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The Role of Surface Reactions and Solid Electrolyte Interphase in
Silicon Electrodes for Lithium-Ion Batteries

Kjell William Schroder, Ph.D.
The University of Texas at Austin, 2015

Supervisors: Keith J. Stevenson & Lauren J. Webb

In order to utilize renewable energy sources to avoid adverse climate change
caused by fossil fuel use, economical, efficient, and long-cycling energy storage means
are needed for grid power applications and electric vehicles. Lithium-ion batteries (LIBs)
are promising electrochemical energy storage devices for these applications, but capacity,
cycle life, and device energy density need to be improved to meet these challenges.
Silicon, as a lithium alloy, promises high gravimetric and volumetric charge
capacities as a negative electrode in the next generation of LIBs. However silicon has a
lithiation potential outside the window of stability of common non-aqueous liquid
electrolytes (e.g., lithium hexafluorophosphate in ethylene carbonate and diethyl
carbonate mixtures).

Consequently, parasitic side reactions occur during continued

lithiation and delithiation (cycling) of silicon. However, these side reactions (including
electro-reduction and thermal decomposition) form insoluble products that make a solid
electrolyte interphase (SEI), passivating an electrode’s surface.

Cycling silicon

electrodes can entail incomplete passivation (via unstable SEI species) and newly
exposed surfaces (due to mechanical wear) and thus continued side reactions that lead to
thermal runaway, capacity loss, and cell failure. By understanding interfacial electrode
vii

chemistry, it is hoped that novel design suggestions for addressing these problems will be
uncovered.
Model silicon electrodes studied by X-ray Photoelectron Spectroscopy (XPS), and
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) were used to explore the
effects of surface layer conductivity and electrolyte additives on SEI composition and
structure. Anhydrous and anoxic techniques showed better reproducibility and accuracy
in characterizing the SEI over previous studies of composite electrodes exposed to
ambient conditions. By comparing silicon oxide and etched silicon surfaces, electrode
conductivity was studied as well as how the co-solvent additive fluoroethylene carbonate
(FEC) affects the SEI. Both the etched silicon surface and FEC produced SEI species
like lithium fluoride that improved stability by resisting further electro-reduction.
However, questions about the oxidative stability of some SEI species were raised
(namely lithium oxide), suggesting a more stable artificial SEI could be manufactured
compared to those formed during naive device operation.
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CHAPTER 1
Think Globally, Act Molecularly: Motivation and Background for
Understanding the Interfacial Chemistry and Materials Science of
Lithium-ion Batteries
1.1 NEED FOR IMPROVED ENERGY STORAGE
Humanity’s impact on climate is a direct result of our dependence on fossil fuels
for energy, primarily used for transport and electrical energy.1–3 Carbon emissions must
be stabilized to prevent permanent damage to our planet and human populations.4–7 We
face the unprecedented challenge of meeting current and future global energy demand
(predicted to roughly double from 406 to 770 quadrillion btu between 2000 and 2035)8
while also minimizing impact on climate. Consequently, there is an obvious need to
implement and scale alternative energy sources such as renewables and nuclear, and
transition to transportation technologies that do not rely on fossil fuels.9
Renewable energy sources that are the most environmentally benign and carbon
neutral such as wind and solar are also intermittent (variable).9–11 Intermittent energy
production complicates wide-spread deployment and development of renewable energy
technologies for many reasons, the most important being that under real conditions, solar
and wind cannot continuously supply peak demand by themselves.12 To be practical,
these energy sources need to be coupled to energy storage devices, whether they are a
dedicated part of the gird or augmented for use in transportation applications.13–15
Further, carbon emissions can be lowered in the short term by improving grid efficiency
via load leveling, greatly improving energy efficiency and providing an alternative to
additional power plant construction while increasing grid capacity.13
Although several energy storage technologies exist, none have been widely
adopted for transportation use or grid storage. Pumped hydro and compressed air are
1

currently the cheapest options for gird storage.16,17 However, both of these technologies
have slow response times and require large physical footprints for achieving competitive
costs.18,19 Alternative fuels, such as biofuels and hydrogen, require large infrastructure
investments, and in some cases only marginally offset carbon emissions.9,15 Battery size,
recharge time, and cost have all acted as market barriers for electric vehicles.20 Modular,
scalable energy storage is required, and as a consequence, there is a huge opportunity for
science and engineering to create, understand, and improve storage technologies.
1.2 FUTURE POTENTIAL FOR LITHIUM-ION BATTERIES
Lithium-ion batteries (LIBs) are a well-poised technology to meet our energy
storage needs in the short to medium term. Energy prices for batteries are sometimes
presented as cost of a unit of energy capacity (dollars per kilowatt-hour). There are
problems with this calculation, as larger capacity batteries with multiple cells can use that
scale to drive down overall device costs. DOE price targets of under $150 per kWh for
batteries by 2018 (or around a 30% price drop for LIBs) have been proposed to increase
grid storage demand.21 Similarly, while there exist other impediments to widespread
electric vehicle (EV) adoption, the cost of energy storage remain a dominant cost barrier
in this market as well.15 A similar under $180 per kWh price is seen as critical for EVs to
achieve a market share in the next year that will spur further development by
automakers;22 the DOE has a target of $125 per kWh for LIBs for EVs by 2020. These
price goals are realistic when considering that improvements to cost per unit energy may
be achieved by a combination of increased storage capacity, lowered materials costs, and
lowered manufacturing cost.
In general, however, cell calendar and cycle life remain limited, so useful device
lifetimes are also important.23–27 This leads to high operating costs over a vehicle’s
2

lifetime because there is an initial investment in a storage device, but this investment
must be remade over again every 3-6 years. This same issue is even more important in
gird storage.

Example Li-ion Cell
Current Collector
(Al)

Electrolyte
O
O

Li Li

O
O
O

Positive Electrode
(LiFePO4, NixCoyMnzO2,
LiCoO2)

F
F F FF F
P P
F FF F
F F
O

Negative
Electrode
(Graphite, TiO2,
Li4Ti5O12, Si, Sn)

Separator
(polypropylene,
polyethylene, polyvinylidene
fluoride, polyacrylonitrile)

Current Collector
(Cu)

Conductive
Polymer
(Carbon-black)

Binder
(PvDF, NaAlginate)

Figure 1.1. A block diagram of a lithium-ion battery (galvanic) cell; the current
collectors are presumed to be connected (wired). Example materials are
listed for each component, some of which are just beginning to be
commercialized. The inset is a magnified view of the composite structure of
an electrode (in this case the negative electrode also known as the anode,
because of the anodic or oxidative reactions that occur during discharge of
the battery).
The solution to these challenges for LIBs comes, in part, from a better
understanding of the fundamental chemical and physical properties of materials within a
battery cell, not simply the engineering of the cell.14,28 LIBs are complex artificial
3

systems based on the so-called “rocking-chair” model (example block diagram shown in
Figure 1.1);29 charge carriers (lithium ions and a counter anion) dissolved in liquid
solvent shuttle between a high energy, low lithiation potential charge storage material
(the negative electrode or anode) and a low energy, high lithiation potential charge
utilization material (the positive electrode or cathode).

These active materials are

typically mixed with conductive carbon, binder, or both to form composite electrodes that
are deposited on current collectors (e.g., carbon, aluminum or copper). Micro- or nanostructuring of the active material and conductive carbon coatings are used to overcoming
intrinsic conductivity limitations in active materials (e.g, LiFePO4). Binders are added to
mechanically stabilize any volume expansion or contraction of the active materials as a
result of lithiation and delithiation reactions.
The properties of the battery, i.e., its energy density, voltage, capacity, lithiation
kinetics, etc. are determined by the materials used.14,30

As a result, there is no scaling

rule that predicts future improvements to battery performance the way Moore’s law does
for computation in semiconductor chips.31 However, by changing the materials used in
the lithium-ion cell, improvements may be made to particular device attributes. The
overall capacity of a cell is determined by the chemistry of the electrodes. Silicon has
attracted much interest as a material for use as an electrode because of its ~4200 mAh g-1
capacity, which would in turn raise cell capacity by a factor of ~1.5 over cells that used
graphitic negative electrodes.32
Using and implementing new materials in LIBs is clearly necessary to increasing
performance and lower costs per unit energy, but improving our fundamental
understanding of the electrochemical processes within batteries is also of utmost
importance. Careful study of the exact mechanisms that facilitate charge storage within
electrodes and at electrode interfaces may suggest creative ways of improving current
4

technology. Stevenson, Henkelman, Goodenough and co-workers33 have shown one such
approach, where understanding the bottlenecks to lithiation within a positive electrode
material (LiFePO4) lead to a novel approach of doping the electrode surface with sulfur to
improve charging kinetics. Similar understanding of charge storage and surface electrode
reactions in negative electrode materials may produce comparable results.
1.3 INTERFACIAL CHEMISTRY AND SEI FORMATION IN LITHIUM-ION BATTERIES
Studying interfacial chemistry at electrode-electrolyte interfaces is important to:
(1) extend the life of full battery cells using currently developed/mature negative
electrode materials (graphitic carbons) and electrolytes; (2) enable the use of higher
lithium density electrode materials to increase (both gravimetrically and volumetrically)
LIB storage capacity. As touched on briefly above, lithium silicon alloy, and lithium
alloys of column 14 elements in general (e.g., Li-Si, Li-Ge, Li-Sn, Li-Sb) have been
suggested as earth abundant, relatively low cost replacement negative electrode materials
to increase energy density in LIBs.30 However, just as in the case of the currently
commercialized negative electrode material graphitic carbon, the charge and discharge
potentials of alloying materials are outside the electrochemical window of stability of
most common non-aqueous liquid electrolytes (lithium salts in carbonic esters, also
known as carbonates).30,34–36 As a result, charge storage (i.e., insertion of lithium) in these
materials is accompanied by side reactions that result in the decomposition of the
electrolyte at the negative electrode surface (Figure 1.2).
Before we get into the nature of this decomposition in a device setting, it is useful
to consider the various electrochemical reactions that can take place at the surface of a
solid material in a liquid environment, and then how this relates to an electrode in a
battery. First, consider the case of lithium metal in two non-aqueous liquids (solvents),
5

presented by Peled and Golodnitsky.37 Lithium metal is highly unstable because it has
such a small work function (low ionization energy). As a result, lithium metal (“M”
reacts and is ionized in most liquid solvents (“A”) (Reaction 1.1):
A + M0 → M + + A + e –

(1.1)

In the case of ammonium (NH3) and primary amines (methyl amine, CH3NH2, and ethyl
amine, CH3CH2NH2), the ionization energy to reduce these solvents is very high (they
have very negative reduction potentials), leading to a quasi-stable solvated electron state.
The solvent “A” coordinates around the electron making it an ion. Eventually, the
unstable lithium cations formed in the reaction react with the amines forming lithium
amides and hydrogen gas. However, setting aside this second reaction, if there were an
infinite amount of available solvent, the process would still continue to equilibrium when
all of the lithium metal had been consumed.
In most cases, however, the reduction potential of the solvent is not so low, so that
the solvent (“A”) is reduced (to “R”) in Reaction 1.2, which takes place following
Reaction 1.1:
M+ + A + e – → M+ + R

(1.2)

A good example of this case is lithium metal submerged in mixtures of carbonates.
Similar reactions to Reaction 1.2 are discussed at length in Chapter 2, Reactions 2.2-2.15.
Of the products that may be “R,” some are insoluble compounds that have a large energy
to further reduce them, so that they are stable under standard conditions. As a result, they
remain near the surface of the lithium metal they just reacted with, and in this case, form
a physical barrier between the lithium metal and the liquid, known as a solid electrolyte
interphase (SEI). Because of the SEI, the lithium metal surface is effectively passivated
from further reaction, and thus equilibrium may be reached without complete
consumption of the lithium and solvent.
6

The example of lithium metal is clearly very different from where a transition
metal (for example platinum) with a sufficiently high work function is placed in either of
these liquids.

The transition metal is stable and so little if any spontaneous

electroreduction takes place.
Next, let’s consider a more relevant system to batteries, that is a driven system.
Instead of a single electrode, its necessary to consider the surface of a working electrode
that does not spontaneously react with the liquid, connected to an inert reference/counter
electrode. We will also narrow the case to an electrolyte composed of a lithium salt in
carbonates (such as the traditional commercialized electrolyte, 1M LiPF6 in 1:1 ethylene
carbonate (EC) : diethyl carbonate (DEC) by wt. %).
A potential can then be applied between these two electrodes such that the
chemical potential of the charge carriers in the working electrode and at its surface
deviate from their Fermi level. This leads to the formation of an electric double layer. If
we further narrow to the case of applying the potential so that electrons build up on the
surface of the working electrodes, positive charge (positive dipoles and/or ions)
accumulate in the liquid. If the system is driven far enough, eventually at least one of the
following will happen: the working electrode material will react to be reduced or the
liquid will be reduced.
For materials that may be used for lithium storage in a rocking-chair device as
discussed above, the working electrode is reduced and reacts with lithium (Reaction 1.3):
M + Li+ + e – → LiM

(1.3)

In the other common outcome, the solvent (the carbonates) are reduced (Reaction 1.4) or
reduced while consuming lithium (Reaction 1.5). Both of these reactions are similar to
Reaction (1.2) but without the working electrode necessarily being oxidized, because of
the availability of free electrons:
7

A+

e– → R

(1.4)

A + Li+ + e – → LiR

(1.5)

If the so-called LTO spinel (Li4Ti5O12) were chosen as a working electrode, then
Reaction 1.3 would occur at smaller potential differences than Reactions 1.4 or 1.5.38
This is because of the value of the reduction potential for the half reaction of LTO is at a
higher voltage (vs. the Li/Li+ couple) than that of the solvent reduction. This is positive
from the standpoint that when configured as a negative electrode in a battery, LTO
lithiates and delithiates reversibly, with minimal consumption of lithium or solvent
during normal operation. However, as a result, voltage produced by the cell is less than if
another material were used, which has a large impact on the power produced by the cell
(P~V2), making it undesirable for some applications.
If silicon were chosen as the working electrode material, Reactions 1.4 and 1.5
would occur at a smaller potential difference than the one that would be required for
Reaction 1.3. This means that lithium and/or solvent are reduced (and consumed) at the
surface of silicon at potentials greater than the potential of the half reaction to lithiate
silicon (again, vs. Li/Li+). This is the case described in Figure 1.2. Consequently, lithium
is partially consumed during repeated lithiation and delithiation (cycling) of silicon.
In the context of lithium-ion cells, any reaction that results in (1) the consumption
of charge in Reaction 1.4, (2) the consumption of charge and lithium, in Reaction 1.5 or
(3) the consumption of lithium via an electroless process, like the thermal decomposition
of LiPF6 (as discussed in Section 2.3.5 or with respect to Reaction 3.3, for example) are
considered side reactions. These reactions are often referred to as parasitic, in that they
consume energy that would have nominally gone towards charge storage.
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Figure 1.2. A diagram of the electrolyte window of stability compared to free energy of
lithiation and delithiation reactions of the anode and cathode. The voltage
output of a cell (Voc) is the difference between the potentials for the two half
reactions. SEI formation is the result of the fact that the lithiation half
reaction of the anode takes place outside the window of stability of the
electrolyte. Adapted from Goodenough and Kim.14
In the case of graphite as a working electrode, some “R” products in Reactions 1.4
and 1.5 are insoluble and result in an SEI, similar to the process occurring at the surface
of the lithium metal submerged in liquid carbonates. Because the SEI on graphite is
relatively stable, most of the charge consumed goes towards Reaction 1.3. When a large
enough potential is applied, both reactions compete against each other. In general, it is
desirable to have the parasitic reactions be self-limiting to some degree by having
insoluble products that result in an SEI, which passivates, at least partially, the electrode
from further side reactions. Figure 1.3 shows a schematic of these reactions that form
this inhomogeneous, mixed organic/inorganic material.
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Understanding and limiting parasitic reactions with cycling is critical to extending
LIB cycle life in cells that use graphitic or alloying materials. The reason is that lithium
that participates in SEI formation reactions becomes electrochemically inert and thus is
unable to participate in charge storage. In this way, continued SEI formation effectively
consumes some of the limited quantity of lithium within the cell. Even relatively stable
SEI on graphitic electrodes running at 45 C, with as small as 0.014% coulombic
efficiency loss each cycle due to lithium consumption, will reduce cell capacity to 85% or
less in 1500 cycles.25 As a result, SEI formation is believed to be the primary cause of
capacity fade in LIBs,25,39,40 and, therefore, reducing continued SEI formation is a major
challenge necessary to achieving longer lifetimes (and thus energy-lifetime costs) in
LIBs.
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Figure 1.3. A diagram showing the reactants and products of parasitic side reactions
involving electrolyte deposition. In the example drawn, ions and solvent are
shown on the left; after the electrochemical reduction (or thermal
decomposition), soluble products like ethylene gas or CO2 leave the surface,
but insoluble products are left and form the SEI. These products include a
mixture of salts and oligomer species.
In alloying materials, a number of additional physical phenomena are strongly
coupled to electrolyte decomposition and SEI formation that pose safety challenges and
exacerbate capacity fade with cycling. Lithiation of alloying materials is accompanied by
massive volume expansion on the order of 100 to 400 % which is further associated with
amorphization of any crystalline structure, large internal stresses, and fracture and
pulverization of the active material.41–46 Materials swelling and cracking is problematic
in its own right, but can also lead to SEI delamination or newly exposed electrode
surfaces that in turn causes further parasitic reactions and lithium consumption with
cycling.
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The SEI is coupled to lithium storage within the negative electrode (and thus the
battery cell) in an additional sense because it acts as an intermediate ion conductor
between electrolyte and electrode. Poor ion-conductivity can lead to resistive bottlenecks
that limit the activity of electrode material. In composite electrodes, inhomogeneity of the
active material amplifies these resistive bottlenecks, leading to large losses in
capacity.47,48 Additionally, resistance from charge transfer (ionic transport) through the
SEI has been shown to increase cell impedance, and all of these resistive effects possibly
lead to thermal runaway in the cell.30,49,50
Finally, SEI formation reactions are similar to those that take place during
discharge of the cathode in lithium-air batteries, a promising next generation storage
technology.51–54

Understanding the mechanisms related to electrolyte degradation in

LIBs will further improve understanding capacity fade of similar processes in lithium-air
batteries.
1.4 STATE OF CURRENT SEI RESEARCH
A wide range of work has been done characterizing the chemical and physical
makeup of the SEI, mostly on graphitic materials.34,55,56

Particularly of interest is the

work by Aurbach,57–63 Peled,64–67 Edström,68–71 K. Xu,34,50,72,73 Harris74–78 and Kostecki79,80.
Additionally, notable theoretical work to understand SEI formation includes the
mathematical modeling presented by Verbrugge,25,81–84 and Newman39,85,86 and ab initio
molecular dynamics studies by Ganesh87,88 and Borodin89,90. In spite of all of this work, it
is still poorly understood in the literature what conditions control the dominant SEI
formation reactions and what SEI properties lead to the highly variable lithium
consumption and lithium transport discussed above.
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Part of the reason that limited progress has been made has to do with the difficulty
of investigating a buried electrochemical interface in an air and moisture sensitive system
like a LIB electrode.58 Techniques that have been used thus far that are capable of
watching the evolution of the SEI (in situ techniques) such as NMR,91,92 neutron
reflectometry,93 neutron radiography,94 and scanning probe microscopies95,96 may be too
slow to capture reaction dynamics and lack chemical specificity (scanning probe
techniques), or surface specificity (NMR and neutron techniques). As a result, currently
published in situ studies often have difficultly determining exactly what chemistry has
been observed, or addressing mechanistic questions. Surface analysis studies of prepared
SEI films (referred to as post hoc or ex situ methods) have been abundant and include
vibrational spectroscopies67,79,97–114 as well as ultra high vacuum (UHV) techniques such
as Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS),65,67,74,77,115,116 X-ray and
electronic spectroscopies35,63,66,71,106,116–119. These studies vary widely,106 due in part to
different electrolyte and electrode chemistries, but also because these studies often do not
consider the volatility of the SEI films, such as the effects of exposing them to ambient
moisture and atmospheric gases.
Another major issue with previous work has to do with the composite nature of
most cycled negative electrode materials under investigation. As discussed above, active
materials, and especially alloying materials, are mixed with binder and conductive
carbons and polymers to make composites.

Rather than separate out how these

constituents effect SEI formation, research often focuses on novel methods of improving
cyclability of these electrodes.

For example, improved binder design,120 electrolyte

chemistry121 or materials morphology122–125 are tested by repeated lithiation and
delithiation (cycling) to show the benefit of their respective approaches. However, the
reasons for the improved performance are not directly observed nor conclusively deduced
13

in these studies, and thus there is limited discussion of SEI formation mechanisms or
observations of SEI function. As a result, it is often difficult to reproduce these studies,
and they provide limited predictive power.
1.5 RESEARCH GOALS
The focus of this work will be on SEI formed on silicon, because of its
abundance, relatively new development, large storage capacity, and the particular
importance of stabilizing SEI formed on silicon (and alloying materials in general) given
the large volume changes that take place during lithiation and delithiation. I propose to
identify and investigate competing SEI formation reactions by studying the composition
and structure that result from the interplay of different electrochemical methods,
electrode materials properties and electrolyte chemistries. SEI resulting from different
chemical and energetic conditions will be used to distinguish between kinetically and
thermodynamically driven SEI formation processes. From these studies, a better grasp of
the conditions that facilitate particular reaction mechanisms may be gained. Through
control of different mechanisms, particular SEI compositions and structures may be
constructed. In this way, “design rules” may be produced to suggest different methods of
achieving desired SEI compositions and structures.

The underlying reasons driving

previously observed results on the effect of chemical additives and surfaces coatings
should be elucidated, while new strategies will be suggested for achieving desired SEI
characteristics.
Additionally, I hope to address the link between SEI traits and desirable SEI
properties (particularly with respect to chemical composition and structure), an idea
sometimes discussed as structure-function relationships. The goal is to understand the
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influence of SEI on preventing further side reactions, lithium consuming and otherwise,
while maximizing lithium ionic conductivity and minimizing overall cell resistance.
As has been discussed, the literature primarily includes analysis of lab-scale
composite electrodes with novel morphology or chemical modification. However, to
address the goals outlined above, model silicon systems with no added conductive
material or binder are needed to deconvolute effects brought about solely by active
materials on SEI structure. A series of model systems will be developed as part of these
studies, particularly in planar/film geometries to facilitate characterization by ToF-SIMS.
Experimental parameters explored in these model systems should be easily deployed at
scale to be applicable to commercial technologies.
SEI grown on these model systems will be characterized to obtain accurate,
precise and quantitative information about SEI chemistry and physical traits.

SEI

reaction mechanisms will be deduced and studied based on SEI chemical composition as
a function of electrolyte chemistry, materials properties and thermodynamic and
energetic lithiation reaction conditions. Data analysis will try to be reductive with control
experiments where possible, but new techniques will need to be developed or applied,
including statistical analysis, to capture the complexity and variety of SEI studied.
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CHAPTER 2
Examining Solid Electrolyte Interphase Formation on Crystalline
Silicon Electrodes: Influence of Electrochemical Preparation and
Ambient Exposure Conditions∗
2.1 INTRODUCTION
Silicon has generated interest as an anode material for lithium ion batteries due to
its large volumetric and gravimetric energy density (~9 mA h dm-3 and ~4000 mA h g-1,
respectively).1–4

Yet several challenges remain that limit its pragmatic utilization

including cycling efficiency and capacity retention. Massive strain induced in silicon
during lithium alloying (~400% volume expansion) and the formation of a solid
electrolyte interphase (SEI) on silicon leads to severe capacity fade and slow rates of
charge and discharge.5–8 In particular, formation of SEI layers from reduced solvent
products during charging causes both beneficial and deleterious effects.9,10 SEI can be
beneficial by inhibiting electron transport and as a consequence limit further electrolyte
degradation. SEI can also be detrimental as passivating SEI layers trap lithium causing
large losses in Coulombic efficiency as well as increased electrical resistance within the
cell, hindering lithium ion transfer kinetics. Identification of the chemical composition
and structure of SEI layers at silicon anodes and the mechanisms by which they form are
critical to advancing the use of silicon materials as anodes.
Analogous SEI layers form on carbon anodes in lithium ion batteries and have
previously been characterized by X-ray photoelectron spectroscopy (XPS).10 A variety of
disparate (and sometimes conflicting) results have been reported for SEI species formed

∗Portions

of this chapter were submitted for publication in Schroder, K.W.; Celio, H.; Webb, L.J;
Stevenson, S.J. J. Phys. Chem. C. 2012, 116, 19737−19747; Schroder designed, preformed, and analyzed
the experiments and wrote-up the results, Celio helped with instrumentation and data interpretation, Webb
and Stevenson supervised.
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on carbon anode materials.10 XPS has recently been applied to studying SEI formation on
silicon anodes.11–14 For example, two recent XPS studies of SEI focused on the change in
silicon oxidation state during lithitation,11 and on the inorganic products involved in SEI
on hydrogen-terminated silicon.12 The complexity of the reactions involved requires that
detailed experimental analysis of simplified model systems using anoxic and in situ
methods be carried out to understand the fundamental mechanisms that influence SEI
formation on silicon.
In the present study, the formation and stability of SEI layers were examined on
electrodes of crystalline silicon (001) wafers with a native oxide layer by three different
electrochemical methods. Electrochemical data acquired by linear sweep voltammetry,
cyclic voltammetry and chronoamperometry are compared to follow the formation of SEI
and demonstrate that how potential bias is applied influences the chemical composition of
the SEI.

