimize these sources of imprecision, the calculations were performed by selecting the
most negative band observed in the spectrum, which also present a corresponding peak in
the electrolyte spectrum. This choice is itself questionable, since the corresponding
electrolyte absorption is so large that the transmitted signal is close to zero. It has been
verified that selecting other peaks as the reference finally yield similar results within a 10%
variation. Whatever this choice is, it is not possible to confirm whether the decrease in
absorbance (resulting from the SEI growth) is also modified by overlapping with a positive-
going signal, affecting the final intensity value. In this case, it is cautious to call the calculated
SEl thickness as a minimum SEI thickness estimation, considering that the selected band can
contains a positive contribution, which cannot be identified. Also, if the SEl is now regarded
as a solid phase with a more or less open porosity, the thickness estimation actually relies in
the volume of the solid phase per unit area, which means that the actual SEI layer will be
again thicker than estimated.
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Fig. 49 also illustrates the procedure used for estimating the amount of electrolyte
displaced/modified by the growth of SEI layer. In the same way, all the spectra measured in
this work were submitted to a similar procedure, which consists in rescaling the electrolyte
spectrum in order to match the most negative band observed in the spectra obtained during
electrochemical cycling. This scaling procedure directly allows for the minimum SEI thickness
estimation. The scaling factor k,, resulting from this procedure is used as a coefficient for
converting the penetration depth of the evanescent infrared wave into the thickness of the
SEI.

However, for computing the penetration depth, the values of refractive index of the
employed electrolytes are needed. The refractive index of fresh electrolytes was obtained by
measuring the critical angle of total internal reflection in the visible. The values of refractive
index in the range of near and middle infrared were obtained by the extrapolation of the
measured values on the basis of Cauchy equation.l‘g“q"§ The obtained values of refractive
index are presented in Table 4.

Table 4 — Refractive indexes of different electrolytes measured in the visible light range and extrapolated to infrared
range.

Refraction index according to electrolyte composition

Wavelength (hm)  Wavenumber (cm™) 1M LiClO, in PC IMLiPFgin 1M LiPFq in PC:EC:3DMC

PC:EC:3DMC (2%VC, 10%FEC)
s 450 22222 1.429 1.395 1.395
2 600 16666 1.422 1.388 1.389
[}
= 750 13333 1.419 1.386 1.385
8
g 2500 - 11000 4000 - 910 1.413 1.381 1.380

The measured values of refractive indexes were found to be stable with time under
atmospheric conditions. Moreover, due to the shape of Cauchy equation, the refractive
index curve becomes practically flat for high wavelengths and the refractive index values
estimated for the infrared range resulted in a single value in the whole region of interest.

Refractive index values can be directly used in equation 3.11 for calculating the
penetration depth of the evanescent infrared wave at a given (totally reflection) interface.

A

N 2m(n,2sin2@ — n,2)1/2

dp (3.11)

5 Cauchy equation: n(A\)= A+(B/ A*)+(C/ \')+...
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In this equation, d, is the penetration depth from the silicon surface into the electrolyte, A is
the wavelength correspondent to the vibration mode of the analyzed band, 6 is the angle of
incidence of the infrared beam (45°), n, and n,, are respectively the refractive index of the
ATR crystal (3.418 for c-Si in the IR range)134 and of the electrolyte, determined for the
wavelength of the analyzed band.

The penetration depth was calculated for 1M LiClIO4 in PC using the estimated
refractive index of 1.413 for the vibration mode at 1354 cm™ (7385 nm), resulting in a value
of 600 nm for d, Similar calculation was performed for 1M LiPFs in PC:EC:3DMC
(2%VC, 10%FEC) according to the estimated refractive index of 1.380 for the vibration mode
located at 1277 cm™ (7831 nm), resulting in a value of 628 nm for d,. SEI thickness (dsg) was
estimated based on the relation between negative-going and electrolyte signals represented
by km, and the depth of penetration of the infrared probe (d,), according to Eq. 3.12:

dSEI = dp/2 . km (312)

In this equation, the factor 2 comes from the fact that d, is the probe depth
associated with the infrared electric field, whereas infrared absorption is proportional to the
square modulus of this field (the infrared intensity). Therefore, values of d, represents twice
the thickness of electrolyte probed by the infrared beam during the in situ experiment. It is
important to recall that the peaks selected for determining k,, are located in regions of
intense infrared absorption for both electrolytes, a source of uncertainty estimated by
calculating k,, on the basis of different absorption bands, which results on uncertainty of
~10%. Fig. 50 shows the estimated values of SEI thickness along the first electrochemical
cycle of a-Si:H based electrodes with different surface pretreatments in 1M LiCIOQ4 in PC and
1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC). The points in the plots correspond to the values
calculated from the negative-going FTIR bands in situ measured during electrochemical
cycling as described by equation 3.12, and the line represents the Gaussian fit to the
estimated results. Contrary to cycling curves presented up to now, capacity values are
plotted continuously as exchanged capacity values. In spite of this choice, the limit between
lithiation and delithiation can still be recognized and identified to the maximum of the
Gaussian curve.

For both electrolytes, the estimation of the SEI thickness is found to vary according to
the exchanged charge, increasing its thickness during lithiation and decreasing during
delithiation. Maximum values of the SEl thickness are observed for the maximum values of
lithiation in all the electrodes analyzed. However, even after such an impressive fluctuation
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in size, the final thickness obtained after the first cycle demonstrate that this phenomenon is
not completely reversible, as expected.
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Fig. 50 — SEI thickness estimation during first electrochemical cycle in 1M LiClO, in PC (a-c)
and in in 1M LiPF¢ in PC:EC:3DMC (2%VC, 10%FEC) (d-f). The dash line on the plots
corresponds to the roughly to the limit between lithiation and delithiation

The comparison between the two different electrolytes used for in situ experiments
is consistent with the effect of additives in promoting the formation of blocking SEI layers
with enhanced effective thickness. At the end of the first cycle, the SEI thickness obtained in
1M LiClO4 in PC was between 9 nm and 16 nm, depending on the surface pretreatment,
while in 1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC) the thickness was estimated between
21 nm and 38 nm.

Surface pretreatment plays an important role on the fluctuation and final values of
SEI thickness, independently on the presence of electrolyte additives. It was observed that
pristine surfaces result in thin SEl layers, while hydrogenated and grafted surfaces yield to
enhanced thickness values. Acid functionalized surfaces have also a noticeable effect on the
SEl variation by decreasing the maximum value of the fluctuation observed at high states of
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lithiation. The barrier effect obtained by the grafting of undecylenic acid molecules on a-Si:H
electrodes helps in stabilizing the growth of the SEI, leading to a final protection layer
somewhat thicker.

Fig. 51 shows the evolution of the SEI thickness during several cycles. The points in
the plot represent the estimated SEI thickness value at the delithiated state, at the end of
the respective cycles. The guiding line plotted through the experimental points in the Fig. 51
was obtained by fitting the experimental points to Hill function.” The fast SEI growth
observed during the first electrochemical cycle is quickly stabilized for grafted electrodes in
both electrolytes. Electrodes cycled in 1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC) developed
thicker SEI layers than in 1M LiClO4 in PC, as already evidenced for the first electrochemical
cycle. The thickest SEI layer was estimated in 30 nm for hydrogenated a-Si:H in 1M LiPFg in
PC:EC:3DMC (2%VC, 10%FEC) after ten cycles, while for grafted electrodes it was estimated
to be 26 nm. For electrodes tested in 1M LiClOQ,4 in PC the thickest SEI layer was estimated to
be 14 nm, while for grafted electrodes it was stabilized to 10 nm.
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Fig. 51 — SEl thickness estimation during electrochemical cycling in 1M LiClO, in PC (a-c)
and in 1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC) (d-f).
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The fast SEI growth during the first cycle, and further stabilization, verified for acid-
grafted electrodes in both electrolytes, can be correlated with the improved electrochemical
performances of these electrodes treated with undecylenic acid. The SEI thickness formed
on acid-grafted electrodes shows that the grafted molecules do not prevent the formation of
the passivation layer which reaches thickness values similar to pristine electrodes after some
cycles. However, the efficient formation of the SEl layer in the first cycle and the apparent
stabilization with cycling suggests the production of a compact layer with enhanced
passivation properties. It is believed that the undecylenic acid molecular layer participates
on the SEl formation by efficiently offering anchoring points on the decomposition products
of the electrolyte, helping in densely packing the SEI layer.

