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Abstract

Silicon as an anode-active material for lithium-ion batteries (LIBs) has been the focus of
research for a long time. Until now, commercialization has been challenging due to the
drastic volume changes upon (de-)lithiation. In the last few years, new silicon material
concepts have been employed, some of which have recently reached mass production and
can be found in their first applications on the market. This work investigates microscale
silicon particles, which can be produced cost-effectively and are available on a large scale.
A partial lithiation strategy achieves reasonable cycling stability with such a material
concept, whereby the crystalline silicon particle is only amorphized to a certain extent,

thus maintaining the integrity of the particle during cycling.

The investigation of the amorphization process with respect to the lithiation cutoff
potential was analyzed by in-situ X-ray diffraction (XRD) in the first part of this thesis. It
enabled an XRD-based quantification of the amorphous phase fraction over the course of

extended charge/discharge cycling.

The second part of this thesis focuses on the mechanism of lithium nitrate (LiNO3) as an
electrolyte additive in carbonate-based electrolyte systems for silicon-based anodes. The
reduction and oxidation reactions are studied on carbon electrodes using on-line
electrochemical mass spectrometry (OEMS) and X-ray photoelectron spectroscopy (XPS).
In addition, the cycling stability is examined in coin full-cells using silicon-based anodes

and NCM622 cathodes.

With its high specific capacity of 3579 mAh g1, silicon allows for high areal capacities and
thin electrode coatings, making it a promising choice for fast-charging applications. The

final part of this thesis provides a practical comparison between silicon-based anodes and



graphite anodes in terms of their temperature-dependent kinetic charge transfer

resistance and ion transport resistance using impedance spectroscopy.



Kurzfassung

Silicium als Aktivmaterial fiir Anoden in Lithium-lonen Batterien ist schon seit [angerem im
Fokus der Forschung. Bisher gestaltete sich die Kommerzialisierung als sehr
herausfordernd, da Silicium Uber die (De-)Lithiierung eine grofle Volumendnderung
aufweist. In den letzten Jahren wurden neue Materialkonzepte entwickelt, von denen es
zuletzt einige in die Serienproduktion geschafft haben und in ersten Anwendungen auf
dem Markt zu finden sind. In dieser Arbeit werden mikroskalige Siliciumpartikel
untersucht, welche kostenglinstig hergestellt werden konnen und in groRem MaRstab
verfliigbar sind. Um mit einem solchem Materialkonzept eine angemessene
Zyklenstabilitdt erreichen zu kénnen, wird der Ansatz einer partiellen Lithiierung verfolgt.
Dabei werden die kristallinen Siliciumpartikel nur bis zu einem gewissen Grad
amorphisiert, um so die Integritdt der Partikel Gber den Zyklenverlauf zu erhalten. Im
ersten Teil dieser Arbeit, wird der Amorphisierungsprozess im Hinblick auf die Lithiierungs-
Abschaltspannung mittels in-situ Rontgendiffraktometrie (XRD) untersucht und der Anteil

der amorphen Phase quantitativ Gber XRD bestimmt.

Der zweite Teil der Arbeit befasst sich mit dem Mechanismus von Lithiumnitrat (LiNOs) als
Additiv in karbonatbasierten Elektrolytsystemen fir siliciumhaltige Anoden. Reduktions-
und Oxidationsreaktionen wurden an Kohlenstoffelektroden mittels elektrochemischer
Online-Massenspektrometrie (OEMS) und Rontgenphotonenelektronenspektroskopie
(XPS) untersucht. Zusatzlich wurde die Zyklenstabilitat in Vollzellen im Knopfzellformat mit

siliciumhaltigen Anoden und NCM622 Kathoden getestet.

Mit seiner hohen spezifischen Kapazitat von 3579 mAh g, ermoglicht Silicium hohe

Flachenkapazitaten bei Elektrodenbeschichtungen mit gleichzeitig geringen Schichtdicken



fir Schnelladeanwendungen. Im letzten Teil dieser Arbeit werden Siliciumanoden mit
Graphitanoden hinsichtlich ihres temperaturabhangigen kinetischen
Ladungsiibergangswiderstands und ihres ionischen Transportwiderstands mittels

Impedanzspektroskopie gemessen.
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Introduction

1.0 Introduction

In recent years, there has been a growing focus on the electrification of the mobility sector. In
2021, several countries, including the European Union and the United States, announced an
internal combustion engine (ICE) sales ban by 2035, with the goal of a market share by electric
vehicles (EVs) of at least 50% by 2030.11 Such government regulations accelerate the transition
towards more sustainable mobility. The automotive sector plays a vital role as the driving force
for developing new battery technologies and ramping up production capacities. 90% of the
European Union's estimated battery cell demand of 874 GWh in 2030 is for passenger cars
and commercial vehicles and only 10% for other applications such as consumer electronics.
Compared to consumer electronics, automotive applications require more stringent demands
on battery technology with regard to safety, energy density, and fast charging capability.
Target requirements by the European Council for Automotive R&D (EUCAR) for 2030 on the
cell level are a specific energy density of 450 Wh kg, a charging rate from 0%-80% SOC at a
rate of 3.5C (i.e., a charging time of <20 min), and a cost of 70 € kWh™'. Besides, calendaric
lifetime, safety, and operating temperature are important parameters. Current commercial
LiBs based on graphite and NCM cathode cell chemistry have a specific energy density of ~250

Wh kg™ at costs of ~150 € kWh1.[23]

To achieve these challenging goals, it is necessary to develop new anode and cathode material
concepts as well as novel cell technologies. Currently, the most widely used cathode active
materials are nickel-rich NCM (LiMO3, with M = Ni, Co, and Mn) and NCA (LiMO; with M = Ni,

Co, Al) due to their high specific capacities and high discharge potentials versus Li*/Li.
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Carbonaceous materials, such as natural and artificial graphites, are commonly used as state-
of-the-art materials on the anode side. To accommodate high-capacity cathode active
materials with increased amounts of cyclable lithium, the graphite anode electrode thickness
has to be increased. However, thick anodes can become a bottleneck for high-rate
applications and may lead to severe cell failures upon fast-charging due to lithium plating.
Therefore, alternative materials with higher specific capacities are necessary to enable thin
anode designs that are particularly critical for fast charging. Silicon, the second most abundant
element in the Earth’s crust, exhibits a ten times higher theoretical specific capacity (3579

mAh gsit) as compared to commonly used graphite (372 mAh g¢1).[4>6l

Silicon is one of the most promising candidates among alternative materials, due to its low
operating voltage (0.1-0.5 V vs. Li*/Li).”8] However, the practical application of pure silicon is
still hindered by several challenges originating from its intrinsic material properties. The
volume expansion of ~280% upon (de-)alloying with lithium results in particle cracking and
excessive electrolyte consumption due to the rupture of the solid electrolyte interphase
(SEI).210111 This cracking, in turn, leads to the electrode's disintegration, resulting in the
electrical isolation of individual silicon particles. As a result, low coulombic efficiencies,
irreversible lithium loss, and increased internal resistances generally cause an inferior cycling

performance and a short lifetime of the lithium-ion battery cells with silicon anodes.™!