Following electrochemical preparation, electrodes were transferred without

being exposed to oxygen or water using a special Reduced Oxidation (ROx) interface for
transporting air sensitive samples from a glove box to an ultra-high vacuum chamber for
XPS analysis. After high-resolution XPS measurements, all the electrodes underwent a
controlled exposure to air at room temperature to understand the stability of SEI layer and
how the composition can change from exposure to ambient conditions. XPS spectra of
the silicon electrodes show that high initial and sustained applied potential (potential step
experiments) produces a large proportion of carbonate species in the SEI; whereas
variable potential sweep experiments produce SEI products that include esters,
carboxylates, ethers, and alkoxides, but lack carbonates. Comparison of the XPS spectra
taken of the electrodes before and after exposure to ambient air showed that the
composition of the SEI changed due to several chemical reactions associated with
combustion and oxidation processes. After careful evaluation of the XPS assignments
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toward specific chemical species, several SEI formation mechanisms are proposed
describing both (1) the formation of the SEI as a function of electrochemical preparation
and (2) the degradation of the SEI after exposure to ambient conditions (i.e., air and
water).
2.2 EXPERIMENTAL METHODS
SEI layers were prepared via electrochemical methods on cleaned, polished, nondoped, silicon (001) wafers (University Wafer) in a glovebox (MBraun) maintained with
an argon atmosphere containing less than 1.0 ppm water and ~1.2 ppm oxygen.
Approximately 5 nm of titanium metal followed by 30 to 50 nm of copper metal was
evaporated onto the unpolished side of the silicon wafer to ensure good electrical contact.
All silicon wafers had a native oxide layer (SiOx, with 2 > x ≥ 0.8) that was measured to
be ~2 nm via spectroscopic ellipsometry (M-2000D Spectroscopic Ellipsometer, J.A.
Woollam). All electrochemical experiments using a CH Instruments 660D potentiostat
were performed in a standard 3-electrode cell with the silicon wafer configured as the
working electrode with only a polished (001) surface exposed to the electrolyte and
lithium metal (Sigma-Aldrich) as both the reference and counter electrodes.

All

potentials are reported verses the Li/Li+ couple. The electrolyte was composed of 1 M
LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC), 1:1 by weight
(Novalite). SEI layers were prepared via three techniques: (1) linear sweep voltammetry
(2) cyclic voltammetry, and (3) chronoamperometry. During linear sweep voltammetry
(LSV), the working electrode was swept from 3.0 V (~OCV) to 0.01 V at 0.01 V s-1 scan
rate. Cyclic voltammetry (CV) was similar; the working electrode was cycled between
3.0 and 0.01 V for 4 cycles at 0.01 V s-1 scan rate. Chronoamperometry (CA) was carried
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out while the working electrode was held at 0.01 V Li/Li+ for 300 s, which was
approximately the same length of time taken to sweep from 3 to 0.01 V at 0.01 V s-1.
Immediately after the electrochemical experiments, the reference and counter
electrodes were removed from the cell and the working electrode was held at a 0.01 mV
potential.

Electrolyte was syphoned out of the cell with a pipette and the silicon

electrodes were washed three times with ~5 mL of DEC. Each silicon electrode was then
disconnected and stored in a sealed container within the glovebox prior to XPS analysis.
To decrease off-gassing during vacuum pumping in the ultra-high vacuum (UHV)
chamber of the XPS, the electrodes were heated to 60-70 °C for 1 hour in the glovebox
prior to being mounted onto the XPS sample holder.
A Reduced Oxidation (RoX) interface for transporting air sensitive samples from
a glove box to an ultra-high vacuum chamber for X-ray photoelectron spectroscopy
analysis was built at the Surface Analysis Laboratory of the Texas Materials Institute at
UT-Austin. The design of the interface contains a set of built-in figures of merit that
were used to verify that samples were not exposed to traces of oxygen and water during
transport. The RoX interface was used to load all the electrodes into a Kratos Axis Ultra
DLD XPS. A 300 μm by 700 μm spot size was used for all XPS measurements. Survey
scans were collected with 1.0 eV resolution, followed by high resolution 800 ms scans of
the carbon 1s, oxygen 1s, lithium 1s, silicon 2p, fluorine 1s and phosphorus 2p regions
and then high accumulation scans of four signal-averaged measurements were taken on
each region with 3000 ms dwell times for each electrode. These scans will be referred to
below as “anoxic,” due to the minimal exposure to oxygen experienced by the electrodes
prior to these measurements.

After completing the high accumulation scans, the

electrodes were removed from the instrument and exposed to ambient atmosphere for
approximately 10 minutes. The electrodes were then reloaded and single accumulation
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region scans were repeated. Additionally, a high accumulation scan of the silicon 2p
region was also taken of the electrode that underwent LSV after it was exposed to
ambient air. These measurements will be referred to below as “exposed,” indicating that
they were taken after the electrodes were in ambient conditions (air and moisture).
Fits to the XPS spectra were performed with CasaXPS software (version 2.3.15,
Casa Software Ltd).

High accumulation scans were used to estimate the atomic

compositions and chemical species comprising the SEI. Non-metals were fitted with
linear backgrounds, and all silicon spectra were fitted with Shirley backgrounds. All fits
were the sum of multiple Voight functions composed of 20% Lorentzian and 80%
Guassian, following Verma et al.10 however previous studies and references have used
Voight functions that varied from 5% to 30% Lorentzian.11,15,16
2.3 RESULTS AND DISCUSSION
2.3.1 Electrochemical SEI Preparation
In order to study the SEI formation mechanisms on Si electrodes three different
electrochemical methods were used including chronoamperometry (CA), linear sweep
voltammetry (LSV), and cyclic voltametry (CV). Figure 2.1 shows the results from these
three electrochemical experiments where a silicon wafer was configured as the working
electrode and all potentials were measured versus the Li/Li+ couple. Figure 1(a) shows
the reduction current over time (chronoamperometry) at the working electrode as
potential was stepped to 0.01 V for 300s; this time was chosen because it was
approximately the length of one LSV scan from 3.0 to 0.01 V at 0.01 V s-1. The current
was initially 1.01 mA and then diminished to 0.125 mA in 2.2 s before returning to an
approximately steady-state of 0.446 mA at 127.59 s, reaching a maximum current of
0.449 mA at 183.82 s. The initial decrease in current was attributed to diffusion-limited
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surface adsorption of the electrolyte molecules and lithium ions on the silicon surface.
These adsorbed molecules and ions underwent reactions that reduced the native oxide on
the silicon wafer electrode, lithiated the electrode and formed an SEI on the surface of the
electrode. As a low potential continued to be applied, diffusion of solvent and ions to the
electrode surface lead to a steady-state current from further solvent reduction and/or
lithium transport through the SEI or porous channels in the SEI.17–19

Current was

observed to decrease below 0.446 mA starting at 190.02 s and continued to diminish until
the end of the experiment. This behavior was attributed to a decrease in lithiation of the
electrode by some combination of resistance to ion transport through the SEI and
resistance to diffusion (hindered mass transport) of lithium in the electrode.

Figure 2.1. Electrochemical formation of SEI and silicon lithiation using silicon (001)
wafer electrodes. (a) CA plot from a potential step of 0.01 V applied for
300 s. The time of the measurement was roughly the time of one potential
scan (LSV) from 3.0 to 0.01 V at 0.01 V s-1. Current diminished rapidly and
then reached a steady state as the silicon was passivated with the SEI. (b)
LSV for applied potentials from 3.0 to 0.01 V at 0.01 V s-1 scan rate. From
~1.4 to 0.01 V there was a marked increase in reduction current due to SEI
formation and lithiation. (c) CV of a silicon wafer cycled between 3.0 and
0.01 V at 0.01 V s-1 for four consecutive cycles.
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Figure 2.1b shows a current-voltage (IV) curve for the LSV experiment where the
potential was swept from 3.0 to 0.01 V at 0.01 V s-1 scan rate, and reductive current was
considered negative. The onset in reduction current was observed at ~1.4 V and is
attributed to the beginning of SEI formation from DEC reduction.2,4,20–25 During SEI
formation, reduction currents were observed that continued to decrease from -1.21 μA at
1.4 V to -25.9 μA at 0.05 V, at which point a second strong reduction current onset was
observed. The second current onset was attributed to the start of lithiation of the silicon
electrode and the reduction of the native oxide present on the surface of the
electrode.20,24,26–28 Previously, the onset of lithiation of silicon has been observed at ~0.4
V vs. Li/Li+,29 however it is proposed that the presence of the native oxide layer acted as a
barrier to lithation and that lithation did not occur until after the native oxide was at least
partially reduced. Reasonably, as lower potentials were reached at the working electrode,
the native silicon oxide on the electrodes was irreversibly reduced (Reaction 2.1):30–33
SiOx+ 2Li+ + 2e- → SiOx-1 + Li2O

(2.1)

Further evidence and discussion supporting this reaction mechanism is given below with
respect to the XPS results of the inorganic products.
Cyclic voltammetry was carried out by cycling a silicon electrode for four cycles
between 3.0 and 0.01 V at a scan rate of 0.01 V s-1. Figure 2.1c shows the corresponding
CV response, with oxidation currents shown as positive and reduction currents shown as
negative.

The first forward scan of cycle 1 from OCV to lithation showed behavior

similar to that observed during the LSV experiment that was attributed to the same
causes: a first onset in reduction current was observed at ~1.4 V corresponding to the
beginning of SEI formation, and current continued to decrease until a second onset in
reduction current at ~0.05 V from reduction of the native oxide (Reaction 2.1) and
alloying of the silicon with lithium was observed. Further, a cross-over in the IV curve
29

during the return scan of cycle 1 was also observed which is attributed to continued
lithiation and/or the continued SEI formation because scans did not proceed lower than
0.01 V.

Additionally, XPS spectra discussed extensively below indicated that SEI

continued to form on the electrode upon subsequent CV cycles. Reduction peaks were
observed in cycles 2 through 4 which were attributed to lithium alloying with Si,20,24,26–28
and an Eeq for lithium insertion was deduced to be 0.22 V. A second reduction reaction
was also observed in cycles 2 through 4 with an onset at ~0.05 V, similar to the onset
potentials observed in CV cycle 1 and in the LSV experiment. First and second oxidation
(delithiation) peaks were observed in cycles 1 through 4 which were attributed to lithium
dealloying20,22,24,27,28 and the Eeq for these lithium oxidation peaks were deduced to be 0.29
V and 0.49 V, respectively. In order to calculate a value of the overpotential for cycles 2
through 4, the oxidation peak having Eeq of 0.29 V was chosen as a point of comparison
and values of ΔEp were calculated to be 0.12 V for cycle 2, 0.17 V for cycle 3 and 0.21 V
for cycle 4. The increase in overpotential with each cycle was attributed to the instability
of the SEI and the resulting increased resistance at the working electrode surface. The
magnitude of the oxidation peaks and reduction peaks grew with each cycle, a fact
attributed to an increase in electrochemically active silicon with each cycle, brought
about by pulverization and amorphization of the silicon with each cycle.34–36
2.3.2 X-Ray Photoelectron Spectroscopy
XPS was used to determine the chemical composition of the SEI layer formed on
the silicon electrodes through the three experiments, CA, LSV, and CV, both before
(anoxic) and after exposure to ambient conditions (i.e., air and moisture).

For all

prepared electrodes, detailed scans were collected from the C 1s, O 1s, Li 1s, F 1s, P 2p,
and Si 2p spectra. Once spectra were fitted, elemental compositions of the anoxic and
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exposed measurements were calculated. These totals are shown graphically in Figure
2.2.

Relative sensitivity factors (RSFs) from the VISION software library (Kratos

Analytical) were used to compare the areas under peaks associated with the various
elements. These RSFs included the photoelectron cross-section, transmission function,
the inelastic mean free path and geometric factors intrinsic to the instrument. Carbon was
found to be the most abundant element in all anoxic measurements (the SEI prepared by
LSV contained 45.6%, by CV, 58.6% and by CA, 33.3%), as well as the most abundant
element on the exposed SEI prepared by LSV and CV (41.4%, and 52.3% respectively).
Oxygen was found to be the most abundant element on the exposed SEI prepared by CA
(43.6 %). A complete list of elemental compositions is given in Table 2.1.
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LSV

CV

CA

Anoxic

0.84

2.05

-2.23

High Accumulation

0.88

2.14

-2.16

Exposed

0.84

2.05

3.36

Carbon (Anoxic)

45.6

58.6

33.3

Carbon (High-Accumulation)

41.1

57.3

34.2

Carbon (Exposed)

41.4

52.3

21.7

Oxygen (Anoxic)

13.3

10.8

25.7

Oxygen (High-Accumulation)

10.4

9.2

24.3

Oxygen (Exposed)

12.3

10.5

43.6

Lithium (Anoxic)

18.4

18.8

27.7

Lithium (High-Accumulation)

29.9

23.8

29.5

Lithium (Exposed)

23.9

23.1

31.2

Fluorine (Anoxic)

19.7

11.2

11.6

Fluorine (High-Accumulation)

15.8

9.3

10.1

Fluorine (Exposed)

20.4

13.7

3.1

3

0.7

1.7

2.9

0.3

1.8

2

0.4

0.4

Shifts to spectra based on position of C-C peak (eV)

SEI % Atomic composition

Phosphorous (Anoxic)
Phosphorous (High-Accumulation)
Phosphorous (Exposed)

Table 2.1. Fitting and atomic makeup of SEI
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Figure 2.2. Percentages of the elements comprising the SEI on silicon (001) wafer
prepared by CA CV and LSV. Values were calculated from areas under the
spectra shown in Figures 2.3-2.5.
The present results contrast with those presented by Arreaga-Salas et al.12 who
found that fluorinated lithium and silicon species were more abundant than organic
species. Arreaga-Salas et al. reported that organic species were detected via ex situ FTIR
but they did not show oxygen or carbon XPS spectra. Surface absorption of carbonate
solvents may vary between the oxide-covered crystalline Si (001) electrode of the present
study and the CVD grown hydrogen-terminated amorphous silicon of Arreaga-Salas et al.
Further, the hydrogen termination of the silicon surface in Arreaga-Salas et al. may more
weakly adsorb EC and DEC, suppressing reduction, which in turn may explain the
disparity in reported SEI composition. Additionally, Arreaga-Salas et al. do not describe
the methods used to limit exposure to water and oxygen, and atmospheric contamination
may be another reason for the difference in results.
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Across all experiments, the percentage of carbon in the SEI decreased on each
electrode after limited exposure to air (shown in Figure 2.2). Exposure of the SEI/Si
electrodes to ambient conditions can lead to a spontaneous reaction of lithium with water
and oxygen and the oxidation of carbon (combustion) as well as other exothermic
reactions that release thermal energy and change the composition of SEI products.
Specific reactions describing these processes are proposed below after discussion of the
chemical functionalities present within each SEI. Intensity of the phosphorus 2p signal
also decreased for all electrodes after exposure to air. LiPF6 has already been shown to
be thermally unstable and degrade into mixed stoichiometric species including LixPFy and
LixPOyFz.37,38 In an effort to understand the types of chemical functionalities present in
each SEI, a detailed analysis involving a model based on estimating the oxidation states
of compounds found in the SEI on each silicon electrode surface before and after
exposure to ambient air is presented below.
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Figure 2.3. XPS spectra of SEI on silicon (001) wafer prepared via LSV. Colors are
coordinated with Figures 2.2, 2.4 and 2.5. The solid-line spectra were
measured after the electrode was prepared and loaded under anoxic
conditions. The dashed-line spectra were measured after the electrode was
exposed to ambient conditions for ~10 min. Exposed and anoxic spectra
were shifted to share the roughly equivalent base-lines, shown in light blue.
The Li 1s spectra are the exception, where a dashed light blue line
corresponds to the exposed electrode background and the solid to the anoxic
electrode background.
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Figure 2.4. XPS spectra of SEI on silicon (001) wafer prepared via CV. Colors are
coordinated with Figures 2.2, 2.3 and 2.5, the solid spectra were measured
under anoxic conditions and the dashed spectra were measured after the
electrode was exposed to ambient conditions for ~10 min. Exposed and
anoxic spectra were shifted to share the roughly equivalent base-lines,
shown in light blue.
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Figure 2.5. XPS spectra of SEI on silicon (001) wafer prepared via CA. Colors are
coordinated with Figures 2.2-2.4, the solid spectra were measured under
anoxic conditions and the dashed spectra were measured after the electrode
was exposed to ambient conditions for ~10 min. Exposed and anoxic
spectra were shifted to share the roughly equivalent base-lines, shown in
light blue.
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Figures 2.3-2.5 show the spectra that were taken under anoxic conditions before
exposure to air (solid lines) and the spectra taken after exposure to air (dashed lines).
Figures 3-5 are broken down into energetic regions (e.g., C 1s, O 1s, etc.) in which the
elements are colored identically to those shown in Figure 2.2. Previous XPS studies of
SEI formation on silicon have not been conclusive about the organic species present on
crystalline silicon with a native oxide.11–14 Consequently, assignments generally followed
those recorded for polymer species in Beamson and Briggs,15 and made in the carbon
anode literature, as presented by Verma et al.10 Assignments shown are approximate and
presented as dashed black vertical lines for the species observed on each silicon electrode
before and after exposure; exact peak assignments determined from curve fitting are
provided in Tables 2.2 and 2.3. It should be noted that the atomic composition differed to
some degree between the detailed region scans and the high-accumulation measurements
(for example the electrode that underwent CV experiments lost ~1.3% carbon; see Table
2.1).
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Alkane

Ether/
Alkoxide

Ester/
Carboxylate

Carbonate

286.40,

288.9371,

	
  	
  

532.67

533.7975(C=O),

	
  

534.9263(C-O)

LiF

Linear Sweep Voltammetry

Assignment (eV)

284.8

55.97,
685.2249

Atomic %

24.60%

7.90%

6.60%

	
  

26.60%

Cyclic Voltammetry

	
  	
  

	
  	
  

	
  	
  

	
  	
  

	
  	
  

288.98,

	
  	
  

56.00,

Assignment (eV)

284.8

286.35,
532.85

Atomic %

41.20%

12.20%

12.30%

	
  

15.30%

Chronoamperometry

	
  	
  

	
  	
  

	
  	
  

	
  	
  

	
  	
  

Assignment (eV)

284.8

286.52,
531.23

Atomic %

24.70%

5.20%

532.07 (C=O),
533.60 (C-O)

685.05

289.43,

290.27,
531.23(C=O) 532.41 531.95(C=O) 55.32
532.34 (C-O)
(C-O)
5.80%

19.90%

Table 2.2. Functionality assignments from high accumulation fits
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21.90%

Ether/
Alkoxide

Alkane
Linear Sweep Voltammetry
Assignment (eV) 284.8
286.4
532.5

Ester/
Carboxylate

Carbonate

Fluorocarbons

LiF

Li Salt
Produc
ts

Li2O

289.1
531.4
(C=O)
533.8 (C-O)

56.0,
685.0

Atomic %
34.9%
15.4%
Linear Sweep Voltammetry
Assignment (eV) 284.8
286.3
532.7

8.6%

36.72%

288.8
531.8
(C=O)
533.8 (C-O)

56.0,
685.0

59.3,
134.6
531.0
687.2

Atomic %
33.1%
Cyclic Voltammetry
Assignment (eV) 284.8

12.3%

6.6%

36.1%

11.9%

286.3
533.5

289.0
532.2
(C=O)
533.9 (C-O)

56.0
684.8

59.9
136.1
531.0
686.6

Atomic %
42.1%
Cyclic Voltammetry
Assignment (eV) 284.8

15.2%

12.0%

11.8%

18.8%

286.5
533.3

288.9
532.0
(C=O)
533.9 (C-O)

287.1
(C-F)
686.3

56.0,
684.8

58.3,
133.1
688.8

Atomic %
33.3%
Chronoamperometry
Assignment (eV) 284.8

10.17%

10.9%

17.3%

9.1%

19.2%

286.8,
531.9

289.4,
530.9
(C=O)
532.3 (C-O)

55.8(O-Li)
290.1,
531.4
(C=O)
532.3
(C-O)

55.4,
685.3

133.5
530.1
688.1

Atomic %
24.9%
Chronoamperometry
Assignment (eV) 284.8

6.3%

12.3%

19.9%

22.7%

3.2%

287.1
(C-O) or
(C-F)

55.4
(O-Li)
290.0
531.7
(C=O)
532.0
(C-O)

290.4
(C-F2)
688.6

55.8
284.9

57.9
135.6

55.0
531.5

Atomic %

0.9%

63.1%

5.8%

2.4%

4.77%

17.8%

5.4%

Table 2.3. Functionality assignments from anoxic and exposed fits
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59.3,
134.4
129.3
529.8
687.9
4.35%

The peak of highest intensity for each of the carbon 1s spectra (C 1s, Figures 2.32.5) was assigned as carbon singly bonded to another carbon atom or hydrogen. The C-C
peaks are likely to be a mix of alkane and alkyl groups, due to the variety of SEI
functionalities on the surface (oligomers, polymers, side chains, and molecules) as well
as adventitious carbon deposited on the silicon electrodes during preparation.

The

binding energy of the C-C peak present on each silicon electrode varied because of
charging during measurement. Consequently each of these peaks were assigned to 284.8
eV and all other spectra were shifted accordingly, following extensive literature
precident.13,15,16,39 Asymmetries inherent in peak models were accounted for by assuming
that functionalities with higher oxidation states, such as carbonates, esters, carboxylates,
ethers, and alkoxides, shifted adjacent carbon-carbon (alkane) bonds to higher binding
energies. As a result, multiple synthetic peaks were used to account for the asymmetry of
the carbon-carbon bond peak. Once a set of peaks was given initial positions and areas, a
Marquardt algorithm was used to fit the peaks to the signal in each measurement. After
analysis of the carbon-based chemical components on the surface, the remaining
inorganic products were determined and analyzed in the same way.
2.3.3 Organic SEI Composition
Organic SEI species are predicted to be products from the reduction of EC and
DEC.40,41 Quantification of the carbonate reduction reactions is critical to the
understanding of SEI formation in general. EC (as well as to a lesser extent DEC and
dimethyl carbonate (DMC)) reduction reactions were first proposed by Aurbach and coworkers,40–42 and further discussion has been given by, among others, Peled et al.,43
Edström and co-workers,44,45 K. Xu,46 Kostecki and co-workers,47,48 S. Zhang,49 Tavassol
et al.,50 Wang et al.,51 and Kim et al.52 Based on this work, SEI formation reactions are
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proposed with chemical structures shown in Schemes 2.1-2.4.

Additional reactions

showing combustion and fluorination processes are written as equations for the sake of
simplicity, as they contain mostly inorganic reactants and products.
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Li

EC reduction (Scheme 2.1) is usually considered via ring opening, shown in
Reaction 2.2, followed by further electron reduction reactions (for example Reaction 2.3),
lithiation (Reactions 2.4 and 2.5) and/or reactions with other radical species to form semiorganic insoluble products (for example Reaction 2.6).