For the case of PC based electrolytes the analysis of the electrolyte
displacement/consumption is more complex due to the overlapping of positive-going peaks
related to the SEI formation, in particular for the case of pristine electrodes. Therefore, the
last two points in Fig. 51a, corresponding to cycles 5 and 10, were fitted in a wider spectral
window centered on the selected peak (1354 cm™), resulting in a less accurate estimation of
the SEI thickness for these cases. The same procedure was used for fitting the last point in in
Fig. 51c, corresponding to the tenth cycle of the grafted electrode.

Reconstructed SEI spectrum

The complex electrode processes in Li-ion batteries, in particular from the point of
view of FTIR spectroscopy, led to us to look for a method for isolating SEl contribution in the
in-situ infrared spectra. As shown hereafter, it yields the conclusion that the SEI layer is
perceived as a layer formed by decomposition products from the electrolyte reduction,
reactions with impurities, but also by the important presence of the electrolyte. The major
role played by the electrolyte consists in ensuring the lithium supply, which can be
particularly verified by the solvation effects observed by the in situ measurements during
the electrochemical cycling. This demonstrates that the SEl layer is a dynamic evolution of
the electrolyte components into decomposition products and high solvated species.

Spectroscopically, the difference between SEI formation and electrolyte displacement
was until now simply discriminated by the intensity of the vibration modes, meaning
negative or positive going bands. However, electrolyte modification leads to the formation
of negative-going peaks with signal characteristics very similar to the pristine electrolyte
signal, as previously demonstrated. The SEIl layer formed on silicon surface can also contain
species with similar vibration modes than the electrolyte, which results in the overlapping
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between positive and negative-going signals during the SEI growth and electrolyte
displacement. Fig. 52 illustrates the main contributions to the FTIR spectra in the
electrochemical system here studied.
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Fig. 52 — lllustration of the main phenomena affecting the FTIR signal in the in situ experiments.

The electrochemical system differs from the mass-transfer-controlled model by the
increase in the lithium ion concentration in the vicinity of the electrode over the diffusion
layer of thickness &, as experimentally verified. The comparison between the pristine FTIR
signal measured for a reference vibration mode in the electrolyte and the one obtained
during the in situ measurements was used to define the scaling factor (k) and estimate the
SEl layer thickness. Therefore, within this analysis multiplying the spectrum of the pristine
electrolyte by k., yield the spectrum corresponding to the signal lost by the electrolyte
displacement due to the SEI formation. Conversely, if the scaled electrolyte spectrum is
added to the original experimental, in-situ spectrum, the resulting spectrum essentially
represents the actual modification due to the presence of the SEl layer.

Therefore, this procedure identifies and removes from the in situ data the negative
contributions due to electrolyte displacement, allowing for disclosing the SEI signal originally
masked by the negative-going bands.

Fig. 53 shows the signal in situ obtained for silicon hydrogenated surface in 1M LiPFg
in PC:EC:3DMC (2%VC, 10%FEC) during the first lithiation (a) and during successive cycles (b).
The black lines represent the in situ spectra experimentally obtained and the green signals
represent the reconstructed spectrum after applying the electrolyte correction. The
reconstruction was calculated based on the compensation of the C-O-C asymmetric
stretching vibration mode of DMC at 1277 cm™, gray mark in Fig. 53. This signal can be
mainly affected by electrolyte displacement and ion solvation.
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Fig. 53 — Reconstructed SEl spectra, after correcting for the electrolyte-displacement effects,
calculated at several steps of the first lithiation (a) and along cycling life (b). Black lines are
the measured spectra and the green areas represent the reconstructed spectra.

Comparing both reconstructed and pristine electrolyte spectra (black spectra at the
bottom of Fig. 53) it comes that the SEl layer is composed of the combination of
decomposition products, as previously assumed, and an important amount of the Li'-
solvating electrolyte. The SEI layer might also contain some amount of free (non solvating)
electrolyte, but the correction method does not provide the possibility to distinguish it from
the compensated electrolyte displacement contribution. The method also distinguish
between the bulk and surface signals, as verified by the presence of a negative band at
2000 cm™ related to Si-H bond consumption during electrochemical cycling in both original
and reconstructed spectra.

Bulk lithiation

It was observed during the in situ experiments that the global absorbance in the
entire spectral window was modified when the lithiation plateau was reached and the
lithium concentration in the amorphous silicon thin layer increased. Such a modification
corresponds to the increase of the absorbance signal varying almost linearly with
wavenumber, resulting in a complete baseline shift. Interestingly, the phenomenon appears
directly related to the amount of lithium inserted in the amorphous silicon layer since it is
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completely reversible. Fig. 54 shows the baseline shift during the first electrochemical cycle
of an amorphous silicon thin film based electrode, where the black spectra were obtained
during lithiation and the green spectra during delithiation.
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Fig. 54 — Background infrared absorption recorded during a lithiation/delithiation cycle,
appearing as a reversible shift of a linear baseline.

Notice that the change in the spectra reaches very intense values of absorbance and
even the intense negative bands related to the loss of Si-H bonds centered at 2000 cm™,
previously described in this chapter and shown in Fig. 42, becomes merely discernible at this
absorbance scale. Additionally, at high level of lithiation, the lithiated layer becomes so
absorbing that practically no infrared radiation is transmitted through the ATR prism, as
apparent from the noisy spectral region at wavenumber above 2500 cm™.

Baseline shifts in FTIR spectra obtained during in situ experiments have rarely been
observed and discussed in the literature. It appears associated with the original
experimental cell design proposed in this work which allows for probing silicon lithiation at
the same time as SEl formation. To our knowledge, no experimental work describes such
phenomena. A certain similarity can be found with some results displayed in the reference
95 but on a different system — positive electrode —and a much lower amplitude.

The relationship between base line shift and lithiation of the silicon thin film was
quantified by following the absorbance values at 2500 cm™, a very linear part of the
apparent baseline. Fig. 55a illustrates the general increase in absorbance with the quantity
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of lithium inserted into the amorphous silicon thin film for different electrochemical cycles in
1M LiClIO4 in PC. In parallel, Fig. 55b shows the lithiation and delithiation capacities obtained
for this system from the electrochemical measurements, helping in verifying the relation
between absorbance and state of lithiation.

We notice that the maximum absorbance value follows the cell capacity during
cycling, even if the absorption value seems not to linearly scale with the capacity value.
During the first cycle, the plot of the absorbance vs. capacity appears quite different during
lithiation and delithiation, resulting in a curve exhibiting a large hysteresis. Such an effect is
the result of two different contributions. The first one is related to the fact that during the
first lithiation, the charging current is partially consumed for SEI formation and partially used
for bulk lithiation. This low Faradaic efficiency for lithium alloying results in a stretching of
the capacity scale, probably accounting (at least partially) for the large hysteresis. In the
same way, but with opposite effect, the possible parasitic electrochemical reactions modifies
the horizontal scale during delithiation. The second contribution, which is certainly the
dominant one, will be discussed at the end of the present section.
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Fig. 55 — FTIR absorption intensities at 2500 cm? (a) measured in situ during the electrochemical cycling of amorphous
silicon thin film electrode in 1M LiClO, in PC; (b) lithiation/delithiation capacities simultaneously recorded during
lithiation and delithiation, as function of the cycle number.

Fig. 56a shows the plot of absorbance vs. capacity for in situ spectra recorded for
amorphous silicon electrochemical cycled in 1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC). The
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results demonstrate a strong loss of maximum absorbance value along the cycling life, which
exactly corresponds to the electrochemical performance of the system, as shown in Fig. 56b.
This confirms the fact that the increase in general absorption is related to bulk lithiation.
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Fig. 56 — FTIR absorption intensities at 2500 cm? (a) measured in situ during the electrochemical cycling of amorphous
silicon thin film electrode in 1M LiPFg in PC:EC:3DMC (2%VC, 10%FEC); (b) lithiation/delithiation capacities
simultaneously recorded during lithiation and delithiation, as function of the cycle number.

The difference between the electrochemical performances of silicon in the different
tested electrolytes indicates that the nature of the SEI layer plays an important role on the
electrochemical processes. As compared to the layer formed in 1M LiCIOQ,4 in PC, LiPFg based
electrolyte is found to generate an homogeneous SEl with high blocking properties,
observed by the efficient electrolyte displacement/consumption and the formation of
negative-going infrared signals. Both passivation layers have similar growth rates on silicon
electrodes, however according to Fig. 56b the LiPF¢ based electrolyte is found to deteriorate
silicon lithiation capability upon cycling.