To reduce the effects described above at the electrode level, researchers have investigated
the possibility of enhancing the anode's performance by combining silicon with graphite. This
can be achieved by blending the two materials during electrode fabrication or designing a
single Si-graphite composite (Si-Gr) material.[81213] Although there are potential benefits, it is

still a challenge to incorporate high amounts of Si (> 30%). Currently, only a small mass fraction
2
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of silicon (<5%) - often incorporated in the form of silicon oxide (SiOx, 1700 mAh g) - is used

in commercial cells to increase the energy density.[®14]

Possible strategies to increase the amount of silicon in the future include novel structural
designs of the silicon active material, electrolyte additives, and silicon prelithiation. However,
the latter only compensates for the loss of lithium and does not affect the effects of the

volume expansion itself.

1.1 Lithium-ion batteries

In 2019, John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino were awarded the
Nobel Prize in Chemistry for their work on developing lithium-ion batteries, first
commercialized by Sony in 1991.[1518] |n the 1970s, Whittingham discovered that intercalating
lithium ions in titanium disulphide resulted in a material with surprisingly high energy density,
operating at 2 V vs. Li*/Li.'7? However, commercialization of this technology was hindered by
the poor safety of the lithium metal electrode, resulting in fires and explosions through
dendrite formation causing short circuits. In 1980, John Goodenough published the discovery
of a new cathode active material operating at 4 V vs. Li*/Li, which offered almost twice the
energy density as Whittingham's titanium disulphide: lithium cobalt oxide, a transition metal
oxide, allowed for a high operating potential at high energy density without structural collapse
when lithium-ions were de-intercalated. The consumer electronics industry drove the
development of the lithium-ion battery at that time, as oil prices were low and interest in
alternatives to combustion engines had declined. It was essential to commercialize
rechargeable and lightweight batteries to facilitate using portable and compact electronic

devices, such as video cameras, music players, telephones, and computers. Akira Yoshino, who
3
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worked for the Asahi Kasei Corporation, aimed to develop such a battery. He combined
Goodenough's lithium cobalt oxide cathode active material as positive electrode with
petroleum coke as the negative electrode. This resulted in a stable and safe battery system
with a high energy density operating up to 4 V vs. Li*/Li.l'8 Lithium-ion batteries have not
undergone significant changes since their inception, except for using alternative materials as

active components for the cathode and anode.

Currently, state-of-the-art cathode active materials fall into two categories: transition metal
oxides (LiMO2, where M represents the transition metal) or phosphates (LiIMPO4, where M
represents the transition metal). Anode active materials consist of natural or synthetic
graphite (Cs) or, more recently, a blend of graphite and silicon (Si) or silicon oxide (SiOx). The
cathode and anode active materials are integrated into a porous electrode matrix. This matrix
includes conductive additives, such as carbon particles or fibers, to enhance the electrical
conductivity within the electrode. A polymeric binder is also included to ensure the electrode's
mechanical stability and flexibility. The electrode materials are coated onto metal foils that
act as current collectors, conducting electrons to and from the reaction site and the external
circuit (see Figure 1). To account for the different operating potentials of the electrodes,
cathodes (positive electrodes) are coated onto aluminum foil, while anodes (negative
electrodes) are coated onto copper foil. A porous polymer separator within the battery
prevents physical contact between the cathode and anode, thus avoiding an electrical short
circuit. The pores of the electrodes and of the porous separator are filled with electrolyte,
comprising lithium salts dissolved in alkyl-carbonate-based solvents and often including

additional electrolyte additives.
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electrolyte

negative

current collector cathode

active material
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current collector

anode
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porous
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Figure 1 Schematic view of the main components of a lithium-ion battery, consisting of (from left to
right): the negative copper current collector, the negative electrode with anode active material, the
porous separator, the positive electrode with cathode active material, and the positive aluminum
current collector. The void space of the porous electrodes and the separator is filled with electrolyte.

Reprinted with permission from Jordan Giesige.!**!

Upon charging a secondary (i.e., a rechargeable) battery, lithium ions (Li*) are de-intercalated
from the positive cathode and intercalated into the negative anode. This process requires
external energy; thus, the Gibbs free energy for this reaction is AG > 0. Hence, upon
discharging the battery, energy is released when Li* ions are deintercalated from the anode
and intercalated into the positive cathode (i.e., for this reaction direction AG < 0). The half-
cell reactions for the cathode (equation 1.1) and the anode (equation 1.2) for LiMO; and Cs

can be given as follows:
LiMO, = Li; (MO,+x Lit+x e’ 1.1
Ce+x Lit+ xe = LiyCq 1.2

Here, x ranges between 0 and 1. The combination of both reactions then gives the reaction of
the full cell, whereby the charging reaction takes place from left to right and the discharge

reaction from right to left accordingly.
5
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LiMO,+ Cg = Li; (MO, + Li,Cq 1.3
The specific capacity of an active material, i.e., the amount of lithium that can be stored in a
certain mass of material, is defined as:

zxF

g=2= 1.4

Here, Q is the total exchanged capacity, m is the active material mass, z is the valency of the
active species (z = 1 for Li*), F is the Faraday constant of 96,485 As mol™?, and M is the molar
mass of the active material. For anode active materials like graphite and silicon, commonly

the molecular mass of the delithiated anode active material is used.

Since electrode potentials cannot be measured directly but always need to be measured
against a reference electrode, potentials are commonly referenced to the redox potential of
lithium (Li*/Li). Thereby, O V vs. Li*/Li corresponds to -3.04 V against the standard hydrogen
electrode (SHE). The cell voltage can be calculated by the difference of the potentials of the

two electrodes.

Ecen = Ecathode — Eanode 15

Without any external current flowing, this voltage equals the cell's so-called open circuit
voltage (OCV). Upon charge or discharge of the cell, each electrode follows a distinct profile
of the electrode potential versus the degree of (de-)lithiation and the difference in electrode
potentials in the absence of current flow corresponds to the open circuit voltage (OCV) of the
cell. Overpotentials developed by kinetic, ohmic, or mass-transport-related resistances can
also affect the cell voltage. The gravimetric energy density w (Wh kg?) of a cell or electrode is
defined by the potential integrated over the capacity. It is typically referenced to either the

mass of the electrode, the cell, or the battery module.
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w=Z= foqE(q’)dq’zq*E 1.6

T m
With E being the charge averaged potential, the energy density can simply be compressed by

the product of E and the specific capacity g of the cell or electrode.

For an ideal cell, the flow of Li* ions from the cathode to the anode, i.e., the charge capacity
Qcharge, €quals the flow of Li* ions back to the cathode upon discharge, i.e., the discharge
capacity Quischarge. The ratio of the discharge capacity over charge capacity is called coulombic

efficiency (CE).