DEC reduction reactions

(Scheme 2.2) may take place at either the carbonate group (Reaction 2.7) or the side
chains to form carbonate species and ethyl lithium (Reaction 2.8) or methyl lithium
(Reaction 2.9).
Previous studies of SEI formation on graphite have reported alkyl lithium
(RCH2Li) functionalities from carbonate reduction reactions.53–55 Ota, et al.53 reported one
such species, LiCH2CH2OCO2Li with the C-Li bond having a binding energy of 283.6
eV. These functionalities may be generated by lithiation of a radical carbon on an opened
EC molecule (Reaction 4) or reductions of DEC side chains, shown in reactions 8 and 9.
These alkyl lithium species are highly volatile in air and should spontaneously react with
oxygen and water vapor. If these species were present on the silicon electrodes, a
narrower range of binding energies with appreciable signal in the carbon 1s region (C 1s,
Figures 2.3-2.5) would have been expected in measurements taken after exposure to
ambient in comparison to those taken before exposure. The anoxic and exposed spectra
for each preparation were compared and no change in the range energies with signal in
the carbon 1s region was observed. Therefore most likely alkyl lithium species were not
present in any of the prepared SEI samples.
There are many possible reasons why these species were not observed in the
present study and the following hypothesizes are proposed to explain this fact. The high
concentration of other radical species present at the surface may have disfavored C-Li
bond formation and further, because C-Li bonds are highly reactive and can act as
reducing agents (as discussed in more detail below), these functionalities may have a
43

short lifetime. Species formed in the CA, CV and LSV experiments that contained C-Li
bonds may have been highly soluble and therefore were not incorporated into the SEI.
Additionally, C-Li bonds may have been degraded during the soft-bake of the silicon
electrodes prior to XPS measurements.

Future work will focus on confirming or

disconfirming the existence of alkyl lithium species in the SEI or in solution and if these
species contribute to SEI formation by in situ EPR or FTIR during electrochemical
experiments.
Each anoxic spectra in the carbon 1s region (Figures 2.3-2.5, solid curves) has a
shoulder off the C-C peak at ~285.5-287 eV as well as higher energy signal at 289.0 eV.
Chan et al.13 have assigned signal in the shoulder at ~285.5-287 eV as polyethylene oxide
(PEO), however, signal at ~285.5-287 eV may be due to ether functionalities in general
(RCOCR’) and lithium alkoxides (RCOLi), not just PEO.10,15 Additionally, signal at
289.0 eV has been assigned to ester (RCOOR’) or lithium carboxylate (RCOOLi)
functionalities.10,15 Therefore, we propose there are at least three bonding configurations
in all the anoxic measurements, labeled in the C 1s spectra of Figures 2.3-2.5, as C-C, CO, and OCO respectively. Following Verma et al. and Beamson and Briggs, we have
attributed the peak at 290.2 eV measured in the SEI prepared by CA to lithium carbonate
(Li2CO3) or semi-organic lithium carbonates (ROCO2Li) and labeled the peak CO3 (C 1s,
Figure 2.5).
Identification of chemical groups based solely on the carbon 1s spectra is
incomplete; for example, the shoulders in the anoxic carbon 1s spectra at ~286-287 eV
may be due solely to ether functionalities that are inclusive in the esters present. The
OCO signals at 289.0 eV are well defined in all spectra and isolated in the anoxic spectra
of the SEI prepared by LSV and CV. These isolated OCO peaks allowed fitting analysis
to make rough assignments of 530.5 to 531 eV for C=O bonds (within an ROCO group),
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531.5 to 532 eV for C-O bonds excluded from esters/carboxylates and 532.5 to 533.2 eV
for C-O bonds included in esters/carboxylates. Area under the peaks of both the carbon
1s and oxygen 1s regions were matched for all silicon electrodes and it was concluded
that there was not enough oxidized carbon for ester functionalities to account for all the
oxygen on the surface. This implies the presence of alkoxides or ethers in all of the SEI
prepared, as has been reported in previous carbon anode SEI literature.44,45,56,57
Additionally, when assuming that the entirety of the shoulders from 285.5-287 eV were
due to alkoxide and ether groups, (i.e., that only carboxylate species existed on the
surface) it was found that there was not enough oxygen 1s signal to account for all of the
oxide species in the SEI prepared by LSV and CV. Thus it was concluded that esters
were also present in all of the prepared SEI.
The cation for ionic SEI species such as alkoxides, carboxylates and carbonates in
the anoxic measurements would presumably be lithium. Unfortunately, there is a high
degree of overlap between oxygen-lithium and fluorine-lithium binding energies in the
lithium spectrum.58,59 Further, because of the low sensitivity of the lithium signal (i.e.,
small photoelectron emission cross-section) and the multiple possible stoichiometries of
the degraded lithium salt, quantitative analysis to calculate a ratio of ionic to covalent
species was not possible.
Non-carbonate species that include C-O and OCO bonds may be derived from (1)
a one-electron reduction of DEC (Reaction 2.7), or (2) reduced EC and DEC carbonate
products, like those generated in Reactions 2.2-2.6 (Scheme 2.1) and Reactions 2.8 and
2.9 (Scheme 2.2) which are further reduced to form ether, alkoxide, ester, carboxylate
and lithium oxide products such as those shown in Reactions 2.10-2.13 (Scheme 2.3).
Reactions 2.10 and 2.11 show a general pathway for carbonate species to form a radical
ester and either lithium oxide or lithium alkoxide by one-electron reduction. Reactions
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2.12 and 2.13 show reduction by a lithiated organic group (e.g., alkyl lithium or alkoxide)
acting as a nucleophilic reagent and forming ester linkages and either lithium oxide or
lithium alkoxide. Radical ester products such as those produced in Reaction 2.7 of
Scheme 2.2 and in Reactions 2.10 and 2.11 of Scheme 2.3 would be highly reactive and
quickly degrade. Scheme 2.4 shows two possible degradation pathways; Reaction 2.14
shows lithium coordinating with an ester radical to form lithium carboxylate, and
Reaction 2.15 shows an ester radical reacting with another organic radical to form an
ester linkage.
2.10
R

OLi

OLi
O

2.11

R

O

R'

R

+ Li+ + e-

R'
R

O

R

Li

O

+ Li+ +e-

O

O

O

O

R

Li

O

O

+

O

O

+

O

O

Li2O

R'OLi

2.12
R'
2.13
R'

O

R'

O

R''
O

OLi Li

+ Li+R-

OLi

O
R''

+ Li+R-

O

R'

O

R
R'

O R

R'

O R

+

Li2O

+

R''OLi

O
R

O Li

O

O

O

O

Scheme 2.3. Reduction reactions of carbonates in general
2.14
R

O

2.15

O

+ Li+
O

O
R

O

R'

Li
R

LiO

R

+ R+
O

O

R'

O

Scheme 2.4. Ester and lithium carboxylate formation reactions from ester radicals

46

O

As discussed above, many of the proposed reduction products for EC and DEC
include carbonates, however no carbonates were observed in the spectra of the SEI
prepared by CV and LSV.

The lack of carbonate-containing SEI species on these

electrodes may be due to either (1) SEI carbonates being degraded on the electrodes after
electrochemical preparation and before measurement or (2) the electrochemical
mechanisms for producing carbonate-containing species may be distinctly different for
SEI layers prepared via potential sweep (CV, LSV) experiments. Since carbonates are
somewhat soluble they may have been rinsed off during washing or have degraded
through side reactions during soft-bake.

However, both of these circumstances are

unlikely because all electrodes were treated in the same manner after electrochemical
preparation and ionic compounds like LiF, LixPFy and LixPOyFz were observed on all
silicon electrodes before exposure to air (Li 1s, Figures 2.3-2.5) and, additionally,
carbonates were observed in the anoxic measurements of the CA experiment electrode (C
1s, Figure 2.5).

This result strongly suggests that the LSV and CV experiments

suppressed carbonate-forming reactions (such as shown in Reactions 2.2-2.6, 2.8, and
2.9) and/or promoted carbonate reduction reactions (such as shown in Reactions 2.7, and
2.10-2.13).
Reasonably, carbonate forming reactions out-compete with carbonate reduction
processes at the lowest lithiation potentials to which the electrodes were exposed.
Additionally, surface effects may have played a role in the differences between the
distributions of surface species in the variable potential sweep experiments and the
potential step experiment. SEI formation was observed in the LSV and CV experiments
to begin at ~1.4 V vs. Li/Li+ due to DEC reduction. Therefore, initial SEI formation in the
CV and LSV experiments took place on silicon electrode surfaces passivated with a SiOx
layer at higher potentials before these electrodes experienced potentials comparable to
47

those electrodes in the CA experiments. The initial SEI may be responsible for a large IR
drop from the electrode to the electrolyte, effectively lowering the apparent potential at
the SEI-electrolyte interface and also limiting the charge transfer kinetics at lower
potentials. Additionally, if surface adsorption of the solvent molecules plays a large role
in SEI formation reactions, an oxide or SEI passivated surface may have promoted
carbonate reduction or limited the silicon surface from catalyzing carbonate formation.

Figure 2.6. Percentages of the functionalities comprising the SEI on silicon (001) wafer
prepared via CA, CV and LSV. Values were calculated from peak fitting to
estimate peak areas for spectra shown in Figures 2.2-2.4. The
functionalities present included alkanes (C-C), alkoxides and ethers (RCO),
lithium carboxylate and esters (ROCO), carbonates (RCO3), fluoroalkanes
(RCF), difluoroalkanes (RCF2), lithium fluoride (LiF), and degraded lithium
salt products (Li-X, which possibly includes LixPFy, and LixPOyFz). In the
exposed CA measurement, lithium oxide (Li2O) was also observed.
As discussed above, when exposed to air all silicon electrodes lost carbon (Figure
2.2) but from the fits it was observed that C-O and OCO oxygen bonds specifically were
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reactive (C 1s and O 1s spectra, Figures 2.3-2.5 and Figure 2.7).

Spontaneous

combustion of oxygen-lithium bonds (reaction 2.16) contained in alkoxide and
carboxylate species is one proposed mechanism that supports the XPS results:
RCHOLi +O2 → CO2 + LiOH + R

(2.16)

Heat released in these reactions could catalyze further combustion and lithium salt
degradation processes (as discussed above) as well as dissolution of ionic species into
water present on the electrodes. It should also be noted that after exposure to ambient
conditions, the XPS spectrum of the SEI prepared by CV contained a much broader peak
from 284.8 to 288.0 eV and a shoulder at 289.0 eV (C 1s, Figure 2.4). Functionalities
like fluoroalkanes (RCH2F), aldehydes (RC=OR’), lithium alkoxide (RCOLi) and acetal
(ROCOR’) all have binding energies around 288.0 eV, an area with low signal in all of
the anoxic carbon spectra.

Examination of the fluorine 1s spectra of the exposed

electrode prepared by CV (dashed line, F 1s, Figure 2.4) also showed a marked increase
in signal at 686.3 eV, assigned to RCH2F (following Beamson and Briggs15) as well as a
decrease in oxygen 1s signal (dashed line, O 1s, Figure 2.4). These results suggest that
soluble fluorine compounds underwent dissolution when exposed to water vapor (e.g.,
LiF in Reaction 2.17) and groups containing C-O and OCO bonds were subject to
dehydration by hydrofluoric acid (HF) attack (Reaction 2.18):
LiF + H2O → LiOH + HF
RCOR’ + 2HF → RCF +FR’ +H2O

(2.17)
R’ = C, Li, or H

(2.18)

In the SEI prepared by CV experiments, the decrease in oxygen signal appears to
be disproportionately among ether/alkoxide species over ester/carbonate species. The
lack of Si 2p signal from measurements of the electrode used in CV experiment (Si 2p,
Figure 2.4) when compared to the electrode used in the LSV experiment (Si 2p, Figure
2.3) shows that the thickness of the SEI prepared by CV is great enough to block the
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photoelectrons from the silicon and is therefore thicker than the SEI prepared by LSV.
The fact that similar fluorination was not observed in the spectra of the exposed SEI
prepared by LSV may simply be due to this increased thickness in the SEI prepared by
CV over the SEI prepared by LSV.
2.3.4 Carbonate SEI Species
As was discussed above, the electrode used in CA experiments showed a C 1s
peak at 290.1 eV, which has been assigned to carbonate-containing functionalities. These
carbonate products were not observed in the SEI prepared by LSV and CV. The anoxic
oxygen 1s signal of the SEI prepared by CA is greater than the signal observed in the SEI
prepared by LSV and CV (Figure 2.2), further supporting assignment of the peak at 290.1
eV to carbonates. In the anoxic measurements, oxidation due to fluorine (RCHF2) is not
likely, and corresponding F-C-F signal at 688.6 eV was not observed (F 1s region, Figure
2.5). By using RSFs as above, percentages of ether/alkoxide, ester/carboxylate and
carbonate functionalities were calculated, and are shown in Figure 2.6.
Additionally, anoxic measurements of the SEI prepared by CA showed a large
increase in lithium signal over the SEI prepared by CV or LSV (Figure 2.2). The mix of
stoichiometries of the degraded LiPF6 products meant it was not possible to determine
relative compositions of semi-organic lithium carbonate (ROCO2Li) to ionic lithium
carbonate salt (Li2CO3). The anoxic spectra of the SEI prepared by CA showed more
carbonate products than carboxylate/ester or alkoxide/ether products (Figure 2.6). As
discussed above, Schemes 2.1 and 2.2 show example pathways for the formation of
carbonate species within the SEI.

The solvent molecules in the CA experiment

experienced a constant low potential, it is proposed that carbonate-forming reactions
dominated over carbonate-reducing reactions, such as those discussed above with respect
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to Scheme 2.3. Alkoxide/ether and carboxylate/ester groups were observed in the anoxic
spectra of the SEI prepared by CA, indicating that carbonate-reducing reactions did take
place, however they were not as prevalent as the carbonate-forming reactions.
When the electrode prepared by CA was exposed to ambient air there were
several significant changes in the XPS spectra (Figure 2.5): (1) a large increase in signal
from ~289.5 to 290.5 eV, (2) a loss of almost all shoulder at ~289 eV (and thus
ester/carboxylate species) and (3) a loss of most ether/alkoxide signal from the C 1s
region. Additionally, a large increase in signal in the F 1s region at 688.6 eV indicated
the presence of fluorinated alkane species (RCF2), which are assigned to 290.3 eV in the
carbon 1s spectra.
The SEI prepared by CA showed more change in composition after exposure to
air than the SEI prepared by LSV or CV, summarized in Figure 2.6. This increase in
fluorinated species and carbonates was the result of multiple competing reactions. First,
it is known that lithium carbonate disproportionates in water to form lithium hydroxide
hydrate (Reactions 2.19 and 2.20), which in turn reacts with CO2 and generates additional
carbonate (Reaction 2.21):60
Li2CO3 + H2O → LiHCO3 + LiOH

(2.19)

2LiOH + 2H2O → 2LiOH•H2O

(2.20)

2LiOH•H2O + CO2 → Li2CO3 + 3H2O

(2.21)

Presumably lithium hydroxide hydrate is generated by exposing the SEI prepared by CA
to ambient air reacting with CO2 from combustion of other SEI species, CO2 present in
the air, and ester and carboxylate functionalities within the SEI. Heat from combustion
reactions on the surface would be expected to accelerate carbonate disproportionation
(Reaction 2.19).
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Additionally upon exposure to ambient conditions, carbonate generation in the
SEI prepared by CA was in competition with a fluorination reaction consistent with that
suggested before by Aurbach et al. where SEI layers degraded on carbon anode
materials.61 HF attack of carbonate species competing with carbonate generation is one
explanation of this observation. An example reaction scheme includes ether linkages
reacting with HF (i.e., Reaction 2.18) and dehydration of the ionic carbonate species
(Reaction 2.22):
ROCO2Li + 2HF → LiF + ROCOF + H2O

(2.22)

A possible product from these reactions is difluoroethyl oxide (RC2HF2O), which would
account for the broadening to higher binding energies of the alkane carbon signal
remaining on the surface (C 1s, Figure 2.5).
2.3.5 Inorganic SEI Composition
LiF salts and degraded LiPF6 products were observed on all electrodes in the Li
1s, F 1s, and P 2p XPS spectra. However, lithium and phosphorous resist the type of
quantitative analysis presented above with respect to the carbon-containing species,
because both have low sensitivity and both are present in multiple stoichiometries in the
degraded lithium salt products. Consequently, assignments of functionalities to single
peak positions is not reasonable and we propose more broad energetic ranges based on
silicon and carbon SEI literature.10–14 Signal at 55.6 eV was assigned to LiF (Li 1s,
Figures 2.3-2.5). The signal ranging form ~56 eV to ~60 eV has been assigned to
partially decomposed LiPF6 constituents LixPFy and ionic oxygen-lithium compounds
such as alkoxides, carboxylates and carbonates. The peak at ~60 eV is proposed to be
LixPOyFz. Complimentary peak assignments were made in the phosphorous spectra (P
2p, Figures 2.3-2.5) for LixPFy at 133.5 eV and LixPOyFz at 135.0 eV.
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The anoxic fluorine 1s spectra (Figure 2.2) of the SEI prepared by all three
methods are similar to those recently reported by Arreaga-Salas et al. The peak at ~685
eV was assigned to LiF, and assignments for lithium salt products (LixPFy and LixPOyFz)
ranged from 687.5 eV to 689.0 eV. As discussed above, RCH2F was found in the SEI
prepared by CV after exposure to ambient (F 1s, Figure 2.4) and was assigned to 686.3
eV and RCHF2 was observed in the SEI prepared by CA after exposure to ambient (F 1s,
Figure 2.5) and was assigned to 688.6 eV.
The P 2p peak intensity at ~133.5 to 135 eV diminished greatly in all SEI after
exposure to ambient air (Figures 2.3-2.5) as did the Li 1s intensity at ~56.5 to 60 eV on
the SEI prepared by CV and LSV (Figures 2.3 and 2.4). Additionally, the SEI prepared
by CA (Figure 2.5) showed an increase in area in the O 1s region, after exposure to
ambient, that was more than could be accounted for by the carbonate measured in the C
1s region. It was concluded from the increase in oxygen signal and enrichment of lithium
compared to fluorine that lithium oxide (Li2O) was present on the surface of the CA
electrode after exposure to air (Figure 2.6).
Lithium oxide is expected to be a product of the SEI from lithium and charge
reducing the native silicon oxide on the electrodes, as discussed above with respect to
reaction 1. The silicon spectra of the electrodes that underwent CV and CA experiments
showed little signal (Si 2p, Figures 2.4 and 2.5) in contrast to the electrode that
underwent LSV (Si 2p, Figure 2.3). As has been discussed above, this is attributed to the
thickness of the SEI prepared by CV and CA being greater than SEI prepared by LSV
(near the penetration depth of the XPS or ~10 nm), and thus attenuating the Si 2p signal.
Also as introduced above, high accumulation measurements of the silicon 2p region were
taken of the electrode that underwent LSV (Figure 2.7). The oxide region (101–105 eV)
showed clear evidence of regrowth in native oxide (suboxide) after exposure to air and
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consequently it was concluded that electrochemical preparation did lead to reduction of
the native oxide (Reaction 2.1).

Figure 2.7. XPS spectra of SEI for the Si 2p region of silicon (001) wafer prepared by
LSV from 3 to 0.01 V vs. Li/Li+ (brown spectrum, labeled anoxic) and after
exposure of the wafer to ambient conditions for ~10 min (teal spectrum,
labeled exposed). The inset shows a full view of the spectrum for both
anoxic and ambient measurements. The zoomed-in view shows GuassianLorentzian functions, which were fitted to oxide species present in the
electrode (dashed curves) and demonstrate the growth of suboxide species
on the wafer after exposure to ambient conditions.
However, the silicon electrode prepared by CA was the only electrode to show an
appearance of Li2O after exposure to air, suggesting that the Li2O was a product of the
degradation of the SEI, not electrochemical preparation. One mechanism that explains
the Li2O production, is that lithium hydroxide (a product of carbonate dissolution,
Reaction 2.19) and heat from the exothermic reactions described above (e.g., Reactions
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2.16 and 2.18) caused further dehydration reactions that formed Li2O and water (Reaction
2.23):
2LiOH → Li2O +H2O

(2.23)

Because of the issues described above with respect to assignments of the lithium spectra,
the presence of Li2O in the SEI prepared by CA prior to exposure to air cannot be ruled
out. However, it has been shown that Li2O is partially soluble in EC,62 suggesting that
Li2O detected by XPS may have been generated by exposure to ambient conditions and is
most likely not present in the anoxic XPS measurements. These observations suggest
that carbonate degradation is the predominant route for the formation of the Li2O
observed, and not the electrochemical carbonate reduction processes shown in Reactions
2.10-2.13 (Scheme 2.3).
2.4 CONCLUSIONS
Electrochemical preparation has a dramatic effect on the distribution and
composition of SEI products formed on crystalline silicon wafer electrodes with native
oxide. Variable potential cycling experiments (prepared by LSV and CV) produced
organic oxides and a suppression of carbonate-containing species, relative to the potential
step (CA) experiments probed by anoxic XPS studies. Passivation of the silicon surface
during LSV and CV experiments is one possible mechanism to explain this discrepancy.
In situ FTIR and Raman spectroscopy are currently being developed to determine the
effects of applied potential and surface passivation on the composition and distribution of
SEI products. Exposure of the Si anode materials to ambient conditions after careful
exclusion of oxygen and water showed the volatility of SEI layers. When exposed to
ambient conditions the SEI layers reacted to from more fluorinated products, most likely
from HF generated during LiF dissolution in presence of water. Additionally, SEI layers
55

formed via CA yielded less non-carbonate containing organic species and after exposure
to air and moisture showed an increase in oxygen containing species due to generation of
carbonate and lithium oxide. The formation of these species suggests lithium carbonate
reacted with carbon dioxide present in the air as well as carboxylate and ester species
present in the SEI.
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CHAPTER 3
The Role of Surface Oxides in the Formation of Solid Electrolyte
Interphases at Silicon Electrodes for Lithium-ion Batteries*
3.1 INTRODUCTION
The

solid-electrolyte

interphase

(SEI)

is

a

chemically

complex,1–6

inhomogeneous7–9 region found at the surface of electrode materials in non-aqueous
electrolytes that are common in lithium ion batteries (LIBs). Work has been performed
over the past 25 years10 to characterize SEI at graphitic negative electrodes in carbonate
electrolytes, as they relate to LIB systems. The SEI plays a central role in the chargetransfer processes,11 capacity fade,12 and safety,13 so its presence and function are of great
interest. However, the fundamental mechanisms that control the composition, structure
and performance of the SEI in carbonate-based electrolytes across materials systems
other than graphite and on positive electrode materials remain poorly understood. This
inhibits significant progress towards rational improvement of LIBs and next-generation
technologies like Na-ion, Mg-ion, Li-S, and Metal-air batteries.
Studies of model systems (e.g., binder-free electrodes investigated by Nie,
Abraham, et al.14) have shown that the composition of the SEI has a large influence on
the performance of the active material. However, one cannot assume that the SEI
structure and composition is roughly the same for all negative electrode materials. To
date there is no systematic understanding of the arrangement and composition of the SEI
as a function of materials structure, composition and electrolyte parameters. The SEI
resists easy study and analysis because of the large number of variables present involving

*

Portions of this chapter were submitted for publication in Schroder, K.W.; Dylla, A.G.; Harris, S.J.;
Webb, L.J; Stevenson, S.J.ACS Appl. Mat. Inter. 2014, 6, 21510–21524; Schroder designed, preformed,
and analyzed the experiments and wrote-up the results, Dylla helped with instrumentation, Dylla and Harris
proposed experiments and helped with data interpretation, Webb and Stevenson supervised.
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electrode materials and electrolytes. Additionally these solid electrode materials and
electrolytes can be synthesized from a number of methods and their chemistry and
compositions are complex. As such there exists a large set of reactants and reactions that
can participate in SEI formation. SEI formation studies are further complicated because
they are generally undertaken on composite electrodes comprising active material,
conductive additives and binder. This variability leads to results that are often difficult to
interpret or reproduce.10 Furthermore, the study of SEI structure and composition has
been shown by us and others15–18 to be very sensitive to exposure to ambient conditions
because of its reactivity with oxygen and water.
All silicon surfaces are reactive with oxygen and form silicon oxides (SiOx), the
exact composition of which is dependent on the reaction conditions. The role of the
silicon oxide in active material performance is still poorly understood, with many
conflicting accounts in the literature.19–23 We are motivated in particular by previous
studies of SEI on HOPG graphite by Peled, Bar Tow, Golodnitsky, et al.8 and on Sn
surfaces by Kostecki, Lucas and co-workers24–26 that have isolated surface chemistry
effects on SEI composition and structure.