Absorbance variation during electrochemical cycling is clearly shown to be related to
the lithium concentration in the amorphous silicon thin film electrode. The principle behind
such a phenomenon is still not completely understood, however different possible origins
can be considered. One of these possibilities would be that the geometrical changes
(swelling) taking place during the electrode lithiation affect the number of total reflection in
the ATR prism. This hypothesis can be excluded when considering the relative thickness of
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the ATR crystal and of the active silicon layer where the truly geometrical modification takes
place. For example, the predicted volume expansion of the amorphous silicon during
lithiation would generate an infinitesimal increment on the total geometry without actually
affecting the final FTIR measurement. Similarly, the enhancement of the optical path in
silicon associated with a-Si:H swelling can be neglected as long as a-Si:H remains essentially
transparent to infrared radiation.

The fact that silicon undergoes a large volume expansion under electrochemical
cycling could make us believe that a series of structural defects are formed during this
process generating optical losses along the pathway of the infrared beam. It is known that
the fracture of silicon thin film electrodes starts during the delithiation process when the

135 The appearance of

material recover its original volume and is submitted to tensile efforts.
such fracture networks cannot be related to the effect under present consideration since it
would lead to an effect opposite to the experimentally recorded (the general absorption
increases during lithiation and decreases with delithiation). Moreover, it was verified that

the electrochemical limits used for in situ experiments did not lead to crack formation.

Another possibility is the dispersion of the reflected infrared by surface or bulk
defects on the electrode. Such bulk defects can origin from an inhomogeneous lithiation
process of the silicon layer with the formation of zones of increased lithium concentration,
resulting in the scattering of the infrared beam. Singular surface effects might be involved in
the SEI. Though that this type of inhomogeneity is thermodynamically unfavorable, it could
have taken place during electrode lithiation at high rate, especially knowing that lithium
diffusion can be very sensitive to alloy composition and that minimal diffusion coefficients
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have been estimated for the case of pristine silicon.”™™ However, it is believed that thin film

silicon electrodes are lithiated in a very homogeneous way and in between a very narrow
region (~1 nm) of phase transition between delithiated and lithiated phases.”>**’
Additionally, such phenomena will probably follow a fast increase of the general absorption,
starting from the very beginning of the lithiation process, due to the generation of scattering
sites on the surface of the ATR crystal, whereas (except for the first lithiation) the gradual
increase in absorption recorded in our experiments takes place above a significant lithiation

level of the a-SiH layer.

The changes in the electrolyte’s refractive index could also lead to changes in the
penetration depth of the evanescent wave, as previously mentioned. It is likely that the
lithium consumption and electrolyte decomposition could affect the optical properties of the
electrolyte during cycling. However, in this case, only a drastic modification in the refractive
index could result in an effective change in the infrared absorbance. We estimate, for
example, that the complete consumption of lithium ions from the electrolyte would result in
a slight change of about 3 nm in the d,. Moreover, in this case, a change in electrolyte
absorption would be essentially observed rather a baseline shift.

101



In the infrared range, the refractive index of semiconductors can vary with doping

138 sjlicon refractive index can be

level, injected carrier and impurities concentration.
modified during lithiation with consequences to its general absorption. Different
electrochromic devices are designed based on the principle that lithium concentration can
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tune the complex refractive index of lithium intercalating materials.
case, the alloying of lithium and silicon could generate extra absorption within the active
layer (which is essentially transparent in the pristine state). The associated mechanism does
not appear to be associated with free-carrier generation (though lithium could act as a donor
impurity in silicon), which would yield a different spectral dependence. It appears more
evocative of a transition involving localized state (like e.g., impurities in semiconductors), but
in the absence of knowledge about the electronic structure of the lithium-silicon alloy
formed in the process, it appears difficult to propose a reliable mechanism for such an extra
absorption. However, the assignment of the infrared absorption to the formation of a highly

lithiated phase appears the most plausible.

Whatever the actual mechanism is, it can be remarked that the two possible ones
considered up to now (diffusion by inhomogeneities or lithiation-induced absorption in a-
Si:H) are questioning the simple picture of an homogeneous lithiation, taking place by
progression of a lithiated zone from the electrolyte side to the electrode one. If absorption is
to ascribe to optical inhomogeneities, it would mean that the lithiated zone is spatially
inhomogeneous. If absorption is due to the formation of a highly lithiated phase, the
peculiar shape of the infrared absorption profiles as a function of the lithiation charge
(Fig. 55a and Fig. 56a) have noticeable consequences in terms of lithium diffusion in the
material. During the first lithiation the picture of a moving boundary between an outer
heavily lithiated region and an inner, lithium-free material,’*" is consistent with the
experimental profile: the heavily lithiated, infrared absorbing zone quickly formed at the
surface widens upon current flowing, accounting for the essentially linear profile recorded
during the first lithiation. In this picture, heavy surface lithiation starts almost as soon as the
current is flowing (very small induction time before the inset of infrared absorption) and SEI
formation takes place during most of the lithiation phase (profile slope about unchanged,
e.g., as least from ~200 to ~2700 mAh g'), in agreement with the infrared characterization of
the SEI. During subsequent lithiation/delithiation cycles, the increase in the infrared
absorption upon lithiation is delayed and appears only after having passed a charge of
~1000 mAh g (somewhat less in the LiPFg based electrolyte, see Fig. 56a). This fact suggests
that the material has been modified by the first lithiation/delithiation cycle, and that now
during the first stage of lithiation, the diffusion of Li ions in the active material is fast enough
to prevent the formation of the heavily lithiated, infrared absorbing phase. This phase is
formed only during a second phase (above ~1000 mAh g), reaches a critical threshold. The
picture of the moving boundary between lithiated and lithium free material, applicable to
the first lithiation, does not appear to capture the actual physical processes for the
subsequent lithiations.
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3.4 - Conclusions

We have shown in this chapter the advantages of FTIR in situ measurements for
characterizing the SEl layer formed on the surface of amorphous silicon based electrodes.
The developed experimental setup allows for surveying different electrode processes taking
place during the electrochemical cycling and probing the entire thin film active material and
a ~300 nm region in the electrolyte, at the vicinity of the electrode surface.

In situ experiments based on silicon ATR crystal exhibit similar electrochemical
performances to those obtained in standard electrochemical cells, validating the relevance
of this in situ experimental setup. However, the use of germanium crystals did not offer
satisfactory conditions for the electrochemical experiments.

It was observed that a barrier for lithium incorporation tends to be formed at the
surface of amorphous silicon electrodes, showing that, at least in our experimental
conditions, lithium alloying is under kinetic control. Based on in situ measurements, we
could identify the increase in lithium concentration on the vicinity of the silicon electrode
during lithiation and the partial reestablishment of the original concentration with
delithiation. The SEI layer appears to trap part of the lithium ions in a solvated state during
cycling, giving evidence for the important role played by the solvation properties of the
electrolyte in the SEI layer and the singular possibility of identifying such phenomena offered
by the in situ FTIR measurements. This is additionally evidenced by FTIR spectra which
compensates the effects of electrolyte displacement by the SEI layer.

Some of the silicon surface modifications proposed in chapter 2 were in situ
investigated in the present chapter. The results demonstrate that the silicon surface
pretreatment affects the SEI formation, evolution and stabilization during cycling, as
represented in Fig. 57. At hydrogenated silicon surface, a highly covering and uniform
surface SEl layer is formed, which is, rich in LMC and other ROCO,Li compounds. The silicon
grafting with undecylenic acid allows for impeding parasitic electrochemical reactions,
resulting in a fast growth of the SEI layer. In this case, the SEl is first formed by a mixture of
LMC and ROCO,Li with Li,CO3. However further electrochemical cycles convert the LMC
species into the general form of ROCO,Li. Additionally, SEl formed on grafted silicon surfaces
presented decreased thickness fluctuation with cycling, in agreement with the assumed
positive impact of the grafting for anchoring the SEl layer.