CE = Qdischarge 1.7

Qcharge

However, chemical or electrochemical side reactions are ubiquitous in a real cell. Accordingly,
the CE is less than 100%. Generally, the number of Li* ions exchanged during charge and
discharge equals that of the electrons, determining the reversible capacity during cycling.
There are a few exceptions where irreversible parasitic reactions can contribute with
additional electrons to this calculation. In the case where these parasitic reactions and other
nonlinear degradation phenomena can be neglected. The status of a battery’s life, commonly

described by capacity retention, can be calculated by the CE for a specific number of cycles n.
Capacity retention=(CE)" 1.8

This would predict that in order to reach 1000 cycles with a capacity retention of 90%, the
coulombic efficiency must be at least 99.99%.12% The charge and discharge current is usually
normalized to the battery's capacity and is expressed as C-rate. The C-rate is typically given in
units of 1 h'' and corresponds to the current to charge or discharge the cell entirely in a given
time. If a cell is charged within 5 hours, the applied current would correspond to a C-rate of

C/5 and for a 10 Ah cell would correspond to a nominal current of 2 A.
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1.2 Silicon as anode active material

The reaction mechanisms of anode active materials with the charge carrier in lithium-ion
battery systems can be classified into three categories, as depicted in Figure 2. These
categories include a) intercalation materials, e.g., graphite and lithium titanium oxide (LTO),
b) single-phase conversion materials or alloy materials such as silicon or lithium, and c)
multiple-phase conversion materials often described as conversion materials, including a wide
range of transition metal -oxides,-phosphides and —nitrides.[?!l Intercalation materials have
the advantage of minimal structural changes during (de-) lithiation, limiting the volume
expansion to usually below 25%.(22231 Additionally, intercalation materials exhibit the
advantage of having an only small difference between the lithiation and delithiation potential
i.e., they have no significant voltage hysteresis. The major drawback of intercalation materials
are their low volumetric and gravimetric capacities (<1500 mAh cm3® and <500 mAh g1).
However, despite its comparably low gravimetric capacity of 372 mAh g%, graphite is the most
commonly used anode active material for lithium-ion batteries. The low (de-) lithiation
potential of ~0.1V vs. Li*/Li and the high electronic and ionic (Li*) conductivity are ideal

properties for an anode active material.

In contrast to intercalation materials, alloy and conversion materials undergo significant
structural changes and show a pronounced voltage hysteresis upon (de-) lithiation. Comparing
conversion materials and alloy materials, the latter exhibit lower operation voltages (0.2-1.0
compared to 1.0-2.2 V vs. Li*/Li), higher gravimetric capacities (400-3500 mAh g! compared
to 650-1000 mAh g?1), and improved electronic and ionic conductivities.?%22 Thus, alloy
materials are more interesting candidates than conversion materials to replace graphite in

next-generation lithium-ion batteries.
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Figure 2 Schematic illustration of different types of anode active materials. Reprinted from “Future
high-energy density anode materials from an automotive application perspective” by Stiaszny et al.,

with permission from the Royal Society of Chemistry.[?

Amongst them, silicon is the most promising candidate. Sharma and Seefurth from General
Motors reported the first electrochemical lithiation studies on silicon in the late 1970s.24.2]
Later, Wen and Huggins observed distinct crystalline Li-Si Phases by coulometric titration at
415 °C, resulting in a stepped galvanostatic voltage profile.?®! The compositions of these
phases are Li1Siy, Li;Sis, Li13Sia, and Li22Sis, with the latter being the highest lithiated phase.
However, electrochemical lithiation at room temperature involves electrochemical solid-state
amorphization, forming amorphous LiSi phases.?”] In this case, the formation of the
crystalline equilibrium phases is kinetically hindered; thus, the amorphous phase with a lower
Gibbs free energy than the reactants is formed. Hence, the voltage profile for electrochemical
(de-) lithiation at room temperature reveals a sloping behavior and depends on the silicon's

applied current, as well as on the size, and morphology of the silicon material.[2$2° |n 2004,
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Obrovac and Christensen found that a new crystalline phase LiisSis is formed during
electrochemical lithiation, employing Rietveld refinement.’3% The formation of Li1sSia (Li3.75Si)
corresponds to a specific capacity of 3579 mAh g and is the highest lithiated phase that can

be formed by electrochemical lithiation at room temperature.

. . . - +Li . - +Li . - +Li . .
Lithiation: cr-Si — a-Liy (Si — a-Li3sSi — cr-Lig 75Si 1.9
. . . = = _Ll = = - - _Ll .
Delithiation: cr-Liz 75Si = a-Lip oSi + cr-Liz 75Si — a-Si 2.0
) +Li o L . +Li . .
Subsequent cycling: a-Si — a-Liy (Si — a-Li3sSi — cr-Lig 75Si 2.1

Along with the (de-)lithiation process, silicon undergoes a volume change of ~280%.1*71% The
volume expansion follows Vegard’s law and is the same for all binary Li-Metal alloys (except
amorphous carbon, which follows an intercalation mechanism). Obrovac et al. found that the
molar volume that lithium occupies in the alloy is about 8.9 mL mol* and shows a linear
behavior with the amount of lithium inserted.”® This implies that the total volume expansion
of the alloy does not depend on the active element itself but rather on the amount of lithium
that can be incorporated into the structure. Moreover, the volume expansion of an alloy can
be restricted by the amount of lithium being inserted and, thus, the fraction of the total
capacity of the active material used during operation. This strategy to limit the volume
expansion will be discussed in more detail later. There is a fundamental difference in the
lithiation mechanism, depending on whether crystalline or amorphous silicon is present
initially in the active material. In dependence on the production process of the silicon active
material and its design, silicon can be present in its crystalline or amorphous phase (see
Chapter 1.3). Crystalline silicon undergoes electrochemical lithiation through a two-phase

mechanism, where the silicon is consumed to generate lithiated amorphous silicon (LixSi). This
10
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process is characterized by a distinct reaction front with a thickness on the nanometer scale
where crystalline and amorphous phases are present at the same time.[?72%3233] Thjs two-
phase behavior occurs due to the substantial activation energy required to break the

crystalline silicon network.[343536]

It is kinetically more favorable to further lithiate silicon clusters in the amorphous phase
forming isolated silicon ions or smaller clusters, than to break up the pristine crystalline silicon
network.32l A high lithium concentration near the reaction front is needed to break the
crystalline network's Si-Si bonds. Thus, the amorphous phase must reach a stoichiometry of
Liz.sSi to further lithiate the remaining crystalline phase.l®”! Accordingly, the voltage plateau
for the initial lithiation of crystalline silicon drops to < 170 mV vs. Li*/Li, where the Liz sSi phase
is formed. At potentials < 60 mV vs. Li*/Li, the amorphous LixSi phase crystallizes into Li1sSia,
as shown by the XRD analysis of Dahn and Li.[3”) Structural investigations by in-situ NMR have
demonstrated that a significant fraction of isolated Si atoms are present in this phase, allowing
for a nucleation from the previous amorphous phase.!3238 Lower lithiated amorphous phases
do not readily nucleate, as this would involve rearrangement of the silicon clusters present at

this stoichiometry and, thus, Si-Si bond breakage.

11
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Figure 3 Differential capacity vs. voltage obtained from Si-C65//Li Swagelok T-cells with a lithium metal
reference electrode (Li-RE). (a) In the first cycle, the lithiation step was limited to 1500 mAh gs?,
followed by consecutive delithiation to a cutoff potential of 1.5 V vs. Li*/Li. (b) Second cycle with a
lithiation limit set by a capacity cutoff of 1500 mAh gsi . Electrochemical testing was done with Si-C65
electrodes (1.4 mgsi cm™, with a theoretical capacity of 5.0 mAh cm™) at 25 °C with 1M LiPFs in FEC/DEC

(2:8 v-v) and with two glassfiber separators.