To enhance our understanding of SEI

composition, structure (stratification/arrangement) and evolution, we investigated SEI
formed on a model system of crystalline silicon (001) surfaces with and without a native
oxide and in different states of lithiation. We extend the use of our anhydrous and anoxic
methods15 to time-of-flight secondary ion mass spectrometry (TOF-SIMS) depth
profiling. The flatness of the wafer enables quantification of the TOF-SIMS depth
profiling of SEI as a function of depth as suggested by Veryovkin et al.18 We discuss
these results in the context of the electrochemistry, XPS spectra, and SEI formation
mechanisms to elucidate previous observations of SEI composition (e.g., TOF-SIMS by
Xiao et al.27). Inspired by Graham et al.,28 Pacholski et al.,29 and Muramoto et al.,30 we
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employed principal component analysis (PCA) to understand the TOF-SIMS depth
profiles. Multivariate analysis (MVA) in general, and PCA in particular, use statistics to
compare entire mass spectra against each other and highlight trends in data that may
otherwise be difficult to distinguish if only comparing a small number of secondary ion
signals. This approach differs from previous studies of SEI by TOF-SIMS that focused
exclusively on utilizing univariate analysis. In this work MVA, combined with traditional
univariate depth profile analysis, isotope-labeling of SEI species, and correlative XPS
data result in a holistic picture of SEI structure and composition. We provide further
evidence that the SEI is inhomogeneous in inorganic and organic composition and
porous, in agreement with previous reports of Harris, Lu, and coworkers31–33 and Sheldon
and co-workers.34,35 We discuss structural similarities and differences of SEI formed on
etched silicon and native oxide silicon samples, as well as likely SEI formation
mechanisms, highlighting how a powerful toolset of multiple analytic methods coupled
with statistics can used for understanding the formation inhomogeneous interfacial films
of complex structure and chemical composition. Paragraphs with the style Heading 3,h3
applied can be extracted to appear in the table of contents with the style TOC 3.
3.2 EXPERIMENTAL METHODS
Model silicon electrode systems with SEI were prepared on silicon wafer (001)
substrates, both with native oxide and “oxide-free” via reactive ion etching.

The

electrodes underwent potential sweep and potential step lithiation/delithiation cycles to
explore different kinetic and thermodynamic dependences of the formation of the SEI and
its resultant structural and compositional components.

The resulting systems where

analyzed by TOF-SIMS and XPS, closely following methods described previously,15
ensuring all electrochemistry, spectroscopy and surface analytical measurements were
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conducted under anoxic and anhydrous conditions with minimal exposure to oxygen and
water.
3.2.1 Preparation of Silicon Surfaces
Substrates of single-side polished, non-doped silicon (001) wafers (University
Wafer) were cleaned, first by sequential washing with acetone, isopropyl alcohol and DI
water followed by room temperature piranha solution (5:1:1, H2O : H2SO4 : H2O2) for 1
hour and subsequently washed with DI water.

To help with electrical contact to the

wafer and control resistance, metal (Cu or Al, Kurt J. Lesker) was evaporated by physical
vapor deposition (Cooke Vacuum Products) onto the unpolished side of the silicon wafer.
All silicon wafers had a native oxide layer (SiOx), with 2 > x ≥ 0.8 that was
measured to be ~2nm via spectroscopic ellipsometry (M-2000D Spectroscopic
Ellipsometer, J.A. Woollam). A subset of wafer substrates was etched via reactive ion
etching (RIE). An Oxford Plasma Labs 80+ CVD / RIE system was used to etch the
wafer. After the wafer was loaded and pumped to 1 x 10-6 Torr, the manifold and
deposition chamber were purged by sequentially flowing N2 (at 20 sccm) and CH4 (also
at 20 sccm) and pumping to 1 x 10-5 Torr for three iterations. Following purging, the
chamber was pumped to 1 x 10-6 Torr, then O2 (at 30 sccm), Ar (20 sccm), and C4F8 (50
sccm) flowed into the reaction chamber at a throttled maximum pressure of 80 Torr while
100 W RF forward power and 300 W ICP forward power were applied for 10 min.
Etched substrates were then transported within 5 min into an Ar filled glovebox
(MBraun) to limit the regrowth of silicon oxides. Subsequent measurement of the surface
showed a reduction in the oxide species present on the surface; XPS data of native oxide
and etched silicon is shown in Figure 3.1.
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Figure 3.1. XPS spectra from a cleaned silicon (100) wafer (a) and a cleaned and RIE
etched silicon (100) wafer (b).
Figure 3.1 shows X-ray photoelectron spectra taken from wafer that underwent
RIE (Figure 3.1b) in comparison to wafer that had its native oxide layer (Figure 3.1a). 1s
high resolution scans were taken of the Si 2p regions and the resulting spectra were fit
with Voigt functions using CasaXPS (version 2.3.15, Casa Software Ltd.). Normalizing
the area of the oxide peak (“SiOx”) to the sum of area under the p21/2 and p23/2, we find
that 95.6 % of the oxide was removed from the surface.
3.2.2 Electrochemistry and SEI on Silicon Surfaces
The cleaned substrates and etched substrates were then configured as the working
electrodes in a pseudo-three-electrode electrochemical cell with lithium metal counter
and reference electrodes. A Viton o-ring was used to secure the working electrode in
place and ensure that all electrochemical measurements were undertaken with the same
surface area for the working electrode. All electrochemistry was performed with a CH
Instruments 660D potentiostat in an argon-filled glovebox (MBraun) containing less than
0.1 ppm water vapor and less than 5.0 ppm oxygen. The electrolyte was composed of 1
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M LiPF6 (BASF) dissolved in: (1) ethylene carbonate (EC) and diethyl carbonate (DEC),
1:1 by weight (BASF, battery grade); (2) propylene carbonate (PC) (Alfa Aeser); or (3)
deuterium-labeled propylene carbonate (CDN Isotopes), molecular formula C4D6O3
(dPC).
SEI was formed on electrodes in EC/DEC electrolyte, via potential sweep
voltammetry, and multiple potential-step chronoamperometry. Electrode surfaces and SEI
are identified in the discussion section by the electrochemical method used to prepare
them in order to correlate these methods with their surface chemistry properties. All
experiments proceeded from open circuit potential, OCV (which ranged from 3.2 V to 2.8
V). Lithiated electrodes with SEI were prepared by stepping the potential from OCV to
0.01 V and holding for 300s (lithiated by chronoamperometry; CA) and by a single
potential sweep from OCV to 0.01 V at 10 mV s−1 scan rate (linear sweep voltammetry;
LSV). Delithiated electrodes were prepared by stepping the potential from OCV to 0.01
V, holding for 300 s, then stepping the potential to OCV and holding for 300 s
(delithiated by chronoamperometry, DCA) and by sweeping the potential from OCV to
0.01 V to OCV at 10 mV s-1 for a number of cycles (cyclic voltammetry, CV). Time
duration, potentials and scan rates were chosen to enable investigation of the competition
between SEI reactions and lithiation/delithation reactions as well as to facilitate easy
comparison to previous data.15
For SEI prepared in deuterated-PC and PC electrolytes, native oxide silicon
electrodes underwent sequential potential step chronoamperometry experiments. The
first potential step was from OCV to 0.01 V for 300 s, and was followed by washing with
PC, baking on a hotplate at ~30 C for 40 min to evaporate any remaining solvent. Finally
the electrode was reconfigured as a working electrode, and underwent a second potential
step from the original OCV to 0.01 V for 300 s.
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Immediately following the electrochemistry, the electrolyte, reference electrode
and counter electrode were removed from the cell, the silicon electrodes were electrically
disconnected and washed three times with 1-3 mL of solvent. For SEI prepared in
EC/DEC solvent, 99.999% DEC (Alpha Aeser) in molecular sieve was used to wash the
electrode. For SEI prepared in PC or dPC solvent, 99.999% PC (Alpha Aeser) in
molecular sieve was used to wash the electrode.
The electrodes were then moved into a time-of-flight secondary ion mass
spectrometer (TOF-SIMS), or X-ray photoelectron spectrometer (XPS) using a built in
house, reduced oxidation (ROx) interface carefully designed for transferring air-sensitive
samples from a glovebox to an ultra-high-vacuum environment. The ROx interface
contains pumping controls and a set of built-in figures of merit that are used to verify that
samples were not exposed to additional traces of oxygen and water during transfer. The
methods used are proprietary and described in further detail elsewhere.36 After multiple
electrodes were adhered to a sample bar by either double-sided carbon or copper tape, the
bar was sealed in the ROx interface, and then loaded into the UHV instruments.
3.2.3 X-Ray Photoelectron Spectroscopy
Photoelectron spectra were collected using a Kratos Ultra DLD XPS and analyzed
along the same methods used in our previous work.15 All XPS measurements were
collected with a 300 μm by 700 μm spot size and a charge neutralizer was used during
acquisition of most spectra. Survey scans were collected with a 1.0 eV resolution,
followed by high-resolution 0.05 eV 1 s scans of the carbon 1s, oxygen 1s, lithium 1s,
silicon 2p, fluorine 1s, and phosphorus 2p regions.
Fits to the XPS spectra were performed with CasaXPS software (version 2.3.15,
Casa Software Ltd.) to estimate the atomic compositions and chemical species
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comprising the SEI. All fitting followed a self-consistent method similar to what we
have previously reported, and an example fit is given in the Supporting Information
(Figure S2). All SEI species were assumed to be electronically insulating and were
therefore fitted with linear backgrounds.

All peaks were fit by Voight functions

composed of 15% Lorentzian and 85% Guassian; previous work have used Voight
functions with 5% to 30% Lorentzian composition.10,19,37–40 Initial peak fits were made of
the spectra using a Levenberg–Marquardt least-squares algorithm, and functionalities
were assigned based on the difference in binding energies between the fitted Voigt
functions. Atoms in the same functionality were assumed to be stoichiometric and the
areas of the fitted functions were set equal to each other after correcting for relative
sensitivity factor.

The resulting spectra were then refit and to compensate for any

charging during the measurement, all spectra were shifted relative to the binding energy
of the carbon 1s sp3 oxidation state (assigned to 284.8 eV). The sum of the areas under
the peaks were then used to determine relative composition of the outer-most ~10 nm of
the SEI.
3.2.4 Time of Flight Secondary Ion Mass Spectrometry
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) data was collected
using a TOF.SIMS 5 by ION-TOF GmbH (Germany), with a mass resolution better than
8000 (m/Δm). Bi32+ (0.9 pA) accelerated at 30 keV were used as the analysis (primary)
gun and Cs+ (65 nA) accelerated at 1 keV as the sputtering (secondary) gun. The depth
profiling experiments were performed in static mode where the sputtering gun (Cs+) was
operated for 1.0 s over a 300 x 300 um2 area of the electrode surface followed by the
analysis gun (Bi32+) over a sawtooth-rastered 100 x 100 um2 area centered in the
sputtering crater. This sputter/analysis sequence was cycled until a steady state signal
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from Si2- in the depth profile was observed indicating full penetration of the SEI.
Secondary ions were detected in negative ion mode and a full spectra from 1 to 1000 amu
were acquired. All analysis was performed with main analysis chamber pressures
between 2 and 9 x 10-9 mbar.
TOF-SIMS

spectra

underwent

analysis

using

proprietary

ION-TOF

software (version 6.3). To ensure an accurate mass calibration a set of only inorganic
peaks41 comprising at least six of 6Li-, Li-, OH-, LiO-, Li2F-, Si-, SiO-, Si2-, Si3-, Si4-, and
Si5- was carried out so that the largest deviation for any calibrant ion was no greater than
+/- 30 ppm. A set of 329 peaks regularly found across the depth profiles was assembled
and the signal of those peaks as a function of sputtering time was compiled. The depth
profile data was then analyzed using a homemade script executed in the iPython
nootbook environment utilizing the numpy, scipy, and pandas libraries.42–45 The script
organized the data, normalized and centered each spectra, found the correlation matrix of
the secondary ions, and carried out principal component analysis (PCA) by singular value
decomposition. The portion of the script used for PCA is included as Appendix A.
3.2.5 Optical Profilometry
After depth profiling, samples were removed from the TOF-SIMS and sputtering
craters where analyzed by optical profilometry (Veeco, NT9100 Optical Profiler). Optical
profiles of the TOF-SIMS sputtering craters were matched with their corresponding TOFSIMS depth profile data. Two-dimensional height profiles were rendered for each crater
and the step height between the bottom of the sputtering crater and the top of the exposed
SEI was determined by averaging the vertical (y-axis) displacement between two sections
of 10-100 um in the 2D height profiles; an example is given Figure 3.2. This process was
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repeated for at least four 2D height profiles of each crater and the reported depth of the
crater for each sample is the median of these measurements.
All TOF-SIMS depth profiles were initially gathered as signal vs. sputtering time.
The sputtering time is controlled during depth profiling as the increment of time that the
sputtering ion (in our case Cs+) is rastered across the surface under analysis between
analyses by primary ion interrogation. In order to convert the sputtering time into depth
using the two-layer sputtering model discussed in Zimmerman et al.2 and Elko-Hansen et
al.,3 average sputtering rates for the SEI and silicon electrode material are needed. By
preforming post hoc optical profilometry analysis on a set of TOF-SIMS depth profiles
sputtering craters of varying depths, we were able to determine average sputtering rates
for the silicon and the SEI layers.
Figure 3.2 shows an example optical profile of a sputtering crater. Figure 3.2a is
a topographical map representation of the height data of the sputtering crater and the
surface surrounding the crater.

Line scans from this map were taken along the blue

(vertical) and red (horizontal) lines. 2D height profiles along these line scans are shown
in Figures 3.2b-c; Figure 3.2b was taken along the red line and Figure 3.2c was taken
along the blue line (as indicated in Figure 3.2a).
The reference point (i.e., origin, or “0” height value) of the 2D height profiles in
Figures 3.2b-c is arbitrary. Sections of the height profiles are highlighted in Figures 3.2bc, and an average height was determined for each of these highlighted zones, with one
zone at the bottom of each sputtering crater, and then another on the top surface of the
SEI. The displacement between these sections is shown for both height profiles to the
right of the profiles, and this value was determined multiple times for each crater. The
results were used to calculate average sputtering rates of 0.166 nm s-1 ± 0.013 for the
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silicon and 0.662 nm s-1 ± 0.044 for the SEI, which were in turn used in a linear
combination sputtering rate in the two-layer sputtering model.
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(a)!

(c)!
(b)!

(b)!

(c)!

Figure 3.2. A profile of an SEI-covered electrode surface including a TOF-SIMS depth
profile sputtering crater as a topographical map (a), and two, 2D height
profiles (b) and (c). The height profiles result from line scans along the
directions indicated in (a), and are color-coded (b, red and c, blue).
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These resulting sputtering rates were used to transform sputtering time into depth
using a simple two-layer sputtering model, following Zimmerman et al.46 and ElkoHansen et al.47

The Si2- mass fragment signal was used to define the relative

contributions of each sputtering rate in the transition between the SEI and the silicon
active material. The minimum value of the secondary ion signal of Si2- was subtracted
from the maximum value of the Si2- signal for each depth profile; the sputtering depth
where Si2- signal was half this difference was taken as the outer surface of the silicon
active material.
3.3 RESULTS AND DISCUSSION
3.3.1 Electrochemistry of etched and oxide-covered (100) silicon wafer
In our previous work,15 Si 2p XPS spectra indicated that after electrodes
underwent SEI formation and were exposed to air, there was an increase in silicon
surface functionalities. We proposed that oxygen reacted with the silicon surface causing
a regrowth of the oxide layer. Regardless of mechanism, the surface was observed to be
reactive, suggesting that the native oxide had been either (1) reduced during lithiation of
the electrode or (2) that some product during the electro-reduction of the electrolyte had
further reacted with the oxide. The lithiation of native oxide films on silicon electrodes
has been previously observed, but there remains a disagreement in the literature about the
reversibility of this reaction.19,48–50

72

Native Oxide Electrode
(a)

Current (µA)

10
0
-10
-20
-30
0.0

0.2 0.4 0.6 0.8
+
Potential (V vs. Li/Li )

1.0

RIE Etched Electrode
(b)

0
Current (µA)

Current (µA)

200

-200

0

-20

-400

0.2 0.4 0.6 0.8
+
Potential (V vs. Li/Li )

-600
0.0

0.2 0.4 0.6 0.8
+
Potential (V vs. Li/Li )

1.0

Figure 3.3. Representative cyclic voltammograms using 1 M LiPF6 in EC/DEC (1:1 by
wt. %) and (100) silicon wafer working electrodes, (a) with a native oxide
and (b) with a RIE etched surface. Both electrodes were cycled from OCV
(~3.0 V) to 0.01 V Li/Li+ at 10 mV s-1 scan rate for 5 cycles. Cycles are
distinguished by hues, starting with the darkest (navy) and decreasing to the
last cycle (light blue). Arrows next to the data indicate the trend in current
growth or diminishment with cycling. The difference in current scales
between (a) and (b) should be noted; an inset in (b) with current scaled the
same as in (a) shows the absence of peaks between 0.47 – 0.59 V.
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Cyclic voltammetry (Figure 3.3) was performed on both native oxide (Figure
3.3a) and REI etched (Figure 3.3b) silicon electrodes using 1 M LiPF6 in EC/DEC (1:1 by
wt%). All potentials are reported vs. lithium-metal/lithium-ion redox couple (i.e., V vs.
Li/Li+). We have previously discussed the electrochemical lithiation and delithation
behavior of silicon wafer electrodes in the context of other silicon systems,15 and the
results reported here are similar. However, there are apparent and repeatable differences
between the electrochemistry of the etched silicon and native oxide silicon electrodes.
First, the current scales in Figures 3.3a and 3.3b differ by an order of magnitude.
This observation held true for all experiments; whether potential sweep voltammetry, or
potential-step chronoamperometry, the etched silicon produced higher current
measurements than the same experiment performed on silicon with native oxide. We
attribute the difference in current (and consequently, current density) to the increased
conductivity of the etched silicon surface compared to the native oxide silicon surface, as
both electrodes underwent the same cleaning and electrochemical treatment.
Both of the electrodes of Figure 3.3 were electrically connected by an aluminum
metal back contact (i.e., via a metal-oxide interface). By choosing a different metal to
evaporate onto the silicon electrode, it’s possible to tune the resistance at this metal-oxide
interface (and the resulting Schottky barrier).

Higher resistance leads to lower

background current, and we have observed that it further diminishes the signal from
lithiation in comparison to surface confined reactions (e.g., background current). Both
the etched silicon (of Figure 3.3b) and the native-oxide silicon electrodes (of Figure 3.3a)
included an aluminum back contact to exploit this phenomenon and enable easy
observation of surface-confined reactions on the electrode. As a consequence, we are
able to discuss electrochemical behavior we had previously not identified.15
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Reduction reactions (observed as negative current peaks) due to lithiation were
observed at both the etched and native oxide silicon electrodes, as well as oxidation
reactions (observed as positive current peaks) due to delithiation. Table 3.1 summarizes
the peak potentials at which etched and native-oxide silicon electrodes underwent the
lithiation and delithiation processes shown in Figure 3.3. Only one clearly defined
lithiation peak is observed and two clearly defined delithation peaks for each cycle are
seen for both etched and native-oxide silicon electrodes. The two oxidation peaks are
attributed to a phase transformation from low to high lithium concentration in the
lithium-silicon alloy at less positive potential and complete delithation at the more
positive potential.51

Oxide, 1st cycle
2nd cycle
3rd cycle
4th cycle
5th cycle
Etched, 1st cycle
2nd cycle
3rd cycle
4th cycle
5th cycle

Oxide
reduction peak
potential (V)
0.226
0.205
0.183
0.167
0.150
n/a
0.169
0.238
0.134
0.118

Lithiation peak
potential (V)
0.465
0.534
0.551
0.573
0.588
n/a
“
“
“
“

1st Delithiation
peak potential
(V)
0.310
0.307
0.310
0.316
0.320
0.319
0.335
0.352
0.361
0.368

2nd Delithiation
peak potential
(V)
0.502
0.503
0.503
0.503
0.504
0.513
0.521
0.531
0.547
0.547

Table 3.1. A list of values for the peak potentials (Ep) of the observed lithiation, oxide
reduction, and delithation reactions for the two representative CVs shown in
Figure 3.1.
While the differences between the etched and native-oxide silicon electrodes were
clear, a few features of the lithiation behavior remained the same. For example, lithiation
was suppressed in the first cycle of both etched and native-oxide silicon electrodes.
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Previously, we suggested that this behavior was due to the reduction of the native oxide
layer,15 however the suppression of current is present in the first cycle of the CV of the
etched electrode (Figure 3.3b) as well as in the CV of the native-oxide silicon electrode
(Figure 3.3a). Given this observation and our identification of the reduction reaction
peak (discussed below) for native-oxide on silicon, we attribute the behavior to
mechanical resistance by the silicon to accommodating lithium ions for the first time
(e.g., compressive strain and surface tension). After each successive cycle, the electrodes
were conditioned to some extent (through a diffusion-induced solid-state amorphization
mechanism) and lithiation and delithation currents increased.
CVs of both the etched and native-oxide silicon electrodes showed lithiation
reaction potentials shift to less-positive values with increasing cycle and delithation
potentials shift to more-positive values with increasing cycle (Figure 3.3 and Table 3.1).
Again, we have previously addressed this behavior to a degree,15 and we emphasize the
role of continued amorphization and the dynamic nature of the silicon electrode surface.
The proposed mechanism to explain this observation is that the amorphization of the
silicon that occurs upon lithation52–55 leads to an increased quantity of active material
during succeeding lithiation. However the amorphous silicon is less conductive than the
crystalline form, and this may be the reason for the increasing overpotential.
Additionally, continued SEI evolution and the charge transfer resistance56–58 and may be
playing a role in the increased overpotential of the lithiation and delithation reactions in
silicon.
From careful inspection of both CVs, there was also an apparent increase in
current in cycles 2-5 at potentials slightly more positive than the above-mentioned
reduction peaks, though there is no local maximum (true electrochemical peak). A
shoulder at ~0.225 V in each cycle of the oxide electrode CV (Figure 3.3a) and at ~0.220
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V in the etched electrode CV (Figure 3.3b) were observed. We attribute these shoulders
(or “prewaves”) to a second lithiation reaction, matching the two-step oxidation behavior
discussed above. We also observe an increasing overpotential for the prewave with each
cycle (a shift to less-positive potential with each cycle) in both the etched and nativeoxide silicon electrodes. We leave more precise measurement of this overpotential shift
to further investigation; it requires peak fitting, a novel electrochemical background
correction technique and/or multi-physics modeling to quantify.
The most significant difference between the electrochemistry of the etched and
native-oxide electrodes is the presence of a reduction peak in Figure 3.3a that is not
present in Figure 3.3b. This reduction peak has an Ep between 0.47 and 0.59 V (Figure
3.3a and Table 3.1). Because of our previous observations about the reactivity of the
silicon surface after exposure to air15 and the fact that the peak is only present in the CV
of the oxide electrode, we attribute it to the at least partial reduction of the native oxide
layer (Reaction 3.1).
SiOY+ XLi+ + Xe- → LiXSiOY

(3.1)