103



a) Pristine surface
(1)

0
PN

20 0 + 2L

b) Hydrogenated surface
(1)
o]
2 oJLo + 2L

—T

c) Grafted surface
(1)
o]
A

207 0+ 20*

i

(2)

CH,=CH,
1

- 1
LMC rich ROCO,Li

(2)

CH,=CH,
__

-
LMC rich
ROCO,L Li;CO;

(3)

B SEl detachment
FY

ROCOLL > LizCOs *+ CH:=CH,

—

(3)
Increased
solvation

region

ROCO,Li ‘

(3)

ROCO,Li Li,CO;  Li,CO,

{4]1

()

| l

Fig. 57 — SEl evolution on amorphous silicon based electrodes according with different surface states.

The SEI layer plays an essential role on the electrochemical processes in Li-ion
batteries, therefore different surface pretreatment can result in improved electrochemical
performances. Fig. 58 presents the capacity values measured for amorphous silicon based
electrodes with different surface chemical pretreatments measured using the in situ setup,

where the improved performance of surface grafted materials appears for the two

investigated electrolyte compositions, demonstrating the positive effect of undecylenic acid

grafting on silicon electrodes (decrease in the irreversible capacity).
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Fig. 58 — Capacities values measured for the first electrochemical cycle of silicon electrodes with different
surface states at different electrolyte compositions. Black bars correspond to lithiation capacities and
gray bars to delithiation capacities.

In addition to all the surface phenomena revealed by the in situ FTIR experiments,
two main effects of lithium insertion in amorphous silicon electrodes were observed. During
the first silicon lithiation most of the silicon-hydrogen bonds present in the amorphous
material are irreversibly broken. The FTIR technique is also able to distinguish between
surface and bulk Si-H bonds; it reveals the consumption of surface Si-H species during the SEI
formation and of bulk ones during silicon lithiation. Additionally, lithium concentration in the
bulk material interestingly affects the infrared absorbance in the entire accessible special
range, giving a direct evidence of the state of lithiation of the thin-film electrode and
bringing experimental facts questioning the models of lithium incorporation in silicon.

Fig. 59 summarizes the general features of amorphous silicon based electrodes in situ
observed during electrochemical cycling. It is shown that during electrode lithiation, the SEI
formation is accompanied by the consumption of Si-H, surface species, followed by the
consumption of bulk Si-H bonds upon silicon lithiation. During silicon delithiation an
important part of the SEl layer is also consumed, except on acid-grafted electrodes in which
the latter phenomenon is much reduced.
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Chapter 4

electrochemical

consumption.

Here we study the effects of the bulk
chemical composition on the
performance of
amorphous silicon electrodes. For
this purpose, we suggest a method
for differentiating between surface-
and bulk-related irreversible charge

Amorphous silicon methylation

and charge differentiation
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4 - BULK METHYLATED a-Si:H AND CHARGE DIFFERENTIATION

4.1 - Bulk methylated amorphous silicon - a:Sio.o(CH3)o.1:H

Until now we have dedicated a great attention to surface based electrode processes,
most of the time related to the formation of the solid electrolyte interphase. However,
lithiation implicates a complete change in the structure of silicon electrodes, also giving
place for bulk related phenomena, as noticed, for instance, at the end of the previous
chapter.

The high Li/Si ratio and the intense volume expansion achieved during silicon
lithiation results in a complete change of the pristine structure of silicon. This change in the
active material can directly affect the electrode performance in different ways. The volume
change can result in the detachment of part of the active material, losing its efficient
electronic contact with the electrode and ending up isolated. Once part of the electrode
material is detached, it does not only carries with it part of the reversible capacity but also
expose a fresh surface which will consume some extra charge for being passivated. On the
other hand, such an intensive structural change could also result in trapping of lithium into

the silicon electrodes, 4143144

Silicon undergoes continuous structural changes during the alloying process with
lithium, which may lead to unfavorable energetic conditions for the delithiation of some
atomic sites and result in the trapping of lithium atoms in the bulk material. Once trapped,
these atoms do not contribute to the reversible capacity, representing a source of
irreversibility of the electrode. Experimental evidence of this irreversible process can simply
be obtained by changing the chemical composition of the active material, and then affecting
the alloying/dealloying process, or by playing with the dimensions of the electrode active
material, varying the amount of atoms trapped in the system.

In the last two chapters, we have put forward surface effects by changing the nature
of the electrode surface, i.e., by using various chemical surface treatments prior to
submitting the electrodes to lithiation/delithiation cycles. Similarly, we propose here to
investigate possible bulk effects responsible for irreversible processes by changing the
composition of the bulk active material.

For this purpose, PECVD technique allows for precisely tuning chemical composition
and thickness of silicon thin film deposits. The chemical composition of the amorphous
silicon electrode can be adjusted by changing the composition of the gas precursor mixture.
It was previously described in chapter one that amorphous silicon thin film electrodes can be
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obtained by the decomposition of silane gas under controlled conditions. Using a mixture of
silane and methane, one can obtain the so called methylated amorphous silicon
(a—Sil_,((CH_:,)X:H).21 For the deposition of a-Siy(CHs)x:H layers, CH, is mixed to SiH4 respecting
a total flow of 2 L h™ and pressure close to 40 mTorr. Under these conditions the deposition
rate remains close to 3 nm s, until decreasing for gas compositions over a value of
[CH4]/[CH4]+[SiH4] ~ 0.8.%* We will first give details concerning the material characterization,
then survey its properties as an electrode material in Li-ion systems.

Characterization and electrochemical performance

Incorporation of methyl groups in amorphous silicon deposits can be easily verified
by FTIR analyses. As shown in Fig. 60, it is possible to incorporate methyl groups to the final
deposit by keeping low the plasma power during the deposition. In this case, the carbon
content in the material remains low (C/Si ratio lower than 0.4).”* Methyl incorporation is
evidenced by the presence of CH; stretching vibration modes at 2885 cm™ and 2950 cm™,
and deformation modes at 1235 cm™ and 1400 cm™ for deposits with a carbon content of
10% (spectrum on the top of Fig. 60). When the carbon content is increased, or the
deposition is performed at high power regime, CH, is also incorporated to the amorphous
layer. It is possible to identify in Fig. 60 the rising of CH, related vibration bands with the
increase of carbon percentage or plasma power. CH, vibrational signature consists of the
symmetric stretching vibration at 2860 cm™ and asymmetric stretching vibration at

2920 cm™, and the scissoring vibration mode at 1450 cm™.2
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Fig. 60 —FTIR spectra of a-Si,_,(CH;),:H deposits containing different carbon loads deposited at low or high
power and measured in the transmission mode.
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Methylated amorphous silicon was also electrochemically tested in a standard
electrochemical cell, as described for pure a-Si:H in chapter one. In this case, a-Sipo(CHs)o.1:H
electrodes were prepared by depositing 100 nm thick films on stainless steel substrates.
Cyclic voltammetry (CV) tests were performed in 1M LiClO4 in PC using a lithium foil as
counter-electrode. The potential was scanned at 0.5 mV s* starting from open circuit
potential until 0.1 V vs. Li/Li*. As shown in Fig. 61, methylated amorphous silicon reveals a
differentiated electrochemical behavior when compared to pure a-Si:H electrodes. All the
signals of parasite reactions and electrolyte decomposition observed in the range of
0.5-1.5 V vs. Li/Li* for a-Si:H seem to be vanished from the methylated system, resulting in a
very flat electrochemical signal from OCV (~2.5 V vs. Li/Li") until the lithiation potential.

6Li" + 6a + Mn,O, —» 2Mn’ + 3Li,0 (1018 mAh g")

N""'k

;_E;, 6 6Li" + 65 + Cr,0, -> Cr’ + 3Li,0 ( 1058 mAh g")
i 2Li" +2& + MnO > Mn° + Li,O (756 mAh g”)
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Fig. 61 — Cyclic voltammetry of a-Si,.,(CH;)x:H thin film electrodes compared
to a-Si:H and bare stainless steel electrodes.

Besides this voltammetric characterization, methylated amorphous silicon electrodes
were also tested by the GCPL technique with charging/discharging rate of C/10 and within
the potential limits of 0.1 and 2.0 V vs. Li/Li*. The resulting curve is shown in Fig. 62, where it
is compared with pristine and hydrogenated surface a-Si:H electrodes. Electrochemical tests
indicate an improved performance of bulk methylated amorphous silicon, evidenced mainly
by the large decrease in lithiation capacity, by 1280 mAh g’ between pristine and
methylated. However, the shape of the plot is also affected by the carbon addition, resulting
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in the change of the lithiation plateau into a sloppy profile and decreasing the electrolyte
decomposition at high potential values.
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Fig. 62 — Electrochemical cycle of different amorphous silicon electrodes on stainless steel substrates in 1M LiClO, in PC:
pristine a-Si:H (light gray), surface hydrogenated a-Si:H (gray line) and a-Sig o(CHs)o 1:H (black line).