Delithiation of the crystalline Li1sSis phase is accompanied by a large voltage hysteresis and a
large plateau at 450 mV vs. Li*/Li.l1%3037] As two-phase regions are associated with high
internal stress, causing the particles to crack, the formation of Lii5Sis should be avoided for
stable cycling. Delithiation of the amorphous phase is observed as two separated features: the
first one corresponding to the delithiation of a higher lithiated Liz sSi phase to a lower lithiated
Li».0Si phase (<400 mV) and the second one to the complete delithiation of Li»oSi to
amorphous silicon (> 400 mV) (see Figure 3a).3%%% For subsequent charge/discharge cycles,
the situation looks different, as amorphous silicon is already present; the lithiation of this

phase already starts at potentials <350 mV vs. Li*/Li (see Figure 3b). This would also be the case

12
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for an active material that in its as-received form contains amorphous silicon. It must be
mentioned that for the data shown in Figure 3, the crystalline silicon phase is still present in
the second cycle as the application of this material is based on a partial lithiation strategy, in
which a crystalline part of the particle is preserved over cycling. Hence, the pronounced
feature for the lithiation of the crystalline silicon is still present in the second cycle. Even
though only about on third of the silicon’s capacity is used in this approach, limiting the silicon
volume expansion and concomitant degradation, the mean potential of (de-) lithiation of such
a material is comparable with that of a silicon active material for which 100% of the silicn
capacity is used (see dark blue versus bright blue lines in Figure 4). As the remaining crystalline
phase of the Si particles stays inactive, the active amorphous phase can be lithiated close to
~90% SoC (Liz.sSi— 170 mV vs. Li*/Li) without further amorphizing the crystalline phase. This is
a crucial difference to a partial lithiation strategy of an, e.g., fully amorphous silicon active
material with no inactive phase, in which case, the silicon would only be lithiated up to 30%
(assuming a capacity usage of 30%). Thus, the voltage curve would only be used to a third
(~250 mV vs. Li+/Li), which has a detrimental effect on the cell’s energy density (see dotted

red line in Figure 4).

13
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Figure 4 shows the voltage vs. capacity profiles of silicon with 100% capacity usage of silicon (bright
gray), restricted to 30% capacity, such that the volume expansion is limited to 100% (dotted red ), and
an active/inactive silicon material that corresponds to a composite of crystalline and amorphitized
silicon, which is produced by setting a silicon referenced capacity limit of 30% (dark blue).
Electrochemical testing was done with Si-C65 electrodes (1.4 mgsi cm™, with a theoretical capacity of
5.0 mAh cm) at 25 °C with 1M LiPFg in FEC/DEC (2:8 v-v) and with two glassfiber separators. The data

is shown for the second cycle.

14
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1.3 Design of silicon active materials

1.3.1 Nanosilicon materials

The mitigation of particle pulverization by the volume expansion of silicon through control of
the particle size has been known for a long time.*! Small absolute changes in individual
particles dimensions significantly improve the performance of such materials. Huang et al.
showed by in situ transmission electron microscopy that silicon nanoparticles below a critical
diameter of ~150 nm neither cracked nor fractured upon first lithiation.[*?) The amount of
strain energy released is insufficient for small particles to drive crack propagation. In addition,
small diameters reduce the effects of volume expansion and enable fast Li-ion transport,

further improving the performance of such materials.[*3!

Over the last few years, all kinds of shapes and morphologies of nanostructured silicon
materials have been published. Various structural designs such as nanoparticles,[#44>46:47.48]
nanospheres,*>°% nanowires,**3>11 and nanotubes,?>3] revealed superior performance
compared to micron-sized silicon materials. However, nanostructured designs are often
challenging to connect electronically within the electrode matrix and the current collector,
especially after repetitive volume changes during cycling.*>* In addition, a high BET surface
area leads to irreversible loss of lithium by SElI formation and thus to low coulombic

efiiciencies.

Nanowires, directly bonded to the current collector, offer several advantages over other
nanostructured materials: a) the space between adjacent nanowires can accommodate the
volume changes upon (de-)lithiation, b) the direct connection to the current collector allows
to maintain good electrical contact during cycling, and, c) the direct and one dimensional
electronic pathways enable efficient charge transport without the need of conductive

additives or binders.[ In principle, silicon nanowires (SiNWs) can be synthesized using
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bottom-up methods such as chemical vapor deposition and laser ablation or top-down
approaches with metal-assisted chemical etching, which is the most popular
technique.>>%>57.381 Carbon coatings and silicon doping can further enhance the
electrochemical properties.[’®%° Next to the attraction of SINWs amongst researchers in
academia over the past few years, they have also made their way into the industry. Amprius
Technologies, founded in 2008, finalized its SINW design in 2014 and commercialized its
technology in the past years, building up large-scale production on the kWh scale (see Figure
5). With their anode design comprising 100% silicon, cells with energy densities up to

500 Wh kg are possible, verified by an independent testing institute (Mobile Power

Solutions).[%

Figure 5 SEM image of the side and top view of silicon nanowires. Reprinted from Amprius

Technologies Inc., 10" Annual Electric VTOL Symposium.®!

However, nanostructured materials bear drawbacks due to their intrinsic property of a large
specific surface area. Compared to commercial natural and artificial graphite materials with
surface areas of 1-6 m? g'1,162831 similar to bulk silicon materials,[©46>5¢ the surface area for
nanostructured silicon materials is significantly higher with up to 80 m? g.[545] Low initial
coulombic efficiencies (ICE) and high irreversible capacities result from excessive SEl formation

and irreversible reactions with SiOx formed as an inherent passivation layer on the surface of
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silicon.!*>46651 The proposed reactions of Li* with SiO, are shown in the following

equations:[67,68,69]

Si0, + 4Li* + 4e~ — 2Li,0 + Si 2.2
2510, + 4Li* + 4e~ - Li,Si0, + Si 2.3
5Si0, + 4Li* + 4e~ — 2Li,Si,0s + Si 2.4

Extended SEIl formation not only leads to low coulombic efficiencies in the first cycles but also

to electrical disconnection of silicon particles and thickening of the electrode over cycling.[*>>4

To evaluate such nano-sized material concepts, one also has to consider the material's
properties and its implications on the processability and characteristics at the electrode level.
Fabrication of an electrode with a high density is crucial in terms of commercial feasibility.
Assuming a constant electrode thickness, a dense electrode has the potential to achieve a
significantly higher mass loading than a porous electrode, resulting in a substantial
improvement in areal capacity. With decreasing particle size, the tap density decreases
considerably: nanostructured silicon materials can achieve tap densities in the range of 0.1-
1.2 g cm3, whereas with microscale silicon materials, tap densities of 0.5-1.2 g cm™ and for
commercial graphite densities of 1.3-1.6 g cm can be reached.® Another critical aspect of
commercializing these materials is the ability for drop-in solutions in current process steps.
Material concepts such as SiNWs attached to the metal substrate require specific electrode
production processes and cannot be manufactured on existing coating lines.[®% Finally, the
costs for silicon nanomaterials are usually significantly higher due to complex synthesis
methods that are often more complex than those of bulk silicon or commercial graphite.l’%
Therefore, these type of materials are still reserved for niche applications with high-

performance requirements.
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1.3.2 Silicon-carbon nanocomposites