Silicon oxide has previously been observed to undergo partial reduction by Philippe et
al.,19 and Radvanyi and co-workers.48–50 The inset of Figure 3.3b (RIE etched electrode)
shows the reductive current of cycles 1 through 5 in a potential range where the peak for
Reaction 3.1 would be expected scaled to the current of Figure 3.3a; no peak was
observed.
3.3.2 SEI composition on etched and oxide-covered electrodes from XPS fitting
In addition to differences in electrochemistry, there are also differences in SEI
structure and composition when comparing the etched and native-oxide silicon
electrodes. Figure 3.5 shows a bar graph indicating the relative compositions of the SEI
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on both etched and native-oxide silicon electrodes formed from two different
electrochemical techniques, as derived from fitting of XPS spectra (Figure 3.4). For each
of the etched and native-oxide silicon electrodes investigated by XPS, one set underwent
cyclic

voltammetry

(“CV”)

and

a

second

set

underwent

a

potential

step

chronoamperometry (“CA”). All electrochemistry was done with 1 M LiPF6 in EC/DEC
(1:1 by wt. %) electrolyte.
In order to determine the relative composition of the SEI, Voigt function fits of
the spectra were carried out in the CasaXPS software, where the fits of different elements
in the same functionalities were used as constraints, following methods we have
previously described.1 Figure 3.4 shows one example fit (SEI prepared by CV on an
etched silicon electrode), used to derive the relative concentrations shown in Figure 3.5.
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Figure 3.4. XPS spectra and Voigt function fits from SEI prepared by CV on etched
silicon electrodes, in the C 1s (a), O 1s (b), F 1s (c), Li 1s (d), and P 2p (e)
regions.
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The resulting spectral fits provide the relative composition (in terms of
functionalities) of an outer volume of the SEI. Because the inelastic mean-free path of
photo-excited electrons limits the XPS probing depth to ~10 nm, the compositions shown
in Figure 3.5 are only representative of the outer-most portion of the SEI, farthest from
the SEI/silicon interface (i.e., the ~10 nm of SEI closest to the solvent when the silicon
electrode was configured in the cell). In previous work, we limited our observations to
SEI formed on native-oxide silicon electrodes and found that the thickness of the SEI was
on the order of the XPS probing depth, implying that these results gave a good overview
of the entire SEI chemistry. However that is not the case for all of the SEI films
investigated in the present study, as is discussed below in the context of the TOF-SIMS
depth profiling experiments.
Based on the compositions shown in Figure 3.5, there are subtle differences in the
chemistry of the SEI across different electrode surfaces and electrochemical treatments.
In all of the electrodes investigated, organics made up at least a plurality (if not a
majority) of the functionalities observed within the outer ~10 nm of SEI. Species labeled
“C sp3” in Figure 3.6 are aliphatic carbon in general and may include adventitious carbon.
Oxygen containing species are labeled “RCO” for alkoxy groups (ethers and alkoxides),
“ROCO” for carboxyl groups (carboxylates, esters) but may also contain oxalates.
Carbonates are labeled “RCO3” and include carbonic esters and ionic carbonate salts.
These species have been previously reported as part of polymers and oligomers,
including polyolefins,9 polyethylene oxide (POE)-like, and polyethylene glycol (PEG)like species. We find SEI formed by CA contained 45-60% organic functionalities and
SEI formed by CV contained 70-80% organic functionalities. Additionally, more organic
species are formed on the oxide-covered electrodes than on the etched electrodes.
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Figure 3.5. Relative composition of the outermost ~10 nm of SEI formed on etched and
native-oxide silicon electrodes via CV and CA. New fits are included of the
native-oxide silicon electrodes from XPS spectra previously discussed in
Chapter 2.
Inorganic functionalities like lithium fluoride (Figure 3.5, “LiF”) and, fluoro- and
phosphoro- oxides (“PxOyFz”) were more prevalent on the etched silicon electrodes than
on native-oxide silicon electrodes and on electrodes that underwent CA over those that
underwent CV. Both of the etched silicon electrodes show a small, but non-trivial
amount of lithium oxide (“LiOx”). It can be difficult to distinguish between hydroxide,
peroxide, and oxide compounds by XPS, so this assignment may also include these
functionalities as well. The balance of the SEI of each silicon electrode included ionic
lithium ions (“Li-X”), bound to either the fluoro- and phosphoro- oxides or organics such
as lithium alkoxide, lithium carboxylate, lithium carbonate salt, and carbonic esters
(which cannot be distinguished by XPS). Additionally, lithium included in the Li-X
functionalities, as well as oxygen attributed to PxOyFz may in fact be part of lithium81

silicon oxide (LixSiOy) following Philippe et al.,19 and Radvanyi and co-workers,48–50
however we observed no appreciable Si 2p peaks with binding energy in the regions
previously reported, and little Si 2p signal in general. We note that LiOx (e.g., Li2O) was
not found to any significant degree on the oxide electrodes.
We propose that the variations in the SEI composition are explained by the
kinetics of the competing SEI formation reactions and the electronic and chemical
differences between the etched and native-oxide silicon electrodes. Before we present
these mechanisms in detail, further observations of the chemistry and structure of the SEI
will be presented in the context of the TOF-SIMS depth profiles, below.
3.3.3 Depth profiles of SEI formed on etched and oxide-covered electrode
TOF-SIMS depth profiling was used to explore further the differences in structure
between SEI prepared on oxide-covered and etched electrode surfaces. Extensive work
has been done on understanding the depth profiling of organic films on hard surfaces
(typically silicon). For example, work by Cheng et al.59,60, Brison, et al.61, Cramer et al.62,
Seah et al.,63 and Gillen and Roberson64 has shown that the choice of analysis and
sputtering beam species (as well as beam energies) can exacerbate matrix effects at the
surface of a sample, amplify back-reflection effects due to projectile-deposited energy at
hard substrate/organic interfaces, cause sample damage, mixing of layers, and change in
secondary ion signal. As a consequence, we chose Cs+ as a low energy sputtering source
and polyatomic Bi32+ as the analysis source to increase ion yields and minimize sample
damage.61–63 Also, we take careful note of features in the depth profiles that could be
attributed to matrix effects or back-reflection effects. Studies of organic films are often
done by detecting positive secondary ions65,66; however positive ion mode is more
amenable to the use of O- sputtering ion than Cs+ sputtering ions. Because of the highly
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sensitive nature of the SEI to exposure to oxygen15–18 Cs+ sputtering ions (and thus
negative ion mode) were chosen instead of O- sputtering ions.
The depth profiles themselves are not trivial to interpret. Cheng et al.59 proposed a
simple erosion model for molecular SIMS depth profiling. The model was developed for
a single combined primary and sputtering ion beam instrument and found good
agreement with experiment. That being said, many of the assumptions made by the
Cheng et al. model also hold for our dual beam experiments; in particular, they assume
that profiles of signals of secondary ion signals resulting from molecular films are
proportional to ion yield. Cheng et al. further suggests that this is a sufficient condition
to conclude that concentration is proportional to signal because the ion yields of daughter
fragments are proportional to the concentration of parent species that fragmented.
For the depth profiles in Figure 3.6, we present our results as qualitative
indications of the chemistry. All of the work cited above took place in simplified model
systems with well-defined order, density, and controlled chemical composition, none of
which is true of the SEI we investigated. Piwowar et al.67 showed that in model biological
systems, mixing salts with organic species can suppress the signal detected from the
organic species. Additionally, work by Gnaser68 has shown that implantation of Cs+ ions
during sputtering can change the work function of the surface under investigation and, in
turn, effect secondary ion signal. For all the above reasons, we do not compare relative
concentrations between different species on the basis of secondary ion signal. Instead,
with respect to Figure 3.6 we have: (1) used the XPS results above as a guide for
choosing marker species to represent different components of the SEI; (2) normalized
each marker species to its maximum signal in the depth profiles in Figure 3.6; (3)
assumed ion signal is proportional to the yield of the daughter fragment, which is in turn
proportional to concentration of the parent molecules; and (4) restricted our interpretation
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to comparing secondary ion concentrations across a depth profile and not between
different secondary ions.
The results from depth profiles for eight representative experiments are shown in
Figure 3.6.

As discussed with respect to the experimental methods, the Si2- mass

fragment signal measured in each mass spectrum was used to identify the interface of the
SEI with the silicon active material in each depth profile, and calibrate a linear
combination sputtering model that results in a quantitative depth analysis of the SEI
strata. Depth resolutions (i.e., the slope of the Si2- signal) of the electrodes vary because
of SIMS instrumental parameters as well as general SEI heterogeneity, surfaceroughness, RIE induced surface damage and electrochemically induced surface damage.
Additionally, there is an apparent overlap between SEI ion species into the silicon strata
that is an artifact of to all of the conditions discussed with respect to depth resolution and
also due to knock-in of SEI species into the silicon surface. Depth is plotted relative to
50% of maximum Si2- signal, which was defined as the origin (depth of 0 nm), with
positive depths defined as into the surface of the silicon and negative defined as above
the SEI/silicon interface.
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Figure 3.6. TOF-SIMS depth profiles of both native-oxide (left column) and etched
(right column) silicon electrodes that have undergone (a) and (b) 4 cycles of
cyclic voltammetry from OCV to 0.01 V at 10 mVs-1, ”CV”; (c) and (d)
linear sweep voltammetry from OCV to 0.01 V at 10 mVs-1, “LSV”; (e) and
(f) potential step chronoamperometry from OCV to 0.01 V for 300 s; (g) and
(h) two 300 s potential steps, one from OCV to 0.01 V followed by a second
from 0.01V to OCV. It should be noted that each subfigure is plotted on its
own x-axis scale; the thickness of each SEI varies significantly between
electrochemical methods electrode surfaces. The depth profiles were plotted
on their own scales to better see the changes in each secondary ion’s
normalized signal. Negative depths are above the surface of the silicon
electrode, and positive depths go below the surface, into the wafer.
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Figure 3.6 shows clearly that the thickness of the SEI varies greatly across the
different preparation methods and the two electrode surface chemistries. A summary of
the estimated thickness of each SEI depth profile shown in Figure 3.6 is listed in Table
3.2. In general, the SEI prepared on etched silicon electrodes were thicker than the SEI
prepared by the same electrochemical method on the native-oxide silicon electrodes.
Additionally, the SEI on lithiated silicon electrodes (CA, LSV) were thicker than the SEI
on delithiated silicon electrodes (CV, DCA).
CV
1.5
8.3

Oxide SEI thickness (nm)
Etched SEI thickness (nm)

LSV
3.0
11.6

CA
18.8
169.9

DCA
6.2
15.5

Table 3.2. A summary of the SEI thicknesses for each electrochemical method on
native-oxide and etched silicon electrodes shown in Figure 3.6.
The chemical structure of the SEI also varied greatly across the different
electrochemical methods and electrode surfaces. Previous work, both experimental and
computational, has proposed and supported a set of SEI formation reactions.3–6,69–73
Identifying these formation mechanisms is not the focus of this work, but we would like
to briefly discuss specific reactions and reference the XPS results to give context to the
depth profiles of Figure 3.6.
The organic components of the SEI are generally known to result from electroreduction of the solvent, and are most likely assisted by lithium ions due to their presence
at the surface in the electric double layer. For example, EC undergoes electro-reduction
to form lithium semi-carbonate (Scheme 3.1) or DEC undergoes electro-reduction to
form alkoxy and carboxyl functionalities (Scheme 3.2). These reactions are known to be
kinetically limited, rather than thermodynamically limited.74–76
86

O
O

O

O

O

O

+ Li+ + e-

O

Li

OLi

O

O

+ LiCO3LiO

O

O

OLi
O
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Scheme 3.2. Electro-reduction of diethyl carbonate to form lithium ethoxy and a radical
ethyl carboxylate
Taking the C2H- secondary ion as a marker for organic functionalities (such as the
aliphatic, alkoxy, carboxyl, oxalate, and carbonate species discussed above in the XPS
results of Figure 3.5), we observe that for all depth profiles, oligomer and polymer
species are most concentrated at the outer portion of the SEI (i.e., furthest from the
electrode/SEI interface). This accounts for their prominence in the XPS measurements,
and is entirely consistent with the classic understanding of SEI structure on graphitic
electrodes presented Peled and Golodnitsky.76

Peled and Golodnitsky explain the

structure in terms of the forward rate constant (ke) for the reaction to further reduce the
SEI components (Reaction 3.2):
Substrate(SEI) + e- → Product

(3.2)

Organic products have a relatively high value of ke (and thus low kinetic stability) in
comparison to the other SEI components (e.g., LiF, Li2O, inorganic species in general).
This results in a kinetic “selection pressure” that eliminates oligomeric and polymeric
species from the portion of the SEI nearest to the electrode surface.
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The kinetic stability theory predicts that organic species may be detectable near
the SEI/silicon interface during initial formation of the SEI, but that these species would
undergo further reduction as the SEI evolved with continued lithiation. Although not an
exact comparison, the C2H- ion signal in the SEI formed on native-oxide silicon by LSV
(Figure 3.6c) has more signal from organic species near the SEI/silicon interface than the
SEI formed by CA (Figure 3.6e). A similar comparison can be made for the SEI formed
on etched silicon electrodes under LSV (Figure 3.6d) and under CA (Figure 3.6f).
The formation of the inorganic products, such as LiF (Reaction 3.3), are due to
electroless, thermally driven reactions.77–79
Li+(sol) + PF6-(sol) → PF5 (sol) + LiF(s)

(3.3)

These species are observed from the surface of the SEI all the way to the SEI/silicon
interface. Again, the higher kinetic stability of these species relative to the organic
species implies they should have highest concentration closer to the SEI/silicon interface
compared to the organic species.
Turning again to the depth profiles in Figure 3.6, we find Li2F- signal overlapping
with the organic species, but the highest concentration is generally closer to the
SEI/silicon interface. PO- concentration overlaps with Li2F- and is present at higher
concentrations closer to SEI/silicon interface in oxide SEI than etched SEI. We take Li2Fto be a marker for LiF concentration and PO- to be a marker for POx and PxOyFz species,
and note that the maximum concentrations for the C2H-, PO- and Li2F- all occurred in the
outer-most 10 nm of the SEI prepared by CV (Figures 3.6a and 3.6b) and CA (Figures
3.6e and 3.6f), in agreement with the XPS results of Figure 3.5. The LiO- signal will be
discussed in more detail below, but it should be noted that maximum LiO- concentration
is located adjacent to the SEI/silicon interface in all of the depth profiles. In terms of the
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arrangement of the SEI species, we find that the kinetic stability model accurately
predicts the strata of the SEI on the silicon surfaces.
In general, LiO- fragments may represent species attributed to LiOx, PxOyFz and
Li-X in the XPS results above (Figure 3.5).

The relatively low concentration of

corresponding LiOx species observed in the XPS spectra (Figure 3.5) is explained by the
fact that most of the LiO- lies below the first ~10nm of the SEI. From the XPS spectra, it
seems likely that LiO- originates from Li2O, and/or LiOH, species. We suggest that
LiOH may also be a parent of the LiO- ion fragment because, as noted above, the XPS
results cannot resolve the difference between OH and O functionalities, and the overlap
of LiO- and H- signals. In general H- signal tracks with the signal of the C2H- secondary
ion, suggesting the H- mostly originates from hydrocarbons. However, H- also shows
pronounced matrix effects, reflected in the high signal near the outer edge of each SEI
and back-reflection near the SEI/Si interface. Additionally, there are regions of H- signal
that overlap with suppressed C2H- signal, e.g., -14 nm to -11 nm in the SEI formed by CA
on the oxide surface (Figure 3.6e) and around -140 nm in the SEI formed by CA on
etched surface (Figure 3.6f).
LixSiOy is another possible parent species of LiO- for the native oxide silicon
electrodes because, as noted above, it is not ruled out by the XPS results (Figure 3.5).
Organic functionalities (LiOR) are yet another possible source of LiO-, however there is
only good overlap between the LiO- and C2H- signals in the SEI prepared by LSV
(Figures 3.6c and 3.6d) and DCA (Figures 3.6g and 3.6h) and CV on an etched silicon
electrode (Figure 3.6b).
The concentration of LiO- shows the biggest change between etched and nativeoxide silicon electrodes. If a region of SEI with high LiO- concentration is defined as
having signal ≥ 90% of the maximum, the native-oxide silicon electrodes all show
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narrower bands of high concentration than etched silicon electrodes that underwent the
same electrochemical experiments. For example, if we compare the SEI prepared by
LSV, the native-oxide silicon electrode has a region of high LiO- concentration ~1.5nm
thick (Figure 3.6c) and the etched silicon electrode has one ~5 nm thick (Figure 3.6d).
This difference is especially dramatic when comparing the SEI prepared by CA; the
etched silicon electrode (Figure 3.6f) has a region of high concentration ~13x thicker than
the native-oxide silicon electrode (Figure 3.6e).
The thickness of the LiO- SEI stratum also varies between lithiated and delithiated
electrodes, regardless of the electrode surface. The lithiated silicon electrodes (i.e., SEI
prepared by CA and LSV, Figures 3.6c, 3.6d, 3.6e, and 3.6f) have thicker regions of high
LiO- concentration than the delithiated silcon electrodes (i.e., SEI prepared by CV and
DCA, Figures 3.6a, 3.6b, 3.6g, and 3.6h). This data suggests that the majority of the
parent species that give rise to the LiO- signal are formed during lithiation and then
reversibly dissolved during delithiation.

The reversibility of the reaction further

reinforces the claim that the LiO- originates from Li2O, and LiOH species. The XPS
results and the presence of the LiO- signal in the etched silicon electrode depth profiles
means that these species are not formed from oxygen present in the native oxide. Instead,
the oxygen must originate from contaminates such as O2 or water dissolved in the
electrolyte, or from the carbonate solvent molecules. While it is possible that the LiOx
species resulted from contaminates, it seems improbable that surface effects and
electrochemical effects would have such a repeatable and systematic influence with only
trace amounts of O2 (≤ 5.0 pmm) and H2O (≤ 0.1 ppm) present during electrochemical
preparation. Instead, we propose that the oxygen primarily results from reduction of
organic carbonate species, one example being from an alkoxy group (Reaction 3.4):
RCO + 2Li+ + 2e- → RC + Li2O

(3.4)
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We have focused most of our discussion of the results around understanding the
arrangement of the SEI species as a function of depth, especially in the context of the
kinetic stability of the SEI species. However, we have limited ourselves to looking at the
spatial concentration of individual secondary ions, or comparison between the set of six
ions given above. The SIMS experiment, however, results in hundreds of mass peaks for
each mass spectrum taken, and anywhere from 50 to 500 mass spectra taken in each
depth profile. Therefore a large amount of information has remained unused in our
analysis with respect to Figure 3.6, but the task of identifying the exact parent species in
the SEI that gave rise to the daughter fragments we observe (perhaps through g-SIMS or
carefully controlled model SEI) as Veryovkin et al.18 have proposed to do, is clearly
daunting. To ensure the validity of our interpretation, we proceed by other methods to
confirm or disconfirm our deductions about the SEI in the next section.
3.3.4 PCA analysis of TOF-SIMS depth profiles
The analysis of the secondary ions above falls under the term univariate analysis,
because we have considered individual fragments’ concentration as a function of depth.
Multivariate analysis (MVA) is a strategy for considering the signal from a set of
secondary ions shared by multiple spectra. The goal of MVA, as applied to TOF-SIMS
depth profiling is to look for redundancy in the dataset of ion intensities as a function of
depth, and exploit any redundancy to facilitate interpretation of the data. For example,
two or more secondary daughter ions may result from the same parent species; when
interpreting the data, one of those daughter fragments may stand in for all of them. By
comparing ion intensities, MVA uses these sets of related secondary ions to compare the
chemical composition of the SEI.
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Principal component analysis (PCA) is one popular method used to carry out
MVA of SIMS data. MVA and PCA are well known and widely employed methods for
analyzing SIMS data, from raw spectra,28,30 to 2D SIMS images,80–82 to TOF-SIMS depth
profiling.29
PCA is a statistical approach to dimensional reduction of large sets of variables,
used to elucidate trends in data and enable easy comparisons between results. PCA is
often used on datasets with variables that depend on multiple, often co-linear and
correlated variables. PCA analysis looks at the co-variance of a set of independent
variables, and weighs each independent variable to construct a new set of variables,
called principal components (PCs). Independent variables that vary the most across the
data considered are weighted the most in the construction of the PCs. In the case
presented here, the independent variables are related to the signal of the secondary ions.
We have normalized each mass spectrum to the arbitrary value of 10,000, so that the sum
of the intensities of all the mass fragments at a given depth in a given depth profile is
comparable to any other spectrum taken at another given depth in any of the depth
profiles. In some sense we are considering not the raw signals of each secondary ion, but
their percentages, or more accurately parts per ten thousand, within each mass spectrum
and these are the independent variables in our PCA analysis.
When the loadings are derived from our analysis, we can rank them by which
contribute most to the first and second PCs (i.e., “PC 1” and “PC 2”). If each loading is
considered a vector in the 2D space of PC 1 and PC 2, we can find each vector’s length
(i.e., distance to the origin or magnitude), and then order the loadings from biggest length
value to smallest. The first thirty secondary ions in this ranking are listed in Table 3.3.
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Rank

1

2

3

4

5

6

7

8

Mass
Fragment

C2H3-

m/z = 38.99

LiO2-

HSiF-

SiHO-

COF-

CH3O2-

m/z = 32.98

Rank

9

10

11

12

13

14

15

16

Mass
Fragment

C3H3O-

CH3O-

CP-

C2O-

m/z = 45.98

LiF2-

PF-

Rank

17

19

20

21

22

23

24

Si-

PH-

Mass
Fragment

29

Si-

18

CH2O- m/z = 52.99 m/z = 52.02

m/z = 53.98 m/z = 50.01

Rank

25

26

27

28

29

30

Mass
Fragment

SiO-

m/z = 33.02

CO2-

O-

SiH2-

Li-

P-

Table 3.3. Ranking of mass fragments by the sum of the absolute value of their loadings
of PC 1 and PC 2.
For the purposes of this study, PCA applied to SIMS spectra effectively produces
a new set of compound mass fragments (the PCs) that depend on a linear combination of
all of the set of considered secondary ions. In terms of the chemistry, PCA compares the
relative intensities of every pair of secondary mass fragments to find the how highly each
pair correlates, across the entire dataset. For the present analysis, the dataset comprises
each ion signal, measured at each spectra (depth), of each depth profile.

Highly

correlated mass fragments are either (1) daughter fragments of the same parent species or
(2) daughter fragments of two species that are highly co-localized (share the same ion
signal as a function of depth) across depth profiles. Highly correlated mass fragments are
then combined to form the principle components. The PCA analysis produces loadings,
which describe how the original mass fragments combine to form the principal
components, and scores, which give a value to each spectrum, at a given depth of each
depth profile. In this way, the scores give a semi-quantitative comparison of the chemical
compositions of the compared spectra. As a result, a “distance” between spectra can be
given by plotting the value of the first n principal components for the spectra; spectra that
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are close together are similar in chemical makeup, and those that are far apart are in turn
most different.
Figure 3.7 shows the results of the PCA analysis of the depth profiles shown
above in Figure 3.6. Also included in the PCA analysis were depth profiles taken at
different locations on those electrodes and depth profiles of additional electrodes
prepared in the same manner as those shown in Figure 3.6. Figure 3.7a shows the
loadings of the organic species, inorganic species (not including those that contain
silicon), and silicon-containing species, all of which contribute to both of the first two
principal components. Additionally, of the 329 secondary ions used in the PCA, 123
remained unidentified because of multiple possible assignments or no clear assignment.
However, a powerful element of PCA analysis is that even these unassigned peaks can
contribute to the analysis, or the loadings themselves may suggest assignments that
would otherwise be missed.29
The first set of PCA scores (Figure 3.7b) includes the depth profiles of the SEI
prepared by CA and DCA on native-oxide and etched silicon electrodes (shown in
Figures 3.6e–h). Similarly, the second set of PCA scores (Figure 3.7c) includes the depth
profiles of the SEI prepared by CV and LSV (shown in Figures 3.6a–d). Each spectrum
was assigned a color value based on its depth to allow for qualitative comparison of the
chemistry across the SEI and into the silicon electrodes. Plotting the full dataset used in
the PCA lead to a complicated depiction of the data that inhibited clear interpretation, so
we have only plotted the scores of the depth profiles discussed above in Figure 3.6.
However, the full analysis returns common sense results: spectra taken at the same depth,
and from SEI prepared by the same electrochemical methods, have scores for PC 1 and
PC 2 that are roughly equivalent.
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Figure 3.7. Graphical
representation of the principal
component analysis of SEI TOFSIMS depth profiles. The loadings
of the mass fragments, (a), have
been plotted to show that organic
(green circles), inorganic (not
including silicon, red squares) and
silicon-containing (blue triangles)
species all contribute to both the
first and second principal
components. The scores of the
eight depth profiles shown above
in Figure 3 are plotted with respect
to the first and second principal
components (b) and (c). The first
two principal components
accounted for 31.5% and 15.9% of
the variance in the dataset,
respectively. The scores include
spectra from depth profiles of
native-oxide silicon electrodes
(filled glyphs) and etched silicon
electrodes (hallow glyphs) that
underwent LSV (squares), CV
(diamonds), CA (circles), and
DCA (triangles). The hue of the
score varies with depth of its
associated mass spectra (yellow to
dark brown or sky blue to
magenta).