It could have been expected that the a-Sigg(CHz)o.1:H material presents a lithiation
capacity value decreased by 10% due to the inert carbon content in the material. However,
though the apparent lithiation capacity is decreased by 25% for methylated electrodes as
compared to pristine ones, the value obtained for delithiation capacity remains almost the
same as that of the pristine electrode (which is actually due to a slight change in the volume
density of the material). Once compared with the pristine a-Si:H electrode, the bulk
methylation results in an irreversible charge capacity decrease by 1220 mAh g, coulombic
efficiency increase by 16% and an irreversible capacity, given as a percentage of the
reversible capacity decreased by 48%. Even when comparing to surface hydrogenated
electrodes, methylated electrodes present an increase in the reversible capacity by about
480 mAh g, a decrease in the irreversible capacity by 700 mAh g™, resulting in a coulombic
efficiency of 65%.

Such results give evidence that methylated amorphous silicon have enhanced
properties not only related to the cycle life, as already claimed,? but also to the charge
losses due to secondary electrochemical reactions.
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In situ FTIR of methylated amorphous silicon

As this stage, it is not quite clear whether the significantly improved electrochemical
performance of methylated amorphous silicon electrodes are due to change in the bulk
material composition or change in the surface properties. This question motivated in situ
monitoring of the SEI formation by FTIR on a-Sigg(CHs)o1:H electrodes. In this case, a-
Sig.o(CH3)o.1:H layers were deposited on the surface of ATR prisms for coupled
electrochemical-FTIR experiments.

Fig. 63 shows the in situ FTIR spectra of electrochemically cycled a-Sipo(CHs)o.1:H
based electrodes after different cycles, where most of the identified bands were also
observed for experiments performed on a-Si:H. The spectra have been computed using as
reference the spectrum recorded on the freshly assembled electrochemical system at OCP
before the first cycle. The SEI composition of silicon electrodes does not seem to be much
affected by its carbon content. These similarities also include the shifts due to free/Li*-
solvating solvent signals which follow the same behavior as that previously observed for
pure a-Si:H electrodes. However the amount of the products of electrolyte decomposition is
highly increased in the case of methylated silicon electrodes.

A close look to the intensities of the different SEI components reveals that the ratio
between the two main species (ROCO,Li and Li,COs3) is affected by the carbon presence in
the electrode material. Methylated amorphous silicon exhibits a ROCO,Li content higher
than a-Si:H, stressing the importance of the role played by electrode material composition in
the final SElI composition. Additionally, the SEl layer formed on a-Sigg(CHs)o.1:H based
electrodes appears to be homogeneous and with good covering efficiency, as evidenced by
the negative-going bands in the FTIR spectra which are caused by the electrolyte
displacement.

The analysis of the chemical species present on the SEl layer along the
electrochemical cycling reveals an intensive formation of ROCO,Li rich layer during first
cycle. This layer is particularly rich in methoxy terminated compounds, as shown in Fig. 63b.
However, upon further cycling, this initial layer composition is modified and part of the
methoxy terminated compounds are consumed for forming longer chains. This SEl
modification is revealed by the decrease in the intensity of methoxy related band in the
2750-2881 cm™ region (Fig. 63b) and the simultaneous rise of signals in the 1380-1550 cm™

region (Fig. 63a), typically related to the stretching vibration modes of O-C-O compounds.™!
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Fig. 63 — ATR-FTIR spectra of a-Siy o(CH;)o.1:H obtained in situ along cycling (top)
and the spectrum of the electrolyte (1M LiClO, in PC).

Besides the mentioned somewhat different chemical composition as compared to
a-Si:H, the thickness of the SEI layer formed on methylated silicon is found to remain
practically unchanged along cycling. The amount of the SEI compounds formed in the first
electrochemical cycle stay practically stable along further cycles, as shown by the C=0
vibration modes in ROCO,Li in Fig. 63a. Moreover, the inferred thickness of the SEI layer,
estimated from the negative-going signals in the spectra, remains almost the same as that
reached in the first cycle, attesting for the layer stability. This stability is also reinforced by
the fact that the changes in the FTIR spectra occur in a progressive way and not irregularly as
for the unstable pristine electrode. Concerning the quenching of parasitic electrochemical
reactions, when plotting SEI thickness derived from electrolyte negative peaks as function of
the irreversible capacity, the methylated silicon also exhibits a slightly better efficiency as
compared to grafted silicon, similarly resulting in a fast SEl growth.
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4.2 - Irreversible charge differentiation

The in-situ infrared experiments undoubtedly establish that the SEI layer on
a-Sig.9(CHs)o.1:H electrodes does not behave exactly as that on a-Si:H. These differences in
surface properties might contribute to the differentiated electrochemical performance
observed for bulk methylated amorphous silicon.

The in situ FTIR experiments in methylated silicon indicate an intense electrolyte
decomposition, which seems to be achieved with superior electrochemical efficiency,
improving the electrode performance. Additionally, the absence of signals in the cyclic
voltammetry tests indicates that the charge consumption at typical potentials of electrolyte
decomposition is minimum. This suggests that surface processes dependent on the bulk
composition play an important role on the irreversible charge of methylated silicon
electrodes.

Clearly, the carbon addition into the amorphous silicon (as CHs; groups) has
consequences in the amount of irreversible charge consumed during the first
electrochemical cycle. But it remains unclear at this stage that only surface electrode
modifications have an impact in the charge irreversibly consumed by electrode processes.
Therefore, it is crucial to be able to distinguish whether the change in the electrode
characteristics affect the charge consumed by the surface (SEl formation) or by bulk (Li
trapping) related processes. Additionally, identifying the value of charge specifically
consumed by surface reactions or bulk processes could allow us to estimate the limit of
improvement that can be hypothetically achieved by surface treatment.

Analytical method

In order to differentiate between surface or bulk related charge consumption during
electrochemical cycle an analytical method was developed, based on the easy control of film
thickness provided by the PECVD technique.

The irreversible capacity of an electrochemical energy storage system is described by
the difference between lithiation and delithiation capacities (Eq. 4.1). This irreversible
capacity can also be expressed in terms of surface (here called Qsg) and bulk (Qguik) related
contributions, as described by Eq. 4.1-3 describe.
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Qirr = QurHiation — QpeviTHIATION (4.1)
Qirr = Qser + Qpuik (4.2)

Qirr = Qser + Aguik - d (4.3)

Surface contribution varies with the area of the electrode while the bulk contribution
varies as a function of the mass of the active material, which, at constant surface area of the
electrode, scales like thickness of the amorphous silicon deposit (d). As described by Eg. 3,
one can determine the Qguix contribution to the total Qg by performing experiments at
constant surface area of electrode and various electrode thicknesses. Moreover, Qsg and
agyuk are determined by linear extrapolation of the Qg values as function of electrode
thickness, as sketched on Fig. 64. In the limit where bulk irreversible processes are only
related to Li trapping in the active material, the corresponding residual lithium bulk
concentration in Atoms cm™ is then derived from agy« by:

[Lilguik = (3600 . agyik . Na) / F (4.4)

In Eg. 4.4 agyik is given in Ah cm'3, N, is the Avogadro number (6.022-1023) and F is
the Faraday constant (96485 C mol™).
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Fig. 64 — Schematic example of the irreversible capacity dependence as a function
of the thickness of the active-material layer.
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The role of surface and bulk on the irreversible charges

Based on the above described method, different electrodes were tested: bulk
methylated amorphous silicon, pristine, hydrogenated and acid grafted a-Si:H electrodes.
The electrochemical tests were performed on electrodes with thickness varying from 30 nm
to 200 nm, deposited on stainless steel substrates. The electrochemical tests (GCPL) were
performed in a standard electrochemical as previously described in chapter 1. As shown in
Fig. 65, the irreversible capacity increases with the thickness of the silicon deposit indicating
the bulk contribution to the charge consumption during the first electrochemical cycle. The
average experimental incertitude is estimated to be about +1.5 pAh cm™.
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Fig. 65 — Irreversible capacity dependence as a function of a-Si:H with different surface treatments:
pristine (a), hydrogenated (b), and acid grafted (c). And bulk methylated a-Siy o(CH3),.1 (d).