Incorporating silicon into a carbon backbone is an effective method for alleviating the intrinsic
disadvantages of silicon as an active material to achieve good cycling stability and high specific
capacities.[!3727374 The carbonaceous matrix can minimize electrolyte decomposition and,
thus, excessive SEl formation while maintaining the integrity of the electrode. Moreover, the
carbon structure can compensate for the impaired electric conductivity of silicon and enable
a good connection throughout the electrode.!”>7%! Nanocomposites can be synthesized by a
variety of different methods, such as ball milling,’778l spraying methods,[?80 high-
temperature pyrolysis, 882 chemical vapor deposition,#384 or hydrothermal®>2¢! techniques
to name the most common ones. Nanostructured silicon materials can be combined with
different types and morphologies of carbon, e.g., amorphous carbon!®’], graphitic carbon,
carbon nanotubes, 88 graphene,®®°11 or carbon shells.[®? The carbon's structural property
and morphology is utilized to buffer the volume expansion of the combined silicon material.
The carbon matrix leaves free volume for the silicon to grow into and hinders direct contact
with the electrolyte. Continuous SEI formation, particle disconnection, and disintegration of
the electrode can be prevented effectively by such material designs. Yi Cui and co-workers did
groundbreaking work in this area; in 2014, they published a pomegranate-inspired material
design with silicon nanoparticles encapsulated by a conductive carbon with void space (see
Figure 6).[1 For low mass loadings (~0.2 mg cm2), the material exhibits a reversible capacity
of 1200 mAh gsic! at C/2 and could retain 97% capacity after 1000 cycles. SEM analysis of the
particles after 100 cycles did not show significant particle expansion or disintegration, as
observed for pure silicon nanoparticles.[**) However, for industry-relevant, more significant

mass loadings (3.1 mg cm2, corresponding to 3.0 mAh cm™) the cycling stability decreased to
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only 100 stable cycles. Later, in 2016, Cui and coworkers showed, with a similar design
principle, that graphene cages with void space could significantly improve the cycling
performance of micrometer-sized silicon by retaining the electrical contact and avoiding

uncontrolled SEI growth.Y

a
After cycling
—_—>
Stable )
morphology Thin SEI
b Void space
ty
2a After cycling
d —

. : Li, e conductive framework
Active material

nanoparticle Electrolyte-blocking layer

Figure 6 Schematic view of a pomegranate-inspired design. Reprinted from” A pomegranate-inspired
nanoscale design for large-volume-change lithium battery anodes” by Cui et al., with permission from

Springer Nature.[3

As mentioned in the nanomaterials section above, scalability and production costs are
fundamental aspects of the relevance of such materials for industry. The same year, the
groups of Cui and Cho published a work that presented a scalable synthesis of a silicon
nanolayer-embedded graphite.[®3! In contrast to previous material designs, the carbon matrix
is not built around silicon but silicon is instead infiltrated by chemical vapor deposition in an
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existing carbon host structure. Using silane gas (SiH4) as the silicon source enables a uniform
distribution of a silicon nanolayer on a porous graphite matrix. Most importantly, this
approach is suitable for upscaling; 5 kg of material could be produced in one batch with a
scalable furnace. Today, one can find materials already in the commercialization based on this
approach. Companies like Sila Nanotechnologies or Group14 cooperate with companies in the
automotive sector and car manufacturers such as Mercedes or Porsche to bring their material
concepts into the market.[®*®%! Substitution of graphite with such materials allows for high
energy density cells while not compromising on the rate capability, required for fast-charging.
Even though the cycling stability of these silicon-based active materials still lags behind that
of graphite. However, next to the material's technical performance and production costs, the
availability of these type of materials on the market and constant quality are crucial factors

for commercialization as well.

1.3.3 Microscale silicon

Microscale silicon particles are scalable and cost-effective; photovoltaic grade silicon often
serves as raw material and is thus highly reproducible and reliable.[® Micro-sized particles are
usually made via mechanical milling of polycrystalline silicon, preferably by a jet milling
process in air. This is economical compared to a wet ball-milling process used for silicon
nanoparticles. In general, production costs increase with decreasing particle size of the
product due to elongated milling times. Compared to the aforementioned material designs,
microscale silicon particles are more susceptible to the mechanical stress of the volume

expansion and thus more prone to particle cracking and pulverization. 3]
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Unlike the focus on the active material design that is critical for nanomaterials, solutions on
the electrode level and operational strategies must be used for microscale particles. On the
electrode level, advanced binder systems such as self-healingl®”?8! or highly elastic
polymers®1%I! can reduce the disintegration of the silicon particles upon volume expansion.
Another strategy is to use only a part of the total silicon capacity and thus reduce the volume
expansion upon (de)lithiation.[40,64100,101,102,103 Thijs concept has been known for a long time
and was first published by Obrovac and Krause in 2007, at a time when advanced
nanostructured designs were unavailable.'® |n this study, the crystalline silicon is lithiated in
the first cycle to only 1200 mAh gsi! corresponding to a lithiation degree of 33% based on a
total specific capacity of 3579 mAh gsil. Therefore, only a part of the crystalline particle is
amorphized while the other part of the silicon remains crystalline. Cycling the silicon anode to
different lower lithiation cutoff potentials showed a capacity increase for potentials <170 mV
vs. Li*/Li, while the capacity stayed constant for a cutoff potential of 170 mV and above. This
is explained by the fact that for potentials <170 mV vs. Li*/Li, the crystalline silicon phase is
lithiated, thus contributing to the capacity. To directly measure and quantify the crystalline
and amorphous Si phase present at different cutoff potentials over cycling is part of the work

presented here. 3
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1.3.4 Commercial microscale silicon used in this thesis

The microscale silicon material used in this work exhibits a specific BET surface area of
1.6 m? g and a particle size distribution characterized by dip = 2.2 um, dsp = 4.5 um, and dgo =

7.8 um (CLM 00001, Wacker Chemie AG, Germany).

EHT= 300 kV Signal A= SE2 )
WD= 88 mm Mag= 150KX Date :19 Mar 2019

Figure 7 SEM image of the microsilicon material (CLM 00001, Wacker Chemie AG) used in this work.
The image was taken using an Ultra 55 from Carl Zeiss Microscopy, Germany, with a thermal field
emission cathode in the SE-mode (secondary electrons) at a high vacuum (~107® mbar) and an electron

beam energy of 3 kV.