We can observe in Figures 3.7b and 3.7c that spectra from the same depth profile
taken at adjacent depths share similar values of PC 1 and PC 2. Additionally, spectra
taken from the outer-most parts of the SEI depend similarly on PC 1 and PC 2 in general,
(PC 1 = -6 x 106 and PC 2 = -2 x 106, approximately), regardless of electrochemistry and
electrode surface. The PCA analysis therefore confirms our observations about the
similar organic makeup of the outer-most SEI chemistry shown in the XPS results
(Figure 3.5) and as well the structure discussed above with respect to the univariate
analysis (depth profiles of Figure 3.6).
Figure 3.7b shows the scores for spectra taken of the profiles of SEI prepared by
CA and DCA on both native-oxide and etched silicon electrodes. For the SEI prepared
by CA, spectra from the outer organic portions have similar scores, indicating they are
chemically similar despite their different silicon electrode surfaces. Scores for spectra
taken in the middle of the depth profiles of both SEI prepared by CA show a difference in
value for PC 2. Considering the XPS results and the concentration of the LiO- secondary
ion in the depth profiles of Figure 3.6, we attribute this difference to a greater
concentration and abundance of LiOx functionalities derived from Li2O, and LiOH, and
Li2O2 in the SEI prepared by CA on the etched surface. For spectra deeper in the depth
profiles of both native-oxide and etched silicon electrodes that underwent CA, similar
scores suggest that both SEI/silicon electrode interfaces are chemically similar, our
explanation being that these spectra all contain primarily lithiated silicon and silicon.
Examining the electrodes that underwent DCA, the outer-most SEI show
dissimilarity. Looking at Figures 3.6g and 3.6h, the etched silicon electrode has more
overlap in concentration between the C2H-, PO-, and Li2F- secondary ions, where as the
native-oxide silicon electrode has more layering of strata from organic to inorganic
secondary ions. This data explains why the PCA groups the outer-most SEI formed by
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DCA on the etched electrode with SEI compositions found closer to the SEI/silicon
interface in the two electrodes that underwent CA. The native-oxide delithiated silicon
(DCA) electrode has values of PC 1 and 2 of greater similarity to the outer SEI of all of
the other electrodes. Spectra from depths closer to the SEI/silicon interface of both
electrodes prepared by DCA show greater similarity, until the two deviate again, mostly
with respect to PC 2, before spectra from deeper in the electrodes again converge. Again,
we take this to be due to differences in SiOx and LiOx functionalities, here at the
SEI/silicon interface, before both profiles show high concentration of silicon-containing
secondary ions.
Figure 3.7c shows the PCA scores of spectra taken from both native-oxide and
etched silicon electrodes that underwent CV and LSV. For the outer, mostly organic SEI
spectra, the PCA scores were more effected by being on an etched vs. native-oxide
silicon surface than those that underwent the CA and DCA potential step experiments
(e.g., the similar scores for the outer-most SEI of the electrodes that underwent CV and
LSV on native-oxide silicon electrodes).

Spectra from the middle of the SEI and

approaching the SEI/silicon interface for the etched silicon electrodes show similarity to
the outermost SEI spectra of the native-oxide silicon electrodes. Spectra from the
SEI/silicon interface and deeper into the electrodes all share similar scores. The fact that
all of the inner portions of the electrodes that underwent CV and LSV, as well as those
that underwent DCA, share similar scores suggests that all of these spectra have little
lithium and are mostly dominated by silicon-containing secondary ions.
In general, the trends presented by the PCA are consistent with our univariate
analysis of the depth profiles presented with respect to Figure 3.6, and the XPS results of
Figure 3.5. We are currently undertaking further development of MVA using other
statistical methods (e.g., linear discriminant analysis, partial least squares regressions,
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and explanatory factor analysis) on SEI and battery electrode interfaces, especially as
explanatory and predictive models for studying electrolyte additives and electrode
coatings.

Having established that PCA is a useful tool for comparing complex

electrochemical interfaces, we hope that these results will serve as an example to extend
their use to other complex electrochemical interfaces, as for example the inclusion of
ionic liquids and impurities in electrodeposited films.83
3.3.5 Deuterium-labeled solvent SEI and TOF-SIMS depth profiling
As was mentioned briefly in the introduction, it has been proposed that stable
cycling of active materials, like silicon, is dependent on the SEI passivating an
electrode’s surface and preventing continuous solvent electro-reduction (e.g., during
initial cycling of an electrode).84–86 However, the mechanism that was believed to cause
this passivation has always been poorly understood. Previous literature on carbonaceous
anodes suggest that during the initial lithiation process, SEI forms on the negative
electrode surface as an insulating layer that blocks further electron transport to the
solvent while allowing Li+ ions to transport to the electrode.84–86 The resulting insulating
layer hypothesis has been used to explain the SEI thickness and the stability of SEI
derived from particular solvent and salt combinations in electrolytes.17,87,88
These assumptions have also been used to build a mechanical degradation model
of SEI evolution on the assumption that mechanical breakup of the SEI allowed for
continued growth, because the SEI would otherwise be passivating.22,89 However, recent
evidence suggests that this model is not correct; that instead, solvent transports through a
porous SEI.31–34
To further investigate the outer, organic-containing SEI structure, TOF-SIMS
depth profiles were taken of a set of SEI formed by two sequential potential step
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chronoamperometry experiments, one with deuterated propylene (dPC) and one with
hydrogen-containing propylene carbonate (PC). In Figures 3.8 and 3.9, the TOF-SIMS
spectra and depth profiles labeled by which solvent was used first and which was used
second (e.g., Figure 3.8a dPC 1st, PC 2nd) as well as a control where PC was used in both
the first and second potential step experiments. The purpose of these experiments was to
investigate the temporal nature of how the organic species in the SEI were formed (i.e., if
the SEI continues to build on top of itself until it reaches a critical thickness) and if the
SEI is a porous structure. If the insulating layer model is correct, deuterated species
should be observed in a well-defined layer, either close to the electrode surface if dPC
was used first, or far from the surface if PC was used first. Deuterium would be observed
over the entire SEI, or at least the organic-containing layer of the SEI if it were porous.
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Figure 3.8. Log plot of the sum of all counts from TOF-SIMS depth profiles for mass
fragments with 100 u < m/z < 300 u for SEI formed by two sequential
potential step experiments. The salt used was 1 M LiPF6, but the solvent
was changed in each potential step: (a) dPC first then PC (b) PC first then
dPC and (c) a control (PC in both potential steps).
Figure 3.8 shows the sum of the secondary ion signals across each depth profile
for mass fragments with mass to charge ratio (m/z) between 100 u and 300 u with relative
intensities on a log scale. As can clearly be observed, both Figure 3.8a and Figure 3.8b
(the SEI formed from dPC electrolytes) show more signal of secondary ions with high
m/z than is observed in Figure 3.8c (the spectra for the control). As we saw in the XPS
results and TOF-SIMS depth profiles shown in Figure 3.6, the SEI formed by CA on
oxide surfaces are primarily made up of organic species. The same electrochemical
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parameters and SIMS analysis and sputtering parameters were used in the preparation and
analysis of all of the SEI, so the differences in mass spectra must be a result of the
electrolyte used. For this reason, we attribute the heavier organic mass fragments present
in SEI species of Figures 3.8a and 3.8b to hydrocarbons containing deuterium, which are
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Figure 3.9. Depth profiles of the SEI for (a) the H- mass fragment and (b) the
convolution of the D- and H2- mass fragments. The x-axis was rescaled by
the thickness of each SEI (i.e., dividing by the maximum x-axis value for
each profile).
Turning to the TOF-SIMS depth profiles shown in Figure 3.9 the signal of
hydrogen (Figure 3.9a) and the secondary ion with m/z ~ 2 u (Figure 3.9b) are plotted as
a function of the depth. The depth axes were rescaled to the dimensionless parameter
“depth percentage” by dividing the depth in nm by the SEI thickness in nm in order to
account for the variability in SEI thickness in each depth profile and facilitate the
comparison of structure between SEI.
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There are two ways to interpret the results of the depth profiles shown in Figure
3.9. First, using the assumptions described above with respect to the depth profiles of
SEI formed from EC/DEC electrolyte shown in Figure 3.6, we observe that the
concentration of both H- and m/z ~2 u negative secondary ions was consistent over the
entire SEI. We assume the m/z ~2 is a convolution of signal from H2- and D- mass
fragments for the dPC experiments, because Figure 3.8 clearly shows that deuterated SEI
species were present in these depth profiles. The increase in signal for all three depth
profiles near the surface of the SEI results from matrix effects common in organic films
and the small increase in signal near the SEI/silicon interface is the result of back
reflection effects. In the case of the SEI formed from dPC electrolytes, D– fragments
were distributed throughout, from the surface of the SEI, to the interface of the SEI with
the silicon electrode.
The other interpretation of the results shown in Figure 3.9 is that the signals, or at
the least the steady-state signals,59 (e.g., the signal from 20 to 80 depth %), represent the
relative concentrations of H- ions compared to the sum of H2- and D- ions. Work by
Minami et al.90 on organic polymer films have used these methods to determine the
relative concentration of deuterium-containing and non-deuterium-containing polymer
species in ordered (layered) and disordered polymer films. In this interpretation Figure
3.9a shows the relative concentration of H–. The control experiment shows roughly the
same or greater concentration of H– for the length of the profile as the SEI formed by PC
first and dPC second. The SEI formed by dPC first, PC second, shows the lowest H–
yield of the three. In Figure 3.9b, the trend is reversed. SEI formed by dPC first, and PC
second has the highest yield for the majority of the depth profile; SEI formed by PC first
and dPC second, has the second highest ion concentration and the control SEI has the
lowest H2-/D- ion concentration. If deuterium played no role in the increase in ion yield
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for the m/z ~2 mass fragment, then one might predict that the signal for the m/z ~2 ion
would match the same trends as those of the H- (as it seems reasonable to assume H2concentration must be correlated with H-). The fact that we don’t observe this trend
supports the hypothesis that the ion signal is proportional to the concentration, and that
deuterated SEI species are concentrated roughly evenly along the whole length of the
SEI. Therefore, the deuterated solvent must be able to be transported through the entirety
of the SEI, from the electrolyte to the electrode surface, through both organic and
inorganic strata.
3.3.6 SEI Structure on Silicon Surfaces and Li2O formation
We’ve shown that the SEI structure and composition depends on both the silicon
surface chemistry and the state of lithiation of the electrode on which it is formed. From
the electrochemical characterization of the etched and native-oxide silicon electrode
systems, it is clear that they both share similar lithiation behavior (in terms of lithiation
potentials), but their surface reactions are certainly different (as per the electrochemistry
shown in Figure 3.3). Etched silicon electrode surfaces that lack oxide have thicker SEI
and an increase in inorganic species, primarily Li2O and related functionalities.
From our results, and work by others26,70–73,91–95 there is a preponderance of
evidence that the SEI evolves on the surface of silicon electrodes; we emphasize that the
results presented here show electrode surface chemistry plays an integral role in this
process. Though the SEI initially forms in the first cycle during lithiation, lithium
continues to be consumed throughout cycling, leading to capacity fade.12

Much work

has been done linking the dynamic nature of silicon active material (cracking, swelling)
to the stability of the SEI.22,96 We do not dispute that mechanical factors are of great
importance in considering the loss of electrical contact between current collector and
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active material in composite electrodes. However, we propose that neglecting surface
chemistry leads to an incomplete understanding of capacity fade, which occurs on the
order of small percentages that compound over the cycle life of the electrode.12 Often
when surface chemistry is considered, such as in the use of coatings, the explanation of
their effectiveness is in a coatings compressive function to suppress SEI cracking with
cycling, and thus continued reduction and SEI growth in each additional cycle.97 We
have observed that thick, Li2O-abundant SEI form after a single potential step (lithiation)
on the etched electrodes, but under the same conditions native-oxide silicon electrodes do
not produce this SEI composition and structure. While it may be possible to argue that
mechanical forces play a role in the breakup of the surface of the etched silicon electrode
and produce a thicker SEI, this is very different from the mechanisms suggested in the
literature, which rely on degradation due to repeated cycling. Furthermore, it likely that
mechanical processes are of minimal importance in the results we have presented, as both
electrodes experience similar mechanical effects, as seen by the suppressed initial
lithiation during cyclic voltammetry (Figure 3.3).
The question of how and why the Li2O forms is tied to the surface chemistry and
state of lithiation of the electrode. Because Li2O is found in most abundance on the
lithiated etched silicon electrode, it cannot be a product of lithium reacting with silicon
oxide (Figures 3.5 and 3.6). Further, because Li2O was much less abundant on the etched,
delithiated electrodes, its formation must be reversible to a degree. The source of the
lithium must be from solution or SEI species, and we suggest that the source of the
oxygen is from the carbonate solvent or organic SEI products. The only other possible
source of oxygen is from trace amounts of oxygen in the glovebox during lithiation, but
this seems highly unlikely, as this would be very entropically unfavorable, given the
concentration of oxygen (5 ppm or less).
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If the source of the Li2O (and/or related lithium hydroxide and peroxide species)
is from the solvent, then the mechanism of how it forms is not obvious. We have shown
that the SEI is heterogeneous, and porous. The porous nature of the SEI has also been
investigated by Harris, Lu, and coworkers31–33 and Sheldon and co-works.,34,35 among
others. In order for the SEI to grow to the thicknesses we observe, solvent must be
transported through the SEI and then decompose at the interface between the SEI and the
electrode; therefore not only the organic, but the inorganic layers must be also porous to
some degree. From all of these observations, we conclude that the SEI evolves by: (1)
solvent co-intercalating with Li into the SEI, followed by electro-reduction; and (2)
continued transformation of the SEI products themselves, resulting in the layered strata of
SEI functionalities. Electrolyte, or previously insoluble oligomeric/polymeric species are
either electro-reduced or thermally decomposed to form soluble products like CO, CO2,
Ethylene, methylene, etc., and insoluble Li2O.
The formation of Li2O is undesirable for a number of reasons. Even if the Li2O is
reversible in the sense that Li+ is not permanently consumed, the continued breakdown of
the solvent and formation of gases with cycling are detrimental to the operation of a
sealed cell in a device. Li2O formation in a galvanostatic cycling experiment would result
in over-estimation of the capacity of active materials, particularly high surface-area nanoarchitectures and under fast charging/discharging rates.
It is difficult to isolate if Li2O formation results from the increased conductivity of
the etched silicon electrode or if Li2O is suppressed from being formed by the nativeoxide or lithiated native-oxide silicon. For example, the lithiated native-oxide may be a
compact, stable intermediate stratum, (an “artificial” SEI layer), that enables the
formation and kinetic stability of LiF, PxOyFz, and organic SEI components without Li2O.
Another explanation is that the high current density of the etched silicon electrode makes
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available a high concentration of electrons, and the slow kinetics of the desolvation of the
lithium and/or lithiation of the silicon allows for continued side reactions to take place,
and thus the Li2O formation. Here the oxide chemistry at silicon is important in its role
as an insulator, gating the current and thus favoring the formation of the other inorganics
and organic species. It’s possible that both of these mechanisms play a role in the Li2O
formation, and that mechanical mechanisms are also coupled to these reactions.
We have begun work to study how the rate of lithiation influences the SEI
composition by in situ spectroelectrochemical methods, as well as by the methods
described in the present publication. We have also begun work investigating how surface
treatments and electrolyte additives affect the SEI as well. It is our hope that this work
will further explain SEI structure and formation and tie these properties more directly to
performance.
3.4 CONCLUSIONS
By using model systems of etched and native oxide covered silicon electrodes, we
have explored the effects of the native oxide on SEI composition and structure, using
anoxic and anhydrous analytical methods. Cyclic voltammetry and XPS showed a
difference between etched and native oxide silicon electrodes in their surface reactions
and SEI components. TOF-SIMS depth profiling on flat model systems enabled the
quantification of SEI thickness and structure, showing that SEI was thicker on lithiated
electrodes and on etched silicon electrodes, and that the increase in SEI thickness in the
etched samples was due to LiOx components (which we attributed to Li2O).
Multivariate analysis (PCA) was used to compare entire mass spectra against each
other and highlight the chemical similarities of the outer-most layers of all of the SEI as
well as the differences in the other strata. Combining the PCA analysis with traditional
106

univariate depth profile analysis, isotope-labeling of solvent that participated in SEI
formation, and XPS data showed that the SEI is porous, and continued to evolve by
solvent transport through the SEI. On etched silicon electrodes, this solvent transport
provides a possible source of oxygen for the thick Li2O stratum found near the
SEI/electrode interface. Further work is needed to understand the exact mechanism by
which the native oxide prevents this Li2O stratum from forming. The style of analysis
presented here shows promise to help understand the effects of surface coatings and
electrolyte additives on SEI structure and composition.
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CHAPTER 4
The Effect of Fluoroethylene Carbonate as an Additive on the Solid
Electrolyte Interphase on Silicon Lithium-ion Electrodes*
4.1 INTRODUCTION
Silicon-lithium alloys have been the subject of intense research as a negative
electrode active material in lithium-ion batteries (LIBs). The high theoretical gravimetric
capacity of lithiated silicon has motivated this research; however, major challenges
remain for the implementation of silicon in commercial devices. Upon lithiation, silicon
undergoes a volume expansion of about 300%. This causes mechanical breakdown and
loss of electrical connection between the active material and the current collector, in turn
causing lost capacity and electrode inactivity.1,2 Using nanostructured electrodes, the
mechanical pulverization of the Si active material has largely been mitigated.3–7 For
example, Si nanoparticles with a diameter less than ~150 nm can accommodate the strain
of full lithiation without fracturing.1,8–11 Additionally, a wide range of electronically
conductive binders and electrode coatings have been developed to address the
pulverization of the overall composite electrode structure.12,13 Unfortunately, nanostructures and complicated architectures generally lead to low tap (volumetric) density
electrodes with extremely high surface areas.

Such high surface area electrodes

exacerbate capacity losses (and diminish electrode cycle life) through parasitic surface
reactions.14 Moreover, in a composite electrode, the conductive additive and binder also
participate in surface reactions, making it difficult to isolate the effects of each electrode
component on particular surface chemistries.15
*

Portions of this chapter were submitted for publication in Schroder, K.W.; Alvarado, J.; Yersak ,T.A.; Li,
J.-C.; Dudney, N.; Webb, L.J..; Meng Y.S.; Stevenson, K. J. Chem. Mater. 2015; Schroder and Alvarado
designed, preformed, and analyzed the experiments and wrote-up the results, Yersak helped with data
interpretation, Dudney and Li provided materials, Meng, Webb and Stevenson supervised.
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Because interfacial chemistry on next generation negative electrode materials like
silicon is not well understood, rational design and control of new battery architectures is
not possible.11,16 The traditional electrolyte, LiPF6 salt in diethyl carbonate (DEC) and
ethylene carbonate (EC), 1:1 by % wt., is unstable at normal battery cycling potentials
(lithiation and delithiation below 1.0 V vs. Li/Li+). During the lithiation process, a
portion of the Li ions is consumed, as the electrolyte is reduced to inactive side products
in parasitic reactions. Some of these parasitic reactions form insoluble products that result
in a solid electrolyte interphase (SEI) which coats the negative electrode’s surface.17–19
The SEI components are generally electronically insulating in nature and passivate (to
some degree) the active material’s surface from further solvent reduction. As a result, the
SEI hinders further progression of the parasitic reactions to minimize the capacity loss
due to irreversible sequestration of lithium-ions. Therefore, SEI stability directly relates
to the loss of capacity in LIBs. Incomplete passivation of the electrode surface truncates
the battery cycle life because of the continued consumption of lithium throughout
electrochemical cycling.20–22
For silicon, one of the more successful strategies for dealing with the capacity loss
associated with electrochemical cycling and continous electrolyte decomposition has
been the use of battery electrolyte additives such as co-solvents and co-salts. Of these,
fluoroethylene carbonate (FEC) has been very successful at extending battery cycle life.
Its unique performance has made it a standard additive in the literature for almost all
silicon electrodes.23–26 As discussed above, cycle life is linked to SEI stability; however,
the connection between SEI stability and FEC is still not well understood. Calculations
by Balbuena and co-workers have suggested that the kinetically fast reduction of FEC to
neutral radical carbonate and fluoride anion leads to rapid formation of LiF in the SEI.27–
29

On the other hand, previous work has proposed that polycarbonates such as polymeric
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fluorocarbonate and polymeric vinylene carbonate are formed during the reduction of
FEC, and play a role in stabilizing the SEI or promoting Li-ion transport during
electrochemical cycling.23,24,30,31
To understand how the inclusion of FEC in the electrolyte affects SEI structure
and its evolution, we attempt to reconcile the differing accounts by: (1) using
mechanically stable amorphous Si (a-Si) thin film electrodes as a model system and (2)
extending previously developed anoxic and anhydrous analytical characterization
techniques of silicon electrodes.
As shown by Lucht, Abraham and co-workers, model systems free of binder and
conductive additives are important for understanding the chemical composition of the
SEI.32–35 Li and coworkers have shown that direct current (DC)-sputtered a-Si thin film
electrodes with a film thickness below the critical dimension of 150 nm or less are
mechanically stable during their formative cycles.36 To limit the irreversibility due to
mechanical pulverization, we use a model system of binder-free and conductive additivefree 50 nm thick DC-sputtered a-Si thin films on copper foil. Unlike crystalline silicon,
a-Si experiences much less strain and mechanical deterioration with cycling because of
reduced lattice mismatch associated with the sharp two-phase silicon lithiation
mechanism.37,38 By using a stable model system, we can better relate the addition of FEC
co-solvent directly with the electrochemical results and surface properties such as SEI
stability, structure, and chemical makeup.
To accurately characterize and understand how the inclusion of FEC in the
electrolyte affects SEI structure and evolution, we extend previously developed anoxic
and anhydrous XPS39–41 and TOF-SIMS40,42 measurement techniques to our model system.
In much of the previous experimental work on SEI formed from electrolytes with
FEC,23,24,30,35 there was no discussion of the known effects of exposing SEI to ambient
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conditions.39,41 Only one study has been done in this manner for SEI formed from FECcontaining electrolyte by Xu, Philippe, Edström, et al.43 However, this study used
nanoparticle composite electrodes and it did not tie the chemical information gleaned
from XPS to the electrochemistry. Building on this work and others, we discuss the
differences between the electrode cycled in EC/ DEC versus EC/DEC/FEC.
Characterization by XPS and TOF-SIMS elucidates the reaction pathways that lead to
thicker SEI, increased LiF formation, Li2O formation, and increased silicon surface
reactivity.
4.2 EXPERIMENTAL METHODS
50 nm a-Si thin film substrates were fabricated by direct current (DC) sputtering.
Thin films sputtered onto rough copper foil were repeatedly lithiated and delithiated
(cycled) to understand the structure of the SEI resulting from electrolyte containing FEC.
The electrodes where then analyzed by TOF-SIMS and XPS, closely following methods
described previously for anoxic and anhydrous characterization with minimal exposure to
oxygen and water.39,40
4.2.1 Silicon Materials
Amorphous silicon thin films (50 nm) were fabricated by DC sputtering from an
un-doped Si target (99.999%) and deposited on battery grade copper foil. In order to
calibrate the TOF-SIMS depth profiling experiments, a-Si 50 nm films were sputtered on
Si wafers. For these samples, a metallic layer of 200 nm Cu (99.999%) and 200 nm Ti
(99.995%) was deposited on Si wafer as the current collector followed by 50 nm a-Si
film. All sputtering was carried out under pure argon atmosphere (99.9995%). A quartz
crystal microbalance was used to monitor the film thickness.
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4.2.2 Electrochemistry
The a-Si thin films were assembled into 2032 coin cells, using a Celgard (C480)
polyprolylene separator (Celgard Inc., USA), 1 M LiPF6 electrolyte solutions (battery
grade, BASF) including traditional 1:1 (wt%) EC:DEC, (hereafter “EC/DEC”) and a
blend of 45:45:10 (wt%) EC:DEC:FEC, (hereafter “EC/DEC/FEC”), with lithium metal
as the counter electrode. The electrochemical cells were assembled in a glove box purged
with high purity argon (99.9995%) and maintained with oxygen and water vapor levels at
or less than 5 ppm. After assembly, the electrochemical properties of the two-electrode
cells were measured on an Arbin battery cycler in galvanostatic mode. The open circuit
voltage of the coin cells was monitored for 1.5 hours then the cells were charged and
discharged between 2.0 to 0.05 V, with a current density of 21 µA/cm2, which is
approximately C/2 rate at room temperature. Additionally, electrochemical impedance
spectroscopy (EIS) measurements were carried out with AC frequencies from 0.01
to1x106 Hz on galvanostatic cycled a-Si electrodes in lithiated and delithiated states, as
described above. In a classical three-electrode cell, the voltage can be applied and
measured between the working and reference electrode, and current is collected on the
counter electrode. However, in this study, the impendence was collected in a pseudo
three-electrode cell (half cell) using a Solatron 1287 Potentiostat.