According to Fig. 65, agyx does not depend much on the electrodes composition,
whereas Qsg is much affected by surface preparation on electrode composition. Therefore,
the effect on the irreversible capacity appears to be more strongly related to surface
phenomena than to bulk processes. Surface hydrogenation, surface grafting or bulk
methylation resulted in the displacement of the Qizz vs. d curve to lower values compared to
pristine electrode. The slopes of the Qg vs. d curves seems not to vary with the electrode
modifications tested here. They provide the value of charge consumed by bulk related
processes, which can be converted in terms of concentration of lithium atoms trapped in the
thin film deposit using Eq. 4.4.

Table 5 shows the values of irreversible charge consumed by surface related
reactions (Qsg) and by bulk processes ([Li]). The calculated values clearly demonstrate the
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effect of surface hydrogenation and bulk methylation on the charge used for electrode
surface reactions. Here again, the efficiency of methylated amorphous silicon in promoting
the SEI formation with reduced charge loss is observed. The values of charge consumed due
to surface phenomena calculated here are smaller but in agreement with values obtained
elsewhere for a-Si thin films prepared by RF-magnetron sputtering.**> However, in our case
we distinguish between bulk and surface related irreversibility which gives deeper insight
into the relevant physicochemical processes.

Table 5 — Charge information derived from the analytical charge differentiation.

Bulk composition  Surface condition  Qgg; (LAh em?)  [Lilguik (At. cm™)

a-Si:H Pristine 15.0 6.3 x 10*'
a-Si:H Hydrogenated 11.4 8.5x 10
a-Si:H Acid grafted 10.0 9.7 x 10*!
a-Sipo(CH3)o:H  Hydrogenated 8.1 7.8 x 107!

The values of charge consumed by bulk related process, represented by
concentration of lithium trapped on the bulk material, shows that the bulk methylation has a
minor effect on such phenomenon. The calculated value of lithium concentration in
amorphous silicon electrodes (8 x 10°* At. cm™) corresponds to a value of ~15% of the silicon
atomic density in the material. Such a value exceeds practical values used for doping in
crystalline silicon and even in amorphous silicon, owing to the low electrical activity of
dopants in the amorphous material. This residual lithium concentration corresponds to an
irreversible charge of about 45 mAh cm?. An important amount of remaining lithium atoms
was also identified elsewhere by Tof-SIMS depth profiles in a-Si:H after the first
electrochemical cycle, confirming the lithium trapping on the silicon structure.*? Tof-SIMS
profile revealed lithium trapping at both interfaces (SEl|a-Si:H and a-Si:H|substrate) and in
the bulk, with some correlation with silicon oxide species, essentially at interfaces. It should
be stressed out that the bulk irreversible processes presently studied and identified to Li
trapping cannot be associated with Li trapped at interfaces and therefore that a possible
correlation of Li trapped in the bulk with oxygenated species remains uncertain.

The order of magnitude found for Li species trapped in the bulk yields a rather high
amount of Li atoms, as compared to Si ones (~15%). Such a proportion is evocative of the
hydrogen content in the material prior to the first lithiation. As noticed in chapter 3, this high
hydrogen content is practically eliminated during the first lithiation. In a-Si:H, the density of
states at Fermi level corresponds to defects and dangling bonds, which makes the material a
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"classical" solid and restricts electronic transport to take place through hopping processes. In
the hydrogenated, semiconducting material, transport can take place through weakly
localized states in the band tails, where carriers can be emitted to extended (delocalized)
states, thereby opening the possibility of long-range transport. Therefore, it can be
tentatively suggested that, by playing a role somewhat similar to hydrogen in the pristine
material, lithium trapped in silicon after delithiation is essential for the material to keep the
capability of extended-range charge transport and behave as an electrode. Conversely, the
need for the charges to be evacuated for releasing lithium alloyed to silicon prevents this
residual lithium content to be released.

Contrary to naive expectation, the amount of Li irreversibly trapped in the bulk
appears not to be affected by the methyl content of the a-Si(CHs):H material, at least
when x does not overcome 0.1. This result may be paralleled with the practically unchanged
lithium specific capacity between a-Si:H and a-Sigo(CHz)o.1:H. This last result demonstrates
that the Li-Si alloying capability is not significantly affected by the bonding of some Si atoms
with methyl groups. A possibly important fact with respect to this capability is the existence
of nanovoids around methyl groups which release steric constrain and leave enough room
around methyl groups for allowing Si and Li atoms to interact more or less as in the absence
of methyl groups. With respect to the irreversible trapping of Li atoms upon delithiation, it
could be remarked that at low methyl content, methylated amorphous silicon exhibit
semiconducting properties similar to a-Si:H. Therefore, the similar amount of Li trapped in
the a-Si:H and a-Sig9(CH3)o.1:H materials upon delithiation could equally be interpreted
according to the tentative mechanism described above.
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4.3 - Conclusion

Even though amorphous silicon methylation is a bulk modification, it interestingly
appears to play a more important role in electrode surface reactions than in the bulk
processes. This distinction is made possible by the thin-layer geometry of our experiments,
which allows for reproducibly making experiments as a function of the layer thickness,
providing an experimental means of tuning the proportion between surface and bulk
phenomena. The incorporation of a modest amount of CHs; (10 at.%) into the silicon
amorphous matrix does not appreciably modify the degree of irreversible bulk processes,
identified to Li atom trapping and tentatively interpreted in terms of
semiconducting/transport properties of the material. More unexpectedly, bulk appears to
modify the material surface properties when used as an electrode. This appears somewhat
paradoxical, since the chemical surface composition before lithiation is not drastically
modified. For example, the surface methylation obtained by CHs grafting on a-Si:H presented
in the second chapter results in a much richer concentration of CHs species on the electrode
surface than that associated with a 10 at.% bulk methylation, and this heavy surface
methylation turns to have detrimental effects when using the layer as an electrode. It can be
inferred that just like for the hydrogenated surface of a-Si:H, the numerous Si-H surface sites
present in the hydrogenated surface of a-Sip9(CHs)o.1:H provide anchoring sites allowing for
the formation of a stable SEI layer. Such a layer is intensively formed during the first
lithiation of methylated silicon electrodes.

If the origin of a stable SEI formation on methylated amorphous silicon electrodes
can plausibly be understood, the origin of the efficient quenching of other surface
irreversible processes remains unexplained. It could be observed that methylated
amorphous silicon is a more electronic resistive material than pure a-Si:H, which might
hamper the efficient electron transfer on the electrode interface necessary for the
electrolyte reduction, efficiently limiting parasite reactions at the beginning of the lithiation
cycle. Once the lithiation starts to take place, it might be assumed that lithium affects the
electronic structure of the silicon electrode, and that the level of electron transfer necessary
for the electrolyte decomposition is reached and a well passivating SEl layer is intensively
formed.
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5 - GENERAL CONCLUSIONS AND PERSPECTIVES

Electrode interface is a zone of intense electrochemical reactions and plays an
important role on reversible cycling and long-term stability of Li-ion systems. Part of this
stability is obtained by the electrode passivation resulting from the electrolyte
decomposition, which takes place at this interface and appears extremely dependent on the
electrode surface chemical state. Therefore, in this work we studied the physicochemical
effects of amorphous silicon lithiation, mostly focused on the surface processes and the SEI
formation. Great part of the information was obtained by in situ FTIR spectroscopy in an ATR
geometry which allowed us for probing electrode processes in the entire negative electrode
until ~300 nm inside of the electrolyte. Since a significant part of the present work has been
devoted to the technical or experimental aspects associated to the development of this in-
situ infrared technique, it cannot benefit from the added value associated to the
combination of many techniques for studying a given system. It is rather focused on what an
in-situ analytical technique can bring in such a case.

Amorphous silicon electrodes were here used in a thin-film geometry, representing a
model system for studying its electrochemical performance without the effect of electrode
additives (binder, carbon black, etc.). Additionally, thin-geometry decrease the problems
associated with film cracking, which helps for precisely quantifying the charges involved in
the electrode processes and being less sensitive to effects of volume changes during
electrochemical cycling. On the other hand, due to the low amount of active material in the
electrochemical cell, the role of the substrate and side reactions becomes more pronounced
in thin film geometry. Having it in mind, special attention was paid for identifying the critical
aspects of the experimental setup, guiding us for an optimized electrochemical cell and
substrate conditions which allow for precise and reproducible experiments.