Jantke et al. investigated different capacity usages for the CLM 00001 silicon material in full-
cells with regard to their initial coulombic efficiency and stability over cycling.!®* They found
that using 30-40% of the silicon's capacity (i.e., 1200-1500 mAh g'sibased on 3579 mAh g'ls)
resulted in reasonable specific electrode capacities and good cycling stability. The present
study used a three-electrode half-cell setup to evaluate the silicon-based anode's voltage
curve against a lithium reference electrode. Figure 8a displays the voltage curves of the anode

for various capacity usages. Each voltage curve corresponds to an individual cell that was
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cycled at a low current density of 0.14 mA cm2 (equivalent to C/50 based on 3579 mAh g's;)
for one hour, followed by an open circuit voltage (OCV) hold of 2 hours, repeating this
sequence until the target specific capacity is reached for a given cell. The OCV potential curve
for each cell was drawn using the relaxed potential at the end of the OCV holds (see Figure 8b).
All cells follow the same OCV potential line during lithiation, starting from 170 mV vs. Li*/Li
and going to progressively lower potentials. Below 170 mV vs. Li*/Li, a lithium-rich Liz sSi phase
is formed, capable of breaking the strong Si-Si bonds in the crystalline silicon lattice and thus

enabling lithiation.13%3536,105]
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Figure 8 Voltage curve of the first cycle of a microsilicon anode (CLM 00001) in a Swagelok® T-cell with
a Li-metal counter electrode and a Li-RE. Cycling was conducted with constant current cycling at C/50
(based on a capacity of 3579 mAh gs;) for 1 h, followed by an OCV hold for 2 h. This sequence is
repeated until the desired lithiation capacity cutoff ranging from 600-3300 mAh gs;is reached. Each
voltage curve is represented by an individual cell. b) OCV potential curves of the first cycle taken from

the OCV potential after 2 h from panel a).

Contrary to the first cycle shown in Figure 8a, the OCV potentials of the second-cycle lithiation
curves for the various cells do not follow the same pattern when plotted against the specific
capacity, as is shown in Figure 9a. This is due to the varying amounts of amorphous phases

created in each cell's first cycle. As a result, the same quantity of lithium being alloyed in the
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second cycle leads to a different phase composition and, therefore, a distinct potential for
each cell when plotted against the specific capacity (see Figure 9a). In this case, the second
cycle was lithiated with the same capacity limit as in the first. For the cell cycled to 3300 mAh
g, a significant overpotential was observed during the delithiation step, indicating the
formation of the LiisSia phase. This can be explained by the substantial degradation of the
silicon material in the first cycle due to extended capacity usage. Therefore, the remaining
intact silicon phase was lithiated even more in the second cycle. Normalizing each cell's
maximum capacity to 100% allows it to plot the voltage curve over the state-of-charge (SOC)
(refer to Figure 9b). The voltage curves for the different cells with varying capacity usage now
exhibit the same shape, except for the cell cycled to 3300 mAh gs;, which forms the Li1sSia
phase. Congruent voltage curves can be observed because the partial amorphous and
crystalline particle acts as an active/inactive alloy, as described in Chapter 1.2. The amorphous
phase is lithiated up to LizsSi before further crystalline silicon is lithiated, whereby the

remaining crystalline part acts as an inactive phase up to this point.
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Figure 9 Second-cycle OCV curves of the cells shown in Figure 9: a) plotted vs. the specific capacity; b)
plotted vs. the state of charge (SOC), defined as the percentage of the end-of-lithiation specific

capacity.
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Figure 10a displays the reversible capacity loss over the first, second, and third cycle of
microsilicon anodes to different lithiation capacities. The observed increased irreversible
capacity loss with extended capacity usage can be attributed to the significant volume
expansion resulting from increased lithium alloying. Notably, the irreversible capacity loss
increases exponentially for the two highest lithiation capacities. Particle breakage is likely to
occur at high capacity usage, exposing large quantities of fresh surface area to the electrolyte,
resulting in large losses of cyclable lithium. This is supported by the observation that, for such
high lithiation capacities, a third cycle cannot even be reached due to the failure of the entire
electrode. Figure 10b shows the capacity loss summed up over the first three cycles and
normalized by the first-cycle lithiation capacity. This shows that the highest efficiency, i.e., the
least relative capacity loss, is observed at a capacity usage of 1500 mAh gsi. Exceptionally
large relative capacity losses are observed for the most extended capacity usages of 3000 and
3300 mAh g, however, also relatively small capacity usages also exhibit poor efficiency, as
the absolute capacity loss is significant due to the unfavorable ratio of surface area and

capacity usage.
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Figure 10 Analysis of the irreversible capacity losses of microsilicon (CLM0001) anodes (2.1 mgsicm™,
with a theoretical capacity of 7.5 mAh cm™ based on a capacity of 3579 mAh g';) in a Swagelok® T-
cell with a Li-metal counter electrode and a Li-RE, cycled to different lithiation capacities in the first
cycle (x-axis values). Cycling was conducted with constant current cycling at C/50 until the capacity
limit was reaches. Delithiation was performed with C/50 until a cutoff of 1.5 V vs Li*/Li. Experiments
were conducted at 25 °C with 1M LiPF6 in FEC/DEC (2:8 v-v) and with two glassfiber separators. a)
Absolute irreversible capacity loss for the first three cycles b) Cumulative capacity loss over the first

three cycles, normalized to the initial lithiation capacity.

26



Introduction

1.4 Electrolyte additives

With the above-described silicon active material designs, the volume expansion of silicon and
its effects on particle integrity is pursued to be as low as possible. Next to the electrical
disconnection by the fracturing of the particles or disconnection of the whole silicon particle
itself from the electrode matrix by the expansion and contraction, the ultimate consequence
will always be exposure of the fresh silicon surfaces to the electrolyte. Like most anode
materials, a silicon anode operates below the reduction potential of commonly used
carbonate-based electrolytes, and a solid electrolyte interface (SEl) readily forms on the
freshly exposed surface.[106:107,108,1091 Formation of the SEI is essential to the operation of a
lithium-ion battery, as it serves as a protective layer for further electrolyte reduction
throughout cycling. However, building up an SEI layer consumes lithium, which is no longer
available as cyclable lithium, leading to a capacity fading in the cell. Moreover, the SEI
contributes an additional resistance to the anode as the lithium ions have to move through
the SEl layer. Excessive SEl formation, which can be detached from the active material particle
by repeated expansion and extraction, can further clog the electrode's pores, thereby
increasing the resistance of Li* ion transport to the active material.>#!1% Demands on an
effective SEl layer are, therefore: i) high ionic conductivity while beeing electronically
insulating, ii) flexibility and mechanical stability, iii) maintaining a good connection to the
active material, iv) homogeneous and uniform coverage of the active material particles to

prevent further electrolyte decomposition and v) low solubility in the electrolyte.[!11]

Typical constituents of the SEI for an LiPFs-based electrolyte in carbonate-based solvents (EC,
DEC, DMC) are lithium carbonate (Li,COs3), lithium fluoride (LiF), lithium oxide (Li,O), Li-alkyl
carbonates (ROCO.Li) such as lithium ethylene dicarbonate (LEDC) and Li-alkoxides (ROLi). The

composition and structure of the SEI depend on the electrolyte (salt, solvent, additives), the
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active material, and the electrochemical formation procedure. Formation of the SEl is usually
governed by a stepwise process, as for typical anode materials, e.g., graphite and silicon, the
OCV of the discharged (pristine) state is within the stable voltage window of the electrolyte
components. Upon the first charge of the cell, the anode potential continuously decreases,
and the specific reduction potentials of the individual electrolyte constituents control the
composition and structure of the SEI. Since the first conceptual description of the SEI by
Peled!'? in 1979, the SEI has been intensively studied over the past decades.l1%113 various
studies have shown that the initial composition of the SEI will not stay constant over cycling,
ultimately, a relatively dense inorganic inner layer near the electrode/SEi interface and a
heterogeneous porous organic outer layer at the SEl/electrolyte interface is formed.[102114115]
The addition of selected components to the electrolyte system can effectively design the

composition of the SEI and, thus, the SEI properties.[11l
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1.5 Perspective of silicon as anode active material