After the EIS

measurements were taken, an equivalent circuit model was fit to the data to analyze the
reactions that took place using Z view software (v. 3.4a, Scribner Associates, Inc.).
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4.2.3 Surface Analysis
After electrochemical cycling, the electrodes were kept under low (ppm) oxygen
and water atmosphere during all of the sample preparation and loading events to ensure
accurate characterization. The cells were disassembled in the glove box and the thin film
electrodes were washed three times with ~2 mL of DEC to remove any excess residual
salt. The electrodes were then transferred to the ultra-high-vacuum environment using a
custom-built reduced oxidation (ROx) interface designed for transferring air-sensitive
samples. The methods and components of the ROx are described in further detail
elsewhere.39,40,44 Briefly, the ROx interface controls pumping and monitors contamination
by a set of built-in figures of merit to determine if samples are ever exposed to additional
traces of oxygen and water greater than those experienced in the glove box environment,
even during pump-down of the samples.
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Ultra
DLD XPS. Analysis followed similar methods used in previous work.39,40 All XPS
measurements were collected with a 300 μm by 700 μm spot size without using a charge
neutralizer during acquisition. Survey scans were collected with a 1.0 eV resolution,
followed by high-resolution 0.05 eV, 1 second scans of the carbon 1s, oxygen 1s, lithium
1s, silicon 2p, fluorine 1s, and phosphorus 2p regions.
Fits of the XPS spectra were performed with CasaXPS software (version 2.3.15,
Casa Software Ltd.) to estimate the atomic compositions and chemical species
comprising the SEI. All fitting followed a self-consistent method similar to what we have
previously reported, and discussed in Chapters 2 and 3.39,40 All SEI species were assumed
to be electronically insulating and were therefore fitted with linear backgrounds and with
Voight functions composed of 15% Lorentzian and 85% Guassian. Initial peak fits were
made of the spectra using a Levenberg–Marquardt least-squares algorithm, and atoms in
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the same functionality were assumed to be stoichiometric. The resulting spectra were
then refit and all spectra were shifted relative to the binding energy of the carbon 1s sp3
oxidation state (assigned to 284.8 eV) to compensate for any charging during the
measurement. The sum of the areas under the peaks were then used to determine relative
composition of the outer-most ~10 nm of the SEI.
The XPS assignments (Figure 3) follow a careful self-consistent fitting model and
are similar to previously reported results for SEI formed on other silicon model systems.
39,40

It can be difficult to distinguish between hydroxide, peroxide, and oxide compounds

by XPS; therefore, the LiOx assignment includes all of these functionalities. It should be
noted that due to the mean-free path of the photo-excited electrons, the compositions
measured by XPS are only representative of the outer-most ~10 nm film thickness of the
SEI.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) data were collected
using an ION-TOF GmbH TOF.SIMS 5, again closely following previous work.40 TOFSIMS depth profiling experiments were preformed by a dual ion beam interrogation of
the surface, alternating between an analysis beam (primary) (Bi32+ ions) and sputtering
beam (secondary) (Cs+ ions). Full spectra from 1 to 1000 amu were acquired in negative
ion mode at pressures between 5 x 10-8 and 9 x 10-9 mbar, with mass resolution was better
than 8000 (m/Δm).
TOF-SIMS spectra were analyzed with the ION-TOF software package (version
6.3). Mass calibration used a set of only inorganic peaks.45 After depth profiling, samples
were removed from the TOF-SIMS and sputtering craters where analyzed by optical
profilometry (Veeco, NT9100 Optical Profiler).

DC sputtering a-Si thin films on

metalized silicon wafer were fabricated as additional samples for calibration. Sputtering
times and crater depths were used to determine sputtering rates for both the SEI layer and
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the wafer by a linear fit of the sputtering depth versus sputtering time data. The resulting
sputtering rates were used to transform sputtering time into depth using a simple twolayer sputtering model.40,46,47 A homemade script executed in the iPython nootbook
interpreter environment using the numpy, scipy, and pandas libraries, organized and
transformed the data from the time domain to depth.48–51 The Si- mass fragment signal
was used to define the relative contributions of each sputtering rate in the transition
between the SEI and the silicon active material. The outer surface of the silicon active
material was defined to be where Si- intensity was halfway between its maximum and
minimum signal values.
4.3 RESULTS AND DISCUSSION
4.3.1 Electrochemistry of a-Si Thin Film Electrodes via Galvanostatic Cycling
In order to understand the effects of FEC, SEI formed from the EC/DEC and
EC/DEC/FEC electrolyte systems were compared. To form the SEI, thin film electrodes
underwent controlled lithiation (discharge) and delithation (charge) by constant applied
current while measuring the voltage, as described above. Figure 4.1 shows representative
charge/discharge curves for three particular cycles taken from electrodes that were cycled
100 times. The applied current drove lithium-silicon alloy formation as well as
decomposition of the electrolyte via parasitic reactions – some of which resulted in the
formation of the SEI. It is common practice to plot the charge applied to the system in
terms of the mass of active material (“capacity”), where one can observe how much of
the active material is used during electrochemical cycling. However it is important to
note that some charge is consumed during the formation of the parasitic side reactions,
which should not be interpreted as used active material.
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In addition to using the integrated current applied during cycling to determine
capacity, the mass loading of silicon deposited on the copper foil was also used. Using
the mass loading per half-inch electrode (11.65 µg cm-2), the capacity for the lithiated thin
film cycled with the EC/DEC was calculated to be 4446.2 mAh g-1 and the electrode
cycled with EC/DEC/FEC electrolyte was calculated to be 4525.84 mAh g-1.
The voltage profiles include two curves, the left-most solid and dashed curves
indicate the lithiation of the material and the right-most indicate the delithation of the
material. Regions in the voltage profiles where capacity changed more rapidly than the
voltage were defined as voltage plateaus. These plateaus are also observed as peaks
shown in differential capacity plots, also known as dQdV-1 plots or pseudo-cyclic
voltammograms, shown in the Figure 4.2. In the first lithiation (Figure 4.1a), plots
resulting from both electrodes have a small plateau at 0.42 V vs. Li/Li+. This plateau
diminishes to the point of being unobservable by the tenth cycle (Figure 4.1b). Based on
the potential at which this reaction takes place and previous work, we attribute this
behavior to the reduction/lithiation of native oxide layer on the electrodes.52–55
Lithiation and delithation reactions that took place during the first cycle for both
electrodes (Figure 4.1a) are shown in the plateaus at 0.262 V and 0.076 V during
reduction and at 0.285 V and 0.488 V during oxidation. There is a slight decrease in the
potential of the first lithiation reaction between the first and hundredth cycle (Figure 4.1c)
for both electrodes cycled in both electrolytes. However, the shift to less positive
potential for lithiation and more positive potential for delithation is greater for the
electrode cycled in EC/DEC, indicating an increase in over-potential with continued
cycling. We attribute this behavior to increased resistance to ionic transport in the SEI,
for reasons discussed in more detail below. Conversely, the lithiation plateaus hardly shift
between the tenth and hundredth cycle for the electrode cycled in EC/DEC/FEC.
121

Potential (V vs. Li/Li+)

2.0

EC/DEC

1.5

EC/DEC/FEC

1.0
0.5

Potential (V vs. Li/Li+)

2.0

Cycle 10

(b)

Cycle 100

(c)

1.5
1.0
0.5
2.0

Potential (V vs. Li/Li+)

(a)

Cycle 1

1.5
1.0
0.5

0

1000 2000 3000 4000
-1

Specific Capacity (mAh g )

Figure 4.1. Voltage profiles of half cells taken during the (a) first cycle; (b) tenth cycle;
(c) one hundredth cycle. Cells were cycled with EC/DEC (solid red line)
and EC/DEC/FEC (dashed navy line) electrolytes.
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EC/DEC/FEC (dashed navy line).
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Figure 4.3. (a) Specific capacity versus cycle at ~C/2 rate and (b) Coulombic efficiency
as a function of cycle for a-Si thin film electrodes galvanostatically charged
and discharges in EC/DEC (red circles), and EC/DEC/FEC (navy squares).
More qualitatively, the plateaus for the electrode cycled in EC/DEC (solid red
line) deform from Figure 4.1a to 4.1c. The profile changes to poorly defined potentials at
100 cycles in Figure 4.1c. The electrode cycled in EC/DEC/FEC (dashed navy line)
displayed similar behavior in the first cycle (Figure 4.1a) and hardly any change is
observed between the tenth and hundredth cycle (Figures 4.1b and 4.1c). This indicates
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that the free energy required to lithiate is more poorly defined after 100 cycles for the
electrode cycled in EC/DEC relative to the electrode cycled in EC/DEC/FEC. This could
be due to the transport properties of each respective SEI, or a degradation in the active
material caused by repeated cycling (i.e., no clear phase equilibrium between lithiated
and delithiated silicon).
Figure 4.3 shows the evolution of the specific capacity and Columbic efficiency
for electrodes cycled in each electrolyte system described above. As previously
mentioned, by noting the x-axis value obtained at the end of each half cycle, an empirical
estimate of the storage capacity of the a-Si thin film electrodes can be found.

This

capacity is shown for each half cycle in Figure 4.3a. The ratio of the two capacity values
is the Coulombic efficiency (CE), a measure of the irreversibility of the reactions that
participate in each cycle, shown in Figure 4.3b.
In Figure 4.3a, we note that the electrode cycled with EC/DEC exhibited higher
capacity up to the 37th cycle, compared to the electrode cycled in EC/DEC/FEC.
However, with the exception of the first cycle, the electrode cycled with EC/DEC/FEC
had superior capacity retention and CE (Figure 4.3b) compared to the electrode cycled
with EC/DEC. The electrode cycled in EC/DEC continued to lose capacity in each cycle
until 100 cycles were reached, while the electrode in EC/DEC/FEC maintained its
capacity for the first 40 cycles, and then decreased gradually thereafter.
The electrodes were not pre-cycled in anyway; therefore, the information from the
first cycle reports on the formation of the SEI in both of the electrolytes used. After the
first delithiation, the electrode cycled in EC/DEC had a capacity of 3867.3 mAhg-1, while
the electrode cycled in EC/DEC/FEC had a capacity of 3665.21 mAhg-1. Upon
delithiation neither electrode returned to 0.0 capacity (Figure 4.1a) at the nominal open
circuit voltage of 2.0 V. This was due to electrons measured during reduction and
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lithiation that were not recovered upon oxidation and delithiation. As a result, in the first
cycle the electrode cycled in EC/DEC had a CE of 86.95% and the electrode cycled in
EC/DEC/FEC had a CE of 80.96% (Figure 4.3b).
After the tenth lithiation (Figures 4.1b and 4.3a), despite having a lower initial
theoretical capacity, the electrode cycled with EC/DEC showed higher capacity (3858.5
mAhg-1) compared to the electrode cycled in EC/DEC/FEC (3597.2 mAhg-1). However,
even though the capacity of the electrode cycled in EC/DEC was higher, its CE was
lower compared to the electrode cycled in EC/DEC/FEC (Figure 4.3b).
By the one-hundredth cycle (Figure 4.1c), the electrode cycled in EC/DEC/FEC
maintained a capacity above 3000 mAhg-1 while the electrode cycled in EC/DEC suffered
from severe capacity fade (down to 1252 mAhg-1). The relative performance of the two
electrolytes is in good agreement with the previous results shown in the literature, where
the addition of FEC to the electrolyte improves capacity retention and CE over prolonged
cycles.23–26,35
We attribute the observed loss of capacity in both electrodes to surface processes
and not mechanical degradation. We can deduce that changes in capacity are solely due
to surface properties because of the mechanical stability of the thin-film electrodes
(Figure 4.7). As a result, CE decreases must come from: (1) continued progression of
electrochemical parasitic reactions and incomplete surface passivation of the a-Si
electrodes by the SEI, and/or (2) lithium retained in the active material, e.g., as a reduced
silicon-lithium oxide (LixSiOy).52–56
Before we look at the electrochemical evidence for differences in the SEI
formation and stability in the electrode/electrolyte systems, we will consider what is
already known about EC/DEC/FEC blends in comparison to EC/DEC. Previous work
suggested that the chemical composition and evolution of the SEI is controlled by the
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reaction kinetics of: (1) the initial reactants, such as the electrolyte and additives, and (2)
the initial, insoluble, parasitic reaction products.15,17,57,58 According to Balbuena and
coworkers, density functional theory (DFT) calculations predict that FEC selectively
decomposes over DEC and EC by a comparatively high rate. The reduction mechanism
follows a one electron lithium-assisted reduction of the fluoromethyl group to fluoride
and neutral radical carbonate to form LiF as a main reduction product.27–29 Scheme 4.1
shows reactions that produce LiF and either ethylene and carbonate as products (Reaction
4.1) or alternately alkoxy products (Reaction 4.2). Nie, Abramham, Lucht et al. have
also established the prominence of LiF in SEI derived from FEC reduction compared to
other carbonate solvents.35
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Scheme 4.1. Reaction 4.1; Electro-reduction of fluoroethylene carbonate to form lithium
fluoride, lithium carbonate and ethylene and Reaction 4.2; Electroreduction of fluoroethylene carbonate to form lithium fluoride,
methylenedioxyl ion (or alternately carbon dioxide) and lithium
ethoxide.
In the first cycle we observe that EC/DEC/FEC has worse CE than EC/DEC
(Figure 4.3b). If more charge and lithium are consumed in the first cycle when the
electrode is cycled in EC/DEC/FEC versus an electrode cycled in EC/DEC, then this
suggests that the reduction rate is greater for FEC than EC. Therefore, the addition of
FEC to the electrolyte generats a large amount of LiF in the first cycle. This further
suggests that the reduction reactions of all carbonates below 1.0 V Li/Li+ are in a
kinetically limited regime where the rate-limiting step involves the carbonate species
reduction and not charge transfer to the solvent. Because we are comparing surfaces of
similar area while maintaining mechanical stability, we are able to detect this shift in the
SEI formation reactions, which was not observed in previous work.
The direct electrochemistry observations in the first cycle also supports the idea
that the difference in CE between the two electrolyte systems is due to SEI formation in
the first cycle. We observed a larger increase in “capacity” above ~0.5 V vs. Li/Li+ in the
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electrode cycled in EC/DEC/FEC during the first cycle (Figure 4.1a, dashed navy line).
Since there is no electrochemical processes related to the lithiation of the electrode at
these potentials, the electrode cycled in EC/DEC/FEC must have consumed more charge
during the formation of the SEI prior to the actual lithiation of the electrode.
These results are in contrast to previous literature, where it has been shown that
adding FEC to a carbonate based electrolyte improves the initial CE. This result has been
observed even on conductive additive and binder free electrodes such as a-Si thin films,
nanowires, and nanoparticles.24,30,31,34 Nakai et al. and Nie et al. both observed roughly
equal CE between electrodes cycled in EC/DEC/FEC and EC/DEC electrolytes.
However, Nakai et al. used relatively thick, ~2 μm a-Si thin film electrodes. The use of
such thick electrodes makes it difficult to attribute the difference in CE to surface
reactions and not other factors related to mechanical stability.36 It is also difficult to
compare electrodes made with nano-structured active material because of the
inhomogeneity in surface area of each electrode when made on a laboratory scale. Here,
the small change in porosity and particle packing can have a large effect on the SEI and
lithiation rate of the active material.14 In the present work, we use thin films grown
during the same deposition event, in order to obtain a relatively controlled surface area
and morphology from electrode to electrode.
Because the electrode cycled in EC/DEC/FEC shows better CE after the first
cycle, we propose that the SEI formed during electrochemical cycling is better at
passivating the surface from further reactions. To better understand the mechanisms of
SEI formation and how the SEI from the two electrolytes differs, we turn to surface
analytical techniques.
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4.3.2 Surface Analysis by XPS and TOF-SIMS depth profiling
The complex and coupled nature of the parasitic surface reactions makes it
difficult to directly observe their products and reduction mechanisms. Here the structure
and chemistry of the SEI is determined by surface analysis via XPS and TOF-SIMS
(Figures 4.4 and 4.5) post hoc and ex situ, avoiding environmental contamination by
water vapor or oxygen, which can be detrimental to the SEI. By studying the SEI
composition on a model system, we gain insights into the reduction mechanism of
EC/DEC/FEC from its SEI structure via both XPS and TOF-SIMS depth profiling.
DC sputtered a-Si electrodes with SEI formed in both electrolytes underwent the
following galvanostatic experiments: (1) a single lithiation event, (2) one complete
lithiation and delithiation cycle, and (3) one hundred cycles. Each electrode surface was
characterized first by XPS analysis, then by dual-beam TOF-SIMS depth profiling.
The XPS assignments (Figure 4.4) follow a careful self-consistent fitting model
and are similar to previously reported results for SEI formed on other silicon model
systems.39,40 The identified chemistries included organics such as aliphatic carbon (“C
sp3”), alkoxy groups (ethers and alkoxides labeled “RCO”), carboxyl groups
(carboxylates, esters) and/or oxalates (all labeled “ROCO”), and carbonic esters and/or
ionic carbonate salts (“RCO3”).

Inorganic functionalities include lithium fluoride

(“LiF”), and fluoro- and phosphoro- oxides (“PxOyFz”). Lithium signal that could not be
attributed to lithium fluoride is labeled “Li-X,” which may include alkyl lithium,
inorganic lithium oxide, and lithium phosphoro-oxy-fluoride compounds. Additionally,
lithium included in the Li-X functionalities, as well as oxygen attributed to PxOyFz may in
fact be part of lithium-silicon oxide (LixSiOy) following the work of Philippe et al.,
Martin et al., and Radvanyi and co-workers.52–55 A small, yet detectable amount of
lithium oxide (“LiOx”) was observed in one experiment and will be discussed in more
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detail below. It can be difficult to distinguish between hydroxide, peroxide, and oxide
compounds by XPS; therefore, the LiOx assignment includes all of these functionalities.
It should be noted that due to the mean-free path of the photo-excited electrons,
the compositions measured by XPS are only representative of the outer-most ~10 nm film
thickness of the SEI.
TOF-SIMS assignments (Figure 4.5) follow the work by Schroder et al.40 and
only represent a small subset of marker species used to identify the layered structure of
the SEI. Determining the complete chemistry of the SEI from secondary mass fragments
in an inhomogeneous, poorly controlled, mixed inorganic/organic interface is outside the
scope of this work.40,42,59 In lieu of comparing different functionalities directly (e.g.,
relative concentrations of organic and inorganic species), the depth profiles consist of the
signals of particular secondary ion mass fragments normalized to each fragment’s
maximum measured intensity. Identifying the maximum intensity allows us to discuss
the structure of the SEI in terms of intermixing strata and micro-phases consistent with
the kinetic stability theory of the SEI summarized by Peled and Golodnitsky.17
Accordingly, we use the C2H- mass fragment as a marker for organic species (with Hshown to provide context for the fragmentation of these species). The PO- and LiF2- are
markers for the inorganic compounds such as PxOyFz and LiF species. LiO- is also present
and we have attributed its source to a mixture of LiOx species as well as LixSiOy formed
during reduction of the native oxide present on the electrodes.
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Figure 4.5. TOF-SIMS depth profiles of SEI resulting from both EC/DEC (left column)
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All mass fragments are plotted as a function of depth, with 50% of the maximum
(steady state) Si- fragment signal taken as the surface of the electrode. It should also be
noted that the depth profiles are plotted on their own differing x-axes to highlight each
ion’s changing signal with depth. Additionally, when discussing the ion signals it is
important to remember that the overlapping intensities are the result of multiple factors,
including knock-in, recoil, and interfacial roughness effects.40
Comparing the lithiated electrodes (Figures 4.4a, 4.4b, 4.5a, and 4.5b), we
observe changes in the chemical composition and stratification consistent with the
calculations done by Balbuena and co-workers. First, from the XPS, the SEI resulting
from the EC/DEC/FEC electrolyte had increased concentration of inorganic species
(Figure 4.4b), specifically LiF (Reactions 4.1 and 4.2). Although not shown in Figure
4.4b, the SEI formed from EC/DEC/FEC after initial lithiation was the only sample we
observed with appreciable LiOx species (0.01 percent of the atoms probed, not shown).
Of the organic species present from the reduction of EC/DEC/FEC electrolyte, there was
less aliphatic carbon, as well as more alkoxy and carboxyl compounds compared to the
EC/DEC electrolyte SEI. This is consistent with what would be expected from Reaction
4.2 if the computationally predicted FEC reduction preferentially occurred over the EC
reduction.
With regards to the structure of the SEI, TOF-SIMS depth profiles (Figures 4.5a
and 4.5b) show that after the initial lithiation, EC/DEC/FEC produced a thicker SEI (35.1
nm), compared to the SEI formed in EC/DEC (23.1 nm). Additionally, EC/DEC/FEC
produced a thicker stratum of LiF. In these electrodes, taking the stratum of SEI
containing LiF to be where LiF2- signal was greater than 50% of its maximum intensity,
this layer was ~4 nm in the SEI derived from EC/DEC (Figure 4.5a) versus ~7 nm
(Figure 4.5b) from EC/DEC/FEC. The SEI structure was substantially similar in terms of
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the ordering of each marker species’ maximum intensity for both electrolytes. Both SEI
had overlapping inorganic (PO-, LiF2-) and organic (C2H-) mass fragment signals far from
the electrodes surface (50% of maximum of the Si-) with lithium oxide/hydroxide and
LixSiOy close to the to the electrodes’ surfaces.
The SEI that resulted from both EC/DEC and EC/DEC/FEC evolved significantly
during delithiation. XPS showed that more inorganic species and more LiF specifically,
remained after delithation for the EC/DEC/FEC SEI (Figure 4.4c and 4.4d).

This

suggests that the reactions in EC/DEC/FEC that formed the SEI during lithiation were
more inorganic, irreversible, and stable. From the TOF-SIMS depth profiles (Figures
4.5c and 4.5d), we observe that the SEI resulting from both electrolyte systems were of
similar thicknesses: 6.6 nm for EC/DEC and 6.1 nm for EC/DEC/FEC. This information,
combined with the known higher concentration of LiF in the outer ~10 nm of the SEI
further suggests that there is a more dense layer of LiF formed on the surface of the
electrode cycled in EC/DEC/FEC.
There are, however, two structural differences: (1) SEI formed from EC/DEC had
a thicker organic stratum on top of the inorganic species compared to the SEI formed
from EC/DEC/FEC; and (2) there is a thicker stratum of LiO- species in the depth profile
of the electrode cycled in EC/DEC than the electrode cycled in EC/DEC/FEC. To explain
(2), we examine Figures 4.5c and 4.5d, where LiO- fragments primarily result from
LixSiOy species, as LiOx species may be oxidized during delithation.40 This implies that
there is less LixSiOy on the electrode cycled in EC/DEC/FEC. The simplest explanation
for this observation is that the FEC reduction leads to the formation of a radical organic
anion and fluoride ion (similar to the Reactions 4.1 and 4.2) and then reacts with native
oxide present on the surface, following Reaction 4.4.
SiOX + xF– → SiFX + (x/2)O2

(4.3)
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This hypothesis is further supported by previous work done by Schroder et al.40
where reactive ion etched silicon produced SEI morphology and chemistry comparable to
that of the SEI produced by EC/DEC/FEC after initial lithiation (Figures 4.4b and 4.5b).
Below, we will further discuss the importance of this reaction with regards to SEI
composition and function after 100 cycles, and silicon surface reactivity.
After 100 cycles, we assume the SEI to be in an approximate steady-state and the
differences in chemistry and structure of the SEI to be the result of the different
electrolytes. The SEI produced by EC/DEC has much more carbonate and less carboxyl
and/or oxalate species. More importantly, this electrode contains much less inorganic
species, especially LiF. The TOF-SIMS depth profiles (Figure 4.5e and 4.5f) show that
EC/DEC/FEC actually produced a much thicker SEI (72.3 nm compared to 20.6 nm).
The overall structure of both SEI; however, are very similar in terms of the relative
location of maximum signal for each of the marker species. The strata in both SEIs are
arranged with LiF near the surface of the SEI, intermixed with organic and then
PO- containing species and then LiO- near the surface of the electrode.