A first guideline for the present work has been to look for the impact of surface
chemical pretreatments on the electrode performances. The idea was to appreciate in which
conditions an artificially designed SEl (or inner layer of a SEI) could improve these
performances. Therefore, the amorphous silicon surface was chemically modified by the
chemical grafting of different species, using state-of-the-art grafting techniques on oxide-
free silicon. Making use of the previously optimized experimental conditions, it appears that
the surface chemical modification of silicon result in a deep change on its electrochemical
performance. The obtained results indicate that a grafted molecular layer has a beneficial
effect when it provides anchoring sites for the covalent linking of the electrode active
material to the electrolyte decomposition products. Of course, in-situ infrared spectroscopy
appears as a valuable technique for investigating these effects. By making a quantitative
evaluation of the SEI formed upon cycling it was clearly evidenced by in situ FTIR that well-
suited, grafted molecular species make possible the quenching of parasitic reactions and
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efficiently promote the formation of a passivating SEI formation with minimal charge
consumption. Even if the surface treatments led to similar effects on the electrochemical
performance and SEl characteristics of electrodes tested in LiClO,4 or LiPFg based electrolytes,
it was observed that the SEIl obtained in LiPFg based electrolyte has improved passivating
properties and mostly contains salt decomposition products.

Another clear-cut result provided by in-situ infrared spectroscopy is that the SEI layer
grows and dissolves upon lithiation and delithiation. Noticeably, this “breathing” of the SEl,
in phase with the well-known swelling/shrinking of the active material, can be largely
qguenched by a grafted carboxydecyl layer, which is also the molecular layer for which the
irreversible processes are the most efficiently passivated. Even if the correlation of this
stabilization of the SEIl to the improved passivation efficiency appears to make sense, the
detailed microscopic processes responsible for this behavior remain an open question. A
related, primary important question is to know whether specific kinds of molecules other
than carboxyalkyl chain could yield even better results. From this view point, the present
study still appears preliminary. If the main issue is to provide stable anchoring points,
carboxyphenyl layers (which can be grafted by the diazonium route)'*® should yield similar
results. If the covering capability of the molecular layer rather determines its efficiency, as it
could be the case when VC is added to the electrolyte, alternative oxygen-containing
polymers could also be interesting candidates. Such could be the case, e.g., for phenyl or
ethynyl based polymers which, when formed by the anodic decomposition of a Grignard
precursor in an ether-based electrolyte, incorporate ether-decomposition products in the

147,148 1+ \would be also interesting to investigate by in situ infrared spectroscopy

formed layer.
the behavior of amorphous silicon electrodes grafted with PEG moities. It has been noticed
in this work that such a chemical grafting yields similar performances as carboxydecyl
grafting in terms of quenching of the irreversible processes. It would be especially
interesting from a fundamental view point to know whether on such electrodes the SEI
thickness remains stable or not. This class of molecules also offers interesting alternative for
studying the effect of the thickness and covering efficiency of the grafted molecular layer by

using different PEG blends, easily available at low cost.

Another specific results brought by in situ experiments has been the identification of
the dynamic evolution of lithium concentration in the vicinity of the silicon electrode upon
electrochemical cycling. Lithium concentration at the silicon|electrolyte interface increases
during lithiation and decreases for essentially recovering its initial value during delithiation.
The high lithium concentration found in the vicinity of the electrode during lithiation
indicates that lithium incorporation in amorphous silicon is under kinematic control. The
infrared analysis also points out the role of ion solvation in the chemical structure of the SEI.
Regarding lithium incorporation in silicon, in-situ infrared spectroscopy also gives two useful
additional pieces of information. First, the experiments revealed that the high amount of Si-
H bonds present in the a-Si:H bulk material is irreversibly lost during lithiation. The second
original information brought by the in situ infrared analysis is the existence of an apparent,
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reversible infrared absorption in the bulk a-Si:H, which appears above a certain level of
lithiation. Though an origin in terms of diffusion by spatial inhomogeinities could not totally
be ruled out, a plausible interpretation is in term of the appearance of a Li-Si phase with a
high lithium content, which would be responsible for this infrared absorption. This suggests
that, at least during the first stage of lithiation (expect during the first lithiation of the
electrode), lithium diffusion in a-Si:H is rather fast and that the picture of a moving boundary
between a lithiated phase and a lithium free inner part of the layer should be questioned. At
this stage, it appears that coupling in-situ infrared spectroscopy with surface techniques
which would bring a depth profile information would be quite helpful for giving a more
detailed insight into lithiation processes in the active material.

In the last part of this work, we finally take profit of the thin-layer geometry of our
electrodes to evaluate the respective importance of surface and bulk origin of irreversible
processes taking place during electrochemical cycling. In order to affect the irreversible
processes associated to bulk lithiation, we choose to modify the material bulk composition
(by analogy with chemical surface treatment which selectively affects the surface). For this
purpose, we compared standard amorphous silicon a-Si:H to methylated amorphous silicon
a-Sip.9(CH3)o.1:H, a material which has demonstrated interesting cycling capacities under
lithiation/delithiation. Even though the modification has been performed on the bulk
composition, it has a more important effect on the irreversible capacity related to surface
processes. The detailed mechanism of this improvement is still to be determined.
Concerning the bulk processes, the similarity in the performances between a-Si:H and
a-Sip.9(CH3)o.1:H can be paralleled with the similar specific capacity of lithiation of the two
materials. A proposal is that lithium modifies the electronic structure of silicon, probably
taking place of hydrogen dangling bonds and allowing for long-range electronic transport in
the bulk material, in either neat or methylated silicon. In the case of methylated silicon,
lithium could also help to overcome an initial electronic barrier for SEl formation preventing
parasitic reactions, leading to a differentiated SEI formation, very intensive and with high
Faradaic efficiency.

In this picture, the bulk contribution to irreversible reactions appears as an
irreducible process, intimately linked to silicon. It is responsible for a limited capacity
irreversibly lost during the first lithiation only. Obtaining a clear cut confirmation of the
relevance of the suggested mechanism does not appear an easy task. It might be suggested
that increasing the carbon content of the methylated material above 20%, which is known to
be detrimental to the lithiation capacity,® could also affect the amount of lithium
irreversibly trapped in the material after delithiation, since increasing the carbon content is
known to degrade the semi-conducting properties of the material by enhancing the density
of localized states.'*

As mentioned above, many questions remain open and many processes need to be
clarified at the end of the present work. All the present results have been obtained with

122



thin-film electrodes. Before going further, this aspect deserves some discussion. It could be
argued that such a strategy is of limited relevance since in all realistic systems, a silicon-
based electrode is under (nano)dispersed form, included in a composite with binder, carbon
black and so on. We still think that even if it does not aim at an immediate optimization of an
operating system, the thin-film approach remain of major interest in the present context.
The electrode surface control and the processes governing silicon lithiation remain critical
for the efficiency of any silicon-based Li-ion system. Gaining a deeper understanding of these
processes and of the factors allowing for their control remains of direct relevance, and for
that purpose, the thin-film geometry provides decisive advantages, mostly because it allows
for a quantitative approach and a depth resolution.

As already mentioned, the best strategy for tackling the above issues certainly
includes the combination of in situ infrared spectroscopy, not only with electrochemical
measurements, as performed in this work, but also with other analytic techniques. Among
them, surface techniques appear as the most obvious and valuable candidates. When
performed in a thin-film geometry, they provide powerful insight into surface chemistry and
associated to profile techniques, they also bring the capability for depth analysis of the
electrodes. They suffer from the drawbacks of ex-situ technique, which require cautious
rinsing and transfer protocols for giving relevant information, and cannot maintain the
operational environment during the analysis. A complementary approach would be to
benefit from an extra analytic technique which, like infrared spectroscopy, could be
performed in situ. With respect to this need, Raman spectroscopy (in spite of a somewhat
limited sensitivity) appears as an interesting candidate. It offers an ideal complement to
infrared spectroscopy, not only because it gives access to infrared-forbidden vibrational
transitions, but mostly because it can provide an easier access to low-energy vibrational
modes which are not easily accessed using ATR-FTIR spectroscopy. These modes are of
major relevance for investigating some salt decomposition products (e.g., fluoride species)

143
In

but could also provide interesting insight in the formation of Li-Si alloyed phases.
addition, Raman scattering coupling to optical microscopy could provide a useful micrometer
range resolution which could help in the analysis of surface chemistry at locations where
cracks or delamination appear, which is observed when the layer thickness exceeds a critical
value. A needed prerequisite consist in developing a special cell with an optical access and
capability of electrochemical cycling under optical microscopy observation. This requirement
has been fulfilled in the laboratory, so that the perspective of developing in-situ Raman
analysis of electrodes during electrochemical cycling does not appear out of reach.
Undertaking such an approach, combined with ex-situ other techniques, for addressing open
guestions concerning a-Si:H and a-Siy4(CHs)«:H electrodes, therefore appears as an exciting

project.
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Appendix A - Experimental procedures of molecular grafting

Surface methylation

Surface methylated electrodes were obtained by electrochemical grafting from
Grignard reagents under inert conditions. Samples were etched by exposing to HF vapor
during 10 s prior to be transferred into a nitrogen filled glove-box. In the glove-box the
samples were anodically polarized in 3M methylmagnesium bromide in diethylether using a
PTFE parallelepipedic cell, equipped with a U-shaped Cu counter-electrode. Anodization was
performed for 5 min with an anodic current density of 0.2 mA cm?. After the
electrochemical treatment, the samples were rinsed twice in diethylether and once in
bromobutane. Once removed from the glove-box they were rinsed twice in ethanol, once in
distilled water and dried under a dry nitrogen flow.