The electrochemical lithiation of silicon has been studied for more than 50 years now, and
since the early 2000s, it has been intensively investigated as an active material for lithium-ion
batteries.?4#2>1171 Many silicon active material concepts have been employed (described in
Chapter 1.3), predominantly in the academic literature. So far, broad application in the
industry has been hampered by the intrinsic challenges coming along with silicon. In recent
years, various companies have commercialized their silicon active material design and are
penetrating the market of anode active materials for lithium-ion batteries. Material designs
and concepts can be separated into two categories: a) drop-in solutions, for which the silicon
active material can be used for electrode manufacturing with existing infrastructure (mixing
and coating equipment) and b) advanced material designs, requiring specific solutions and
methods for electrode manufacturing, e.g., chemical vapor deposition (CVD). As drop-in
solutions are, silicon-carbon composites are being commercialized, which comprise a porous
carbon scaffold filled to a certain extent with silicon to compensate for the volume expansion
(see Figure 11). For this, the pores of the carbon scaffold are filled and infiltrated with silicon
by a CVD process using silane gas. This material concept is used by companies such as Sila
Nanotechnologies,!* 8 Group14,[1® or Nexeon.!'?%! These companies are already in the ramp-

up phase of mass production and have several customers in the automotive sector.[®*%]
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Figure 11 Schematic illustration of a porous carbon scaffold with void space partially filled with silicon.

Copyright Group14.[t*!

Advanced material designs comprising 100% pure silicon are commercialized by Amprius(t?!]
or Leyden Jar.['2?] |n the case of Amprius, silicon nanowires are directly attached to the current
collector, while in the case of Leyden Jar, nanoporous silicon thin films are used to overcome
the volumetric expansion of silicon. These concepts require a CVD process for electrode
manufacturing, so that the conventional electrode preparation routes comprising slurry

mixing, coating, and calendaring cannot be used.

The industry's demand for silicon based anode active materials is high. Silicon-dominant
electrodes can be found in every technology roadmap for next-generation battery cells of
major car manufacturers such as Mercedes Benz, BMW, or Porsche.[123:124,125,126,127] Gjlicon-
dominant anodes are seen as enablers for lithium-ion battery cells with higher energy

densities until the longer-term envisaged commercialization of solid-state batteries.

30



Introduction

1.6 Structure of this Thesis

This section serves as a guideline for the reader to explain this thesis's structure and main

topics.

Chapter 1 briefly introduces the current requirements for lithium-ion batteries concerning
performance and costs for the automotive sector. Moreover, today's state-of-the-art
technology is described, future challenges are addressed, and promising solutions to achieve
tomorrow's targets are discussed. Hereby, silicon as an active anode material is analyzed in
detail, and different material designs are reviewed. In addition, the crucial function of

electrolyte additives, especially for silicon as an active material, is discussed.

Chapter 2 presents a comprehensive overview of the methods and techniques used
throughout this thesis. This includes a description of to the working principle of the on-line
electrochemical mass spectrometry (OEMS), as well as of X-ray powder diffraction (XRD) with
the here developed custom-made cell holder that allows for the in-situ XRD analysis.
Furthermore, the theoretical basics of electrochemical impedance spectroscopy (EIS) are
explained, and the transmission line model (TLM) application to porous electrodes is
exemplified. Simplifications of the TLM for either kinetically controlled or transport-controlled

systems are highlighted.

Chapter 3 summarizes the conducted scientific work. In the first part, the amorphization of
microscale silicon particles with a partial lithiation strategy is quantitively investigated by in-
situ XRD (Chapter 3.1). The second study presents a mechanistic investigation of lithium
nitrate as an electrolyte additive in carbonate-based electrolyte systems for silicon anodes
(Chapter 3.2). Reduction and oxidation reactions are studied using carbon model electrodes,

whereas the effect on the cycling performance is tested in full-cells. The third section focuses
31



on the rate performance of silicon electrodes compared to graphite electrodes (Chapter 3.3).
Temperature-dependent contributions of kinetic and transport-related resistances are

investigated by impedance measurements.

Chapter 4 summarizes the results and the learnings from this PhD thesis.
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2.0 Experimental Methods

2.1 On-line electrochemical mass spectrometry (OEMS)
Understanding the electrochemical reduction and oxidation reactions that occur during the
operation of lithium-ion batteries is crucial to elucidate degradation phenomena and develop
strategies to mitigate them. Many of these reactions result in the evolution of gaseous species
that are difficult to detect in small-scale setups, such as coin cells or Swagelok® T-Cells. For
larger cell formats, such as pouch cells, quantification and qualification require significant
effort and time-consuming measurements. In order to gain insights into the electrochemical
side reactions that occur during cell formation and cycling, it is essential to determine the
amount and species of gas produced as well as the onset potentials and gas evolution rates.
In some instances, evolved gases can even be consumed again, for example, upon a change in
potential. Commonly used post-mortem methods would not be able to detect such processes.
On-line electrochemical mass spectrometry (OEMS) enables qualitative and quantitative
operando gas analysis and can be applied to small-scale electrodes, such as coin cell formats.
The method was first presented by Tsiouvaras et al. 1281 and further developed by Metzger et
al.,12213% introducing a 2-compartment OEMS cell with hermetically sealed working and
counter electrode compartments, which enables exclusive analysis of the gases evolved at the

working electrode.

The here used OEMS cell is a closed system with a volume of approximately 11 mL. During
measurement, the gas composition is continuously probed through a capillary with a leak rate
of roughly 2x10° atm-cm3 s (corresponding to ~ 1 puL mint at 1 bar OEMS cell pressure,
Vacuum Technology Inc., USA). Continuous probing reduces the OEMS cell pressure, limiting
measurement time to approximately 40 h. The OEMS device comprises a mass spectrometer

(QMA 410, Pfeiffer Vacuum Germany) with a closed cross-beam ionization chamber, a
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guadrupole mass analyzer, and a secondary electron multiplier (SEM) detector. The detector
operates at approximately 10”7 mbar and can detect currents for each mass-over-charge ratio
(m/z) from 1 to 126 at low parts per million (ppm) levels. A calibration procedure is conducted
after each measurement to determine the concentration of gas species. For this a cell is
purged with an argon calibration gas mixture containing all relevant gas species at a defined
concentration of 2000 ppm, which allows for the conversion of measured currents for
different gas species into relative concentrations in ppm or pmol, taking into account the cell

volume, pressure, and temperature.
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Figure 12 Schematic drawing of the OEMS setup. The electrochemical cell is attached to the crimped
capillary and is electronically insulated by the ceramic insulation from the mass spectrometer. Evolved
gases are sampled through the capillary and ionized by the cross-beam ionization source. Next, m/z
separation is reached by the quadrupole analyzer and finally detected by the secondary electron

multiplier (SEM). Reprinted from Strehle.'3%
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2.2 X-ray diffraction analysis (XRD)
X-ray diffraction (XRD) is a widely used analytical method for characterizing crystalline
materials and investigating various properties, including phase composition, crystal size, and
crystal strain. It is particularly suited to analyzing battery materials, as it is a nondestructive
technique used in operando battery experiments or ex situ analysis of pristine or cycled active

materials.

X-rays scatter from the lattice planes of a crystal, and the symmetry of the crystal structure,
also known as the space group, is determined by the quantity and position of these reflections.
The diffractogram shows the reflections as a function of the scattering angle 6, which can be
analyzed based on their position, profile, and intensity. Only the scattered waves that
constructively interfere contribute to the diffractogram, as their waves are in phase. In this
case, the difference in path lengths is equal to an integer multiple (n) of the wavelength (A),
as described by Bragg's law, which correlates this relationship with the interplanar spacing of
parallel lattice planes (d) and the angle between the incident beam and the respective lattice

planes (8):

nd = 2dsin 6 2.5

Figure 13 shows an exemplary XRD o a microscale silicon powder, marking he Miller indices of

the various crystal planes.
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Figure 13 X-ray diffraction pattern of silicon measured of a microscale silicon powder sample on a
laboratory diffractometer (STOE STADI P) in transmission mode using Mo-Kq radiation (A = 0.7093 A).

Reflections are labeled with Miller indices (hkl) from the Fd3m space group of silicon.

In this study (see Chapter 3.1), XRD was used to trace the amorphization of crystalline
microscale silicon used as an anode-active material. Measurements were performed in situ on
Si//Li pouch cells (see Figure 14a), and data were collected before and in between
electrochemical testing. For this, pouch cells were mounted on a home-made holder attached
to the diffractometer, providing the X-ray beam access by a 15 mm diameter hole (see Figure
14b and c). The data were evaluated using the Rietveld refinement software Topas (TOPAS-
Academic V6, Coelho Software). The refinement was conducted for the silicon and copper
phase using the Thompson-Cox-Hastings pseudo-Voigt function (TCHZ) to describe the peak
profiles. The amount of crystalline silicon phase in the microscale silicon based anodes over
the course of (extended) lithiation/delithiation cycles was quantified by referencing the silicon
reflex intensity of the pristine cell. Refinement parameters are described in Graf et al.3®! To
account for slight variations in incident beam intensity between measurements, the intensity
of the silicon reflex was also referenced to that of the copper reflex, which served as an

internal standard, since the copper current collector remains constant during testing.
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a) b) c)

Si-electrode on Cu
4x GF o

Beam

Li-Ref.

Figure 14 a) Si/Li pouch-cell setup for in situ XRD measurements. The cell consisted of a Li-metal (450
um thick, 30x30 mm?, 99.9% Rockwood Lithium, USA) counter electrode, four glassfiber separators
(Whatman GD type A/E, 45x55 mm?2, USA), and of a Si-KS6L composite working electrode (11mm
diameter) coated on a copper foil (11 um). An additional copper foil with a 10 mm diameter hole was
placed on top of the working electrode in order to connect it with the Ni-tab of the pouch cell setup.
Thus, the X-ray beam intensity is not further reduced by the copper. A piece of Li-metal attached to a
Ni-tab was used as a reference electrode and was placed between the glass fiber separators. b)
Configuration of the assembled cell. c) Pouch-cell holder used to mount the cell onto the

diffractometer for transmission XRD.

The results of the XRD-based investigations on the amorphization process, as shown in Graf
et al.13%, enable precise quantification of the weight fractions of amorphous and crystalline
silicon phases (see Chapter 3.1). In-situ measurements allow for quantification during cycling,
thus tracking the progress of amorphization. However, this method only captures the average

ratio of the amorphous/crystalline phase within the electrode. Next to a quantitative
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investigation, a particle-resolved qualitative characterization is of interest. The XRD-based
study assumes the formation of spherical core/shell particles upon cycling i.e., silicon particles
with an amorphous shell and a crystalline core. SEM images of cycled particles indicate that
this core-shell structure, as shown in the simplified scheme from Graf et al.3*lis most likely
not favored. Since the silicon particles used in this study exhibit a polycrystalline particle
morphology, a lithiation and, thus, amorphization along grain boundaries and defects are
presumed. Figure 15 shows the cross-sectional view of silicon particles harvested from an
electrode cycled in full cells for 50 cycles. While the particle integrity itself remains intact,
showing no larger cracks or formation of a porous structure, as has been observed for the
particles cycled to 140 mV, the bulk of the particle shows a structured morphology. The
observed pattern resembles ice floes and might originate from amorphous and crystalline
parts. In order to verify this hypothesis, a follow up study based on high-resolution TEM

measurements is conducted.!*32

EHT= 300 kv Signal A= SE2
WD=88mm___ Mage 3000KX __Dste:S Aug2020

Figure 15 SEM image at 3.0 kV of a cross-sectional view of a silicon electrode cycled in a full-cell to 50

cycles
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2.3 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a widely used and non-destructive technique
to study a broad range of processes such as charge transfer kinetics, lithium-ion transport
resistances in the electrolyte phase, and lithium ion solid state diffusion. The method involves
applying a sinusoidal potential U(t) or current perturbation I(t) to the cell while recording the
current response (in the case of potentiostatic-electrochemical impedance spectroscopy -
PEIS) or the potential response (in the case of galvanostatic-electrochemical impedance
spectroscopy - GEIS) as a function of frequency, typically ranging from several MHz to the mHz
region. The individual time constants of the processes described above allow for their
separation and individual analysis through a scan over a range of frequencies. The
perturbation and response of potential and current over a specific frequency range can be
expressed as a time-dependent sine function with the phase angles ¢y and ¢ and the
amplitudes Up and lo, respectively. The frequency term is described as a radial frequency

defined as w = 2n f.
[ (t) =Iysin(wt + @)) 2.7

Here, Up and lp are the amplitudes of the potential and of the current, respectively. The phase

shift between perturbation and response is then given with:

b= dy— ¢ 2.8

The complex, frequency-dependent impedance Z is defined with Ohm’s law as follows:

7 = % elb = % (cos ® + j sin ®) = Re(Z) + j Im(Z) 2.9
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Here, j is the imaginary unit, Re(Z) is the real part of the impedance, and Im(Z) is the imaginary
part. A plot of the negative imaginary part on the y-axis and the real part on the x-axis is a so-
called Nyquist plot and is the most common representation of impedance data for battery

applications.

To interpret and understand the impedance data for real electrochemical systems, the
components of the battery are usually described as equivalent circuit models. The
electrochemical interface of electrodes and the electrolyte can be displayed as an R/C
element, a parallel connection of a resistor and a capacitor. In this context, the resistor
represents the charge transfer resistance (Rcr), which is responsible for the transfer of Li* ions
from the liquid electrolyte to the solid active material, upon the uptake of an electron or vice
versa. On the other hand, the capacitor represents the electrochemical double layer formed
at the interface. The impedance of an ohmic resistor is independent of frequency and is
defined as Zg = R, contributing only to the real part. The impedance of a capacitor depends on
the frequency and contributes to the imaginary part of the impedance with Z¢c= 1/jwC. When
these two circuit