LiF strata

thicknesses are comparable, but EC/DEC/FEC did produce a thicker layer of 11.5 nm vs.
13.2 nm. The layer of lithium oxide (LiO-) species found close to the surface of each
electrode produced the biggest difference in thickness between the SEI cycled in the
different electrolytes.
Our results are in conflict with some of those previously reported, especially those
that claim the presence of poly-fluorocarbonate (poly FEC) and poly-(vinylene
carbonate) (polyVC).24,30,31,43 In some cases, it is unclear where the direct evidence for
poly FEC originates in these reports. While it is possible to assign peaks in the C 1s and
F 1s spectra to C-F bonds, our fitting procedure was able to account for all oxidation
states of carbon by the oxygen signal detected. Qualitatively, the F 1s of the SEI
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produced by EC/DEC and EC/DEC/FEC in the region that would be assigned to C-F do
not look particularly different, making it difficult to justify why C-F bonds should be
assigned. In other cases, the detection of C-F bonds may be due to the investigated
samples having polyvinylidene fluoride (PVdF) binder, decomposed PVdF binder and/or
exposure to air and water. This makes it difficult to determine the origin of these species.
Schroder et al.39 have shown that limited exposure to ambient atmosphere (i.e.,
oxygen gas, and water vapor) dramatically changes the XPS results. We reproduce these
results with SEI formed from EC/DEC/FEC that were exposed to ambient conditions in
Figure 4.4, discussed in more detail below. The literature that reports “limited” exposure
does not take into account the time when a sample is loaded into an instrument during
pump down when the environment around the sample is contaminating. During this time
there is continuous exposure to gaseous water vapor and oxygen until the sample
antechamber reaches UHV conditions, which with off-gassing of high surface area
materials may be on the order of hours. As a result, these samples are always exposed to
ppm oxygen and water higher than a glove box environment, which is a large
determining factor in the irreproducibility and/or inaccuracy of the results.15,39,41
We have shown that compared to the SEI formed in the traditional electrolyte,
SEI formed from EC/DEC/FEC is consistently thicker during cycling and contains more
LiF. Moreover, SEI formed from EC/DEC/FEC included different organic species after
initial formation that evolved to contain much less carbonate species after 100 cycles,
compared to the SEI formed from EC/DEC. Additionally, the SEI from EC/DEC/FEC
comprised more lithium oxide and lithium fluoride species near the electrode after 100
cycles.
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4.3.3 X-Ray Photoelectron Spectroscopy of Air Exposed Electrodes
Double-side polished, p-type, (100) oriented, silicon wafer (El-Cat) with no
amorphous silicon coating were used as electrodes in a series of control experiments (and
for comparison to previous work). Wafer was cleaned, first by sequential washing with
acetone, isopropyl alcohol and DI water and then by a submersion into a bath of room
temperature piranha (3:1 concentrated H2SO4 (98%) to H2O2 (30%)) for 1 hour and
subsequently washed with DI water. To help with electrical contact to the wafer, copper
metal (Kurt J. Lesker) was evaporated by physical vapor deposition (Cooke Vacuum
Products) onto one side of the silicon wafer. All silicon wafers had a native oxide layer
(SiOx), with 2 > x ≥ 0.8 that was measured to be ~2 nm via spectroscopic ellipsometry
(M-2000D Spectroscopic Ellipsometer, J.A. Woollam).
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Figure 4.6. Chemical composition of top 10nm of SEI determined by XPS and fitting on
silicon wafer electrodes. Different electrolyte compositions and SEI
preparation conditions are compared; SEI formed from EC/DEC/FEC
exposed to air and water (a), and kept under glovebox conditions (b); SEI
formed with EC/DEC/FEC and 2000pm TBA (HF scavenger) added (c);
SEI formed in EC/DEC/FEC and then delithiated (d); SEI formed in
EC/DEC with LiF to saturation.
The cleaned substrates were then configured as the working electrode in a pseudothree-electrode electrochemical cell with lithium metal counter and reference electrodes.
A Viton o-ring was used to secure the working electrode in place and ensure that all
electrochemical measurements were undertaken with the same surface area for the
working electrode. Potentiostatic experiments were carried out to lithiate electrodes and
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form SEI by stepping the potential from OCV (typically ~3 V vs. Li/Li+) to 0.01 V and
holding for 300s. Additionally, one electrode was delithiated by sequentially stepping
from OCV to 0.01 V for 300s, to OCV again for 300s.

All electrochemistry was

performed with a CH Instruments 400 potentiostat in an argon-filled glovebox
(Innovative Technologies) containing less than 0.1 ppm water vapor and less than 5.0
ppm oxygen.
SEI composition determined by XPS (following the same methods as described in
the main text and above) followed the composition of the electrolyte. Figure 4.6b and
4.6d indicate the chemical composition of the top 10 nm of SEI on electrodes that were
lithiated and fully cycled (delithiated) by chronoamperometry in 1 M LiPF6 in the
EC/DEC/FEC mixture discussed in the main text. These compositions are consistent
with the SEI shown in the main text and previous work on silicon wafers electrodes.39,40
The SEI of the lithiated electrode (Figure 4.6b) shows a high concentration of organic
components compared to the delithiated (Figure 4.6d), which has a high concentration of
LiF. An electrode prepared in the same manner as that of Figure 4.6b was exposed to
ambient air and water outside the glovebox for 10min and them pumped down and
returned to the glovebox environment over an additional 5-10 min period. The chemical
composition of this electrode is depicted in Figure 4.6a. Highly oxidized carbon, and
oxidized and degraded flouro-phosphorus-oxide species were present to a much higher
degree on this electrode relative to the electrode kept strictly inside the glovebox (Figure
4.6b). This is further confirmation of previous observations that exposure to ambient air
and moisture changes the SEI composition.39
A hydrofluoric acid scavenger, tributylamine (99%, Acros) was added to the
EC/DEC/FEC electrolyte discussed in the main text and an SEI was formed by a single
300 s potential step experiment. The chemistry of the SEI produced by this electrolyte is
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depicted in Figure 4.6c.

This SEI included less PxOyFz species and more LiF in

comparison to the SEI produced from EC/DEC/FEC (Figure 4.6b), but otherwise the two
compositions are comparable.
Finally, a solution of EC/DEC (as described in the main text) with LiF (Alfa
Aesar, 99.98%) added to well beyond saturation (5mg to 1.5mL of solution) was used to
form an SEI in a single 300s potential step experiment. The composition of this electrode
(Figure 4.6d) shows increased LiF, LiOx and lithium carbonate concentration and
decreased organics relative to the EC/DEC/FEC SEI (Figure 4.6b). This is consistent
with the observations and explanations presented in the main text that LiF helps drive the
formation of Li2O species on the surface, and both in turn help passivate the surface to
reduce the amount of organics present.
4.3.4 Thin Film Integrity and SEI morphology in Air Exposed Electrodes

Figure 4.7. SEM images of electrodes after 100 cycles in (a) EC/DEC and (b)
EC/DEC/FEC; both electrodes demonstrate high mechanical integrality,
without substrate liftoff.
Figure 4.7 is SEM images of the a-Si thin film of the electrodes cycled at C/2
(galvonostatic) with traditional electrolyte and FEC-containing electrolyte. After cycling,
141

the morphology of the electrodes have a significant in crack formation. The electrode
cycled with the traditional electrolyte suffers from large crack formations, while the
electrode cycled with FEC additive forms interconnected microcracks. This results are
consistent with the work conducted by Lucht et al and Kim et al.60 Based on the SEM
images, the FEC additive forms a stable SEI that seems to hold the integrity of the
electrode preventing large cracks from forming even after 100 cycles. Moreover, it is
possible that the increase of inorganic compounds, especially LiF, causes more
microcracks at the surface making the SEI more brittle. This forms a thicker SEI on the
electrode cycled with FEC thicker versus the electrode cycled with the traditional
electrolyte as shown in the TOF-SIMS. However, in order to properly compare the
morphology of the SEI between the two cycled electrodes, the SEM must be taken under
anoxic conditions. As we show above and as it has been discussed elsewhere, exposing
the SEI to air alters the SEI composition, which can lead to a change in the SEI
morphology. It is important to notice, after 100 cycles the electrodes at C/2, the
electrodes have high mechanical integrity with no substrate lift off. This is caused by the
rough copper foil which was used to DC sputter the a-Si thin films and it is below a
critical film thickness of 150 nm or less.
4.3.5 EIS and Transport of Li-ions through SEI in Two Electrolyte Systems
To determine how the differing chemical composition of the SEI affects its
function, we carried out a series of electrochemical impedance spectroscopy (EIS)
experiments. EIS is a standard analytical technique used to provide information on
lithium ion migration through surface films, charge transfer, phase transition, and solid
state diffusion.24,61,62 In particular, we use EIS to study the resistance associated with
lithium ion migration through the SEI.
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Figure 4.8 shows the changes in the impedance spectra of the a-Si thin films after
the first lithiation, first delithiation, and 100 cycles. Figure 4.8a shows Nyquist plots for
electrodes cycled in EC/DEC and EC/DEC/FEC after first lithiation. A Nyquist plot
shows the real part of the measured impendence versus its imaginary component over a
range of AC frequencies. In order to quantitatively and qualitatively analyze the
impedance spectra, we turn to a model circuit of the elementary reactions that occur
during electrochemical cycling (Figure 4.8d). The model accounts for the uncompensated
ohmic resistance of an a-Si electrode (RΩ), the double layer capacitance of the
electrode/electrolyte interface (CPEf), resistance due to the surface reactions on the
electrode (Rf1), and the impedance due to solid state diffusion processes, known as the
Warburg impedance (Zw).24,25,63 It is widely accepted in the case of battery negative
electrodes that the semi-circle traces (Figures 4.8a, 4.8b, and 4.8c) generated at high
frequency and the associated resistance Rf1 are due to lithium-ion migration through
multilayer surface films.24,62,64 At low frequencies, linear trends in high impedances are
observed, which are attributed to the Warburg impedance (Zw) of the electrode and are
due to the solid-state lithium diffusion through the Li-Si alloy material.62,64,65
The major difference in the EIS between the electrodes cycled in EC/DEC and
EC/DEC/FEC is the resistance of the surface films, Rf1. The EIS data for the lithiated
electrodes were fit to calculate an Rf of 1.04 kΩ for the electrode EC/DEC/FEC, which is
much higher than the Rf of 0.82 kΩ for the electrode cycled in EC/DEC. After
delithiation both electrodes had a decrease in impedance: the electrode cycled
EC/DEC/FEC had an Rf of 0.59 kΩ, while the electrode cycled in EC/DEC had a lower
Rf of 0.56 kΩ.
We find that the EIS data supports the idea that the FEC produces a dense, thick,
LiF-dominant SEI on the first cycle. Overall, the SEI from EC/DEC/FEC was thicker, it
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exhibited decreased performance in terms of overall resistance to lithium transport after
initial formation. However, by compared SEI thickness to resistance in SEI produced by
different methods, Lu, Harris, et al. found that thicker SEI often had more inorganics and
lower resistance per unit length (depth resistivity).66 Even though the measurements came
from different electrodes, we can estimate that EC/DEC/FEC produced an SEI on the
order of 29.5 Ω/nm vs. 35.5 Ω/nm for EC/DEC.
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Figure 4.8. Impedance spectra of half-cells after the initial lithiation (a), delithiation (b),
and 100 cycles (c) for 1 M LiPF6 in EC/DEC (red), and EC/DEC/FEC
(navy). An inset in (c) shows a more detailed view of the impedance
behavior at low resistances and high applied frequencies. An equivalent
circuit (d) is shown to model the reactions on the a-Si electrode varying the
electrolyte. The fits for the data for each electrode are shown as solid lines.
EIS had previously been carried out on electrodes cycled for 30 and 100 cycles,
not after initial formation and after the first cycle.24,25 This work has suggested that the
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impedance of the SEI derived from EC/DEC/FEC had lower surface film resistance.
After 100 cycles, we found EC/DEC produced an SEI with Rf1 of 0.0289 kΩ while
EC/DEC/FEC produced an SEI with Rf1 of 0.134 kΩ, consistent with these results. As we
note above, a thicker, more inorganic SEI may be more conductive per unit thickness.
This helps explain how EC/DEC/FEC produced a thicker SEI on the electrode after 100
cycles, but nevertheless its Rf1 was smaller and the electrode showed well-defined
plateaus in the charge/discharge curves (Figure 1c).
4.3.6 Role of Surface reactions in SEI formed from FEC containing electrolyte
So far we have shown that the addition of FEC to EC/DEC: (a) produces a thicker
SEI; (b) changes the outer SEI chemistry with higher LiF concentration, lower aliphatic
carbon initially, and less carbonate after 100 cycles; (c) changes the chemistry of the SEI
closer to the electrode surface, by forming Li2O and/or LiOH species; and (d) increases
the Li-ion conductivity of the SEI after 100 cycles. These results suggest that FEC affects
the SEI formation reactions in two ways: (1) SiOx native suboxide is etched and (2) LiF is
produced via a facile and direct electrochemical pathway. The increased production of
LiF is well established, but why LiF improves performance is not well understood. We
address this topic by first tackling the contention that an etching reaction improves silicon
reactivity and decreases capacity fade.
First, FEC reduces to form fluoride anions near the surface of the electrode, but
previous work has failed to consider surfaces with native oxides. It is well known that F–
reacts with SiOx suboxides and we suggest that F– generated near the electrode is very
likely to react with species other than lithium. Looking at Figures 4.5c and 4.5d, the LiOsignal from SiOx and LiySiOx species indicate a thicker oxide layer on the interface cycled
in EC/DEC than the electrode cycled in EC/DEC/FEC (previously discussed). This data
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is consistent with the data shown by Nakai et al.31 However, they suggested that an
electrolyte not containing FEC somehow oxidized the silicon surface, without suggesting
a mechanism or providing supporting evidence for their conclusion. We propose that
fluoride ion etching is a more likely and is a simpler explanation. Moreover, there is no
reason to infer, a priori, that oxidation of the surface takes place under reducing
conditions (lithiation).
Previous work has suggested that LiySiOx is a very compact and kinetically stable
protective coating of the electrode; however, it is also electronically and ionically
insulating. As a result, etching the surface should improve a-Si conductivity.40,52,53,55
Intentional removal of silicon oxide on model wafer electrodes in previous work lead to
formation of a thick Li2O layer, consistent with the kinetic stability model of SEI
structure.17,40 The increased LiO- in TOF-SIMS depth profiles of the electrodes cycled in
EC/DEC/FEC after initial lithiation (Figures 4.5b) and after 100 cycles (Figure 4.5d),
further supports the hypothesis that etching Reaction 4.3 takes place.
The removal of LiySiOx may also lower interfacial resistance, which helps explain
the SEI resistance observed in the EIS after 100 cycles. Additionally, the lack of LiySiOx
reduces the irreversible lithium sequestration associated with this oxide layer and
explains some of the increased CE that results from EC/DEC/FEC electrolyte.
The formation of LiF at the electrode surface is also important in understanding
the transport properties of the SEI, the passivation of the surface, and the SEI evolution.
As we have discussed, the elevated concentration of LiF in the SEI (Figure 4.4b) results
from the direct, fast, electrochemical reduction of FEC is the evidence for the occurrence
of Reactions 4.1 and 4.2 (Scheme 4.1). In contrast, the electrodes cycled in EC/DEC
have only an indirect path to LiF formation through thermal decomposition (Reaction
4.4):67–69
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Li+(sol) + PF6-(sol) → PF5 (sol) + LiF(s)

(4.4)

In addition, the solubility of LiF in liquid carbonates is very low,70–72 so the formation of
LiF is self-perpetuating and drives further precipitation (Reaction 4.5):
Li+(sol) + F-(sol) → LiF(s)

(4.5)

For EC/DEC, the formation of LiF is reliant on the resistance at the interface of
the electrode to drive the thermal decomposition of LiPF6. As a result, LiF formation in
EC/DEC is preceded to some extent by decomposition of the solvent into organic species
to form electronically or ionically insulating species. In EC/DEC/FEC, LiF formation
occurs by electroreduction concurrently with formation of the organic SEI species. LiF is
known to be more kinetically stable product under reduction compared organic SEI
products, so LiF may remain stable close to the electrode surface.17,73 Therefore, the SEI
resulting from EC/DEC/FEC has a more direct path to forming kinetically stable species
than EC/DEC, as a result there is less evolution of the SEI (and improved CE) with
additional cycling.
The reduction of FEC to form fluoride ions has a big impact on the desolvation of
lithium ions and the transport of lithium through the SEI. Through the common ion
effect, saturated solutions of LiF lower the free energy barrier to desolvate (precipitate)
other lithium-containing species.

As a consequence, the solubility (SLi2O) of Li2O

decreases with lithium fluoride concentration in solution, following Equation 4.1:
SLi2O =

3

K
4

SP

=

3

[O]([Li]Li2O + [Li]LiF )2
4

(4.1)

In this way, LiF formation is also coupled to Li2O.
The formation of lithium oxide and/or hydroxide species on the surface of the
electrode is important for two reasons. First, we propose that it improves Li-ion transport
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though the SEI. Second, the formation of the species has been shown to be quasireversible and therefore sequesters lithium to a lesser degree than other SEI species.
Schroder et al.40 have already shown that lithium oxide species formation is quasireversible via oxidation reactions that take place when a-Si electrodes were delithiated
(Figure 4.5d). The formation of the lithium oxide is due to electrolyte decomposition,40
which is detrimental to the long-term life of the cell; however, the quasi-reversibility of
the reaction helps to explain why the electrode cycled in EC/DEC/FEC has less lithium
sequestration (and thus higher CE). It is difficult to gauge the importance of this
degradation mechanism because results related to silicon electrodes that experience
catastrophic failure after long term cycling are rarely published (because this is a negative
result). Furthermore these results are often attributed de facto to mechanical failure of
the active material or binder in composite electrodes.74 However, the degradation of the
electrolyte due to continued reduction into lithium oxide might also explain this behavior.
4.4 CONCLUSIONS
Using amorphous silicon thin film model systems and anoxic, anhydrous surface
analysis techniques, we have investigated the effect of FEC co-solvent in promoting a
stable SEI formation.

Galvanostatic cycling of the a-Si thin film electrodes in

electrolytes with and without FEC and 1 M LiPF6 salt resulted in significant difference in
the CE, consistent with prior work. It was demonstrated that cycling the electrodes in the
FEC-containing electrolyte lowered CE on the first cycle; however, every cycle after
showed better capacity retention, and CE.
The SEI that resulted from both of these electrolytes was characterized by anoxic
and anhydrous XPS and TOF-SIMS. XPS showed that FEC lead to an SEI with increased
concentrations of inorganic species, specifically LiF. Moreover, the organic species
148

present in the SEI contained less aliphatic carbon, in comparison to the composition of
the traditional electrolyte SEI. These results are consistent with calculations conducted by
Balbuena and co-workers, which suggests a kinetically fast formation of neutral radical
carbonate and fluoride via a ring opening mechanism leading to the rapid formation of
LiF. The TOF-SIMS depth showed that the SEI was thicker in the electrode cycled with
FEC-containing electrolyte.
Both the XPS and TOF-SIMS depth profiles showed evidence of fast reduction
kinetics of FEC. Subsequent formation of F- affected the electrodes: (1) improving
silicon’s conductivity via silicon native oxide etching, (2) changing the solubility of
lithium, which lead to (3) quasi reversible lithium sequestration and (4) improved Li-ion
transport through the SEI via a shuttling mechanism. The style of analysis presented in
this work can be further applied to understanding how SEI formation changes with other
additives and on surface coatings.
With regards to SEI Li-ion transport, it has been suggested that inorganic species
have preferable properties compared to organic species. One justification of this idea is
that inorganic SEI species tend to have Li-ions bound in ionic bonds that facilitate
hopping-type transport mechanisms. High concentrations of LiF relative to organic
species has already been shown, in simulation, to promote rapid Li transport by Jorn, et
al.75
We propose Li2O has improved transport properties over organic species because
of its ionic nature. This hypothesis is consistent with the ideas put forth by Jorn et al. and
would explain the improved transport properties observed by EIS in Figure 5.8c.
Moreover, the oxidative instability of Li2O leads to desolvated lithium near the
electrode’s surface. This desolvated lithium, combined with the low solubility of lithium
in and near the SEI, leads to an abundance of free lithium. These conditions facilitate a
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shuttle mechanism, decoupling the process whereby lithium leaves the electrolyte and
enters the electrode, improving lithiation kinetics.
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Appendix A
Below is a portion of the script written in the iPython nootbook environment
utilizing the numpy, scipy, and pandas libraries to preform PCA analysis on an array of
TOF-SIMS depth profile data. The data was formatted as a wrapped numpy array (i.e.,
pandas data frame) with rows indicated a particular time stamp of a particular depth
profile indicating the sputtering time after which the profile was collected. The following
code was used to run the statistical analysis:
1 #DEFINE SUBROUTINES define useful functions:
2
3 #linear algebra for PCA/stats analysis
4 def princompcov(A,numpc=2):
5
6

#Get eigenvalues and eigenvectors of cov matrix

7

evalues , evectors = linalg.eig(cov(A))

8

evalues = real(evalues)

9

evectors = real(evectors)

10

loadings = evectors

11
12

#sort and organize eigenvalues and eigenvectors

13

pcs = len(evalues)

14

sorter = argsort(evalues)[::-1]

15

evalues = evalues[sorter]

16

pcpercent = (evalues/sum(evalues))*100

17

evectors = evectors[:,sorter]
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18
19

#get scores and pcpercents for the number of pc's
desired

20

if numpc < pcs or numpc >= 0:

21

evectors = evectors[:,:numpc]

22

pcpercent = pcpercent[:numpc]

23

scores = dot(evectors.T,A)

24
25

return scores,loadings,pcpercent

26
27 def princompcor(A,numpc=2):
28
29

#Get eigenvalues and eigenvectors of correlation
coeff matrix

30

evalues , evectors = linalg.eig(corrcoef(A))

31

evalues = real(evalues)

32

evectors = real(evectors)

33

loadings = evectors

34
35

#sort and organize eigenvalues and eigenvectors

36

pcs = len(evalues)

37

sorter = argsort(evalues)[::-1]

38

evalues = evalues[sorter]

39

pcpercent = (evalues/pcs)*100

40

evectors = evectors[:,sorter]
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41
42

#get scores and pcpercents for the number of pc's
desired

43

if numpc < pcs or numpc >= 0:

44

evectors = evectors[:,:numpc]

45

pcpercent = pcpercent[:numpc]

46

scores = dot(evectors.T,A)

47
48

return scores,loadings,pcpercent

49
50 #resample / undersample depth profiles for stats
51
52 def resample(data_frame,resampling_spacing):
53

resampling_spacing = int(resampling_spacing)

54

selected_rows = [x*resampling_spacing for x in
range(len(data_frame)/resampling_spacing)]

55

return data_frame.ix[selected_rows]

56
57 #center the data so the average intensity value of each
mass frag is zero
58 def center_Data(a) :
59

return a - a.mean()

60
61 #MAIN ROUTINE do PCA analysis
62 sampletype = "ed|ED|Ed|EC|ec|Ec"
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63 selected =
meta_table[meta_table['solv'].str.contains(sampletype)]
64 selected =
selected[~selected['solv'].str.contains('edlong')]
65
66 #sampletype =
['140506203','1405210203','130613201','1405210305','14050
6106','1306140402','130613102','1306140305']
67 #sampletype = '\|'.join(sampletype)
68 #sampletype = sampletype.replace('\\','')
69 #selected =
meta_table[meta_table['id'].str.contains(sampletype)]
70
71 algebra_frame = assigned.drop(['Na-','S-','Cl-'], axis=1)
72 algebra_frame = algebra_frame.ix[selected.index]
73 algebra_frame = resample(algebra_frame,5)
74 assigned_cen = center_Data(algebra_frame)
75
76 normdata =
(algebra_frame.T/algebra_frame.T.sum()*100000).T
77 norm_cen = center_Data(normdata)
78
79 resample_frame = norm_cen.ix[algebra_frame.index].T
80 scores , loadings , percents =
princompcor(resample_frame,3)
158

81 print percents
82
83 loadings_table =
pd.DataFrame({'mass_fragment':resample_frame.index.values
,'pc1':loadings[0,:],'pc2':loadings[1,:],'pc3':loadings[2
,:]})
84
85 selectable_series = pd.Series(resample_frame.index).str
86
87 inorg_table =
loadings_table[~selectable_series.contains('C')&
88
~selectable_series.contains('\?')&
89
~selectable_series.contains('Si')]
90 si_table =
loadings_table[selectable_series.contains('Si')]
91 org_table =
loadings_table[selectable_series.contains('C')&
92
~selectable_series.contains('\?')&
93
94
~selectable_series.contains('Si')]
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95 unknown_table =
loadings_table[selectable_series.contains('\?')]
96
97 os.chdir('/Users/kjell/Data/ToF-SIMS/analysis/')
98 loadings_table.to_csv("loadings_{0}.txt".format(sampletyp
e.split('|')[0]))
99 si_table.to_csv("loadings_Si_{0}.txt".format(sampletype.s
plit('|')[0]))
100

unknown_table.to_csv("loadings_unknown_{0}.txt".format

(sampletype.split('|')[0]))
101

org_table.to_csv("loadings_org_{0}.txt".format(samplet

ype.split('|')[0]))
102

inorg_table.to_csv("loadings_inorg_{0}.txt".format(sam

pletype.split('|')[0]))
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