Grafting of decene

Silicon surface alkylation was performed by photochemical hydrosilylation of decene.
A mixture of decene and undecanoic acid (3:1) was outgassed in a Schlenk tube under
constant argon bubbling at 100°C for 30 min and cooled to room temperature prior to
receive the silicon electrode. Silicon samples were etched by 10 s exposition to HF vapor
prior to their introduction in the Schlenk tube containing the outgassed decene mixture.
Once the electrodes were introduced the Schlenk tube, the reaction mixture was further
outgassed for 5 min at room temperature, sealed under argon atmosphere and irradiated
for 3 h in a UV reactor (6 mW cm™, 312 nm). The functionalized surface was finally rinsed
with tetrahydrofuran and dichloromethane, and dried under a dry nitrogen flow.

Grafting of undecylenic acid

Silicon electrodes with a carboxyl surface termination were prepared by
photochemical hydrosilylation of undecylenic acid. Concentrated undecylenic acid was
outgassed under continuous argon bubbling in a Schlenk tube at 90°C for 30 min. Silicon
electrodes were etched by exposition to HF vapor during 10 s prior to immersion into the
outgassed undecylenic acid. After sample introduction into the Schlenk tube, outgassing was
further performed at 90°C for 15 min. Then, the tube containing the samples immersed in
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undecylenic acid was sealed under argon atmosphere and UV irradiated (6 mW cm?,
312 nm) in a reactor for 3 h. After this photochemical process, the samples were rinsed in
acetic acid at 75°C for 15 min under argon bubbling, then rinsed in acetic acid at room
temperature and dried under a dry nitrogen flow.

Grating of polyethylene glycol

Silicon surfaces were photochemically grafted with polyethylene glycol under UV
irradiation. A polyethylene glycol blend with average mean molecular weight of 750 g mol™
(Aldrich) was outgassed by continuous argon bubbling in a Schlenk tube at 80°C during
30 min. The polyethylene glycol blend was cooled to room temperature for receiving the
etched (HF vapor for 10 s) silicon electrode and further outgassed for 15 min. The photo-
induced grafting was obtained after 3 h of irradiation in a UV reactor (6 mW cm™, 312 nm).
After the grafting, the samples was rinsed in ethanol and dichloromethane and dried under a
dry nitrogen flow.

Combined undecylenic acid and polyethylene glycol grafting

Electrodes grafted with a combined acid/polyethylene glycol surface termination
were obtained by first grafting the silicon surface with undecylenic acid, as previously
described. Then, acid terminated surface was esterified with polyethylene glycol.
Esterification was thermally activated. A mixture of 100 mM of polyethylene glycol and
10 mM of toluenesulfonic monohydrate acid (TsOH) in mesitylene was previously outgassed
in a Schlenk tube under constant argon bubbling at 80°C for 30 min. The silicon acid-grafted
electrode was then introduced in the outgassed mixture. The esterification reaction was
obtained by heating the sealed Schlenk tube at 120°C for 2 h. After reaction, the electrodes
were rinsed in acetonitrile at 60°C during 15 min, at room temperature in acetonitrile for
15 min, and finally dried under a dry nitrogen flow.
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Appendix B - Principles of Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy is based on the use of a Michelson
interferometer composed of a beam splitter, a fixed and a moving mirror. As described in
Fig. 66, the light emitted from the radiation source is separated in two beams by the beam
splitter. One beam is reflected by the fixed mirror and the other one by the moving mirror.
The two beams are recombined by the beamsplitter in the exit arm of the interferometer
where the emerging radiation probes the sample and reaches the detector. The path
difference between the two light beams creates an interference pattern when the beams are
recombined. An interferogram can then be generated by varying the optical path difference
between the two arms of the interferometers, which is achieved by moving the mirror. The
detector signal is then recorded as a function of the optical path difference created in the
interferometer. Fourier transform of the signal provides the infrared spectrum of the source,
affected by the response of the optical system (including the sample).
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Fig. 66 — FTIR schematic diagram.

The infrared energy is generally expressed as a wavenumber v (cm™), which can be
related to the radiation wavelength A (um), frequency f (s™), or angular frequency w (s) as
given by equation 1.

v=z=l-2 (1)
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In this equation, c is the light velocity in vacuum. Infrared radiation encompasses the range
of 10 to 13000 cm'l; however, most of the vibrational information is generally collected in
the mid infrared (400 — 4000 cm™).

Infrared radiation can be resonantly absorbed by the vibrational excitation of a
molecular system, which may be described in terms of oscillators with resonant frequencies.
Photons with frequencies matching the resonance energy of the oscillators present in the
sample will be absorbed, creating characteristic absorption peaks in the obtained spectrum.
In many cases, molecular vibrational resonances can be described in terms of localized
vibration (ball and spring picture). In this picture, the major types of molecular vibrations are
stretching and bending modes. They are illustrated in Fig. 67, which gives an atomic picture
of the excitation.
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Fig. 67 — Main vibration modes for CH, molecules.

The ratio (T) between the intensity of a beam incident on a sample to that
transmitted after crossing the sample is determined by the Beer-Lambert law (Eq. 2). (T)
exponentially depends on the sample absorption coefficient (&) and the optical path probed
by the infrared light across the sample (d).

T=l/ly=e" (2)
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It is then useful to consider the absorbance (A) defined as the natural logarithm of the
reciprocal of the transmittance (7) (Eq. 3).

A=-InT (3)

The absorbance is proportional to the absorption coefficient, i.e., to the
concentration of the absorbing centers in the sample, allowing for quantitative studies.
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Appendix C - Attenuated total reflection geometry

Under sufficiently oblique incidence, infrared radiation travelling in a medium of high
refractive index will be totally reflected at the interface with a media of lower refractive
index. Snell’s law (Eq. 1) can be used to predict the critical incident angle 6 (Eq. 2).

ng sin (8,4) = np sin (6p) (1)

In these equations, n is the refractive index of a media (a or b) and 6 is the incident angle.
For any incident angle of incidence less than the critical angle (6¢), part of the light will be
transmitted and part will be reflected as sketched in Fig. 68.

N
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Fig. 68 — Scheme of reflected and transmitted light between two different media.

When total reflection takes place, infrared radiation does not abruptly decreases to
zero intensity in the low-refractive index medium. An evanescent wave probes this medium
on a characteristic penetration depth d, given by Eq. (3).
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A

d, =
P 27r(nazsin28—nb2)1/2 (3)

In equation 3, A is the incoming wavelength, n, and n, are the refractive index of the
different media and 8 is the angle of incidence.

Attenuated total reflection (ATR) geometry makes use of this phenomenon. In this
case, infrared radiation is guided in a prism whose faces are totally reflecting the radiation. If
a sample of interest is deposited on one prism face, the infrared beam will undergo multiple
reflection at the face in contact with the sample. The sample is therefore probed by the
evanescent wave, which can be absorbed within the sample and allows for its
characterization. The sensitivity is enhanced by the multiple reflections taking place at the
prism surface.

Writing down the equations for the reflection coefficient at the surface gives a
precise determination of the infrared intensity probing the sample, which allows for

quantitative measurement. More details can be found in classical text books.3%°%1°0:15%.152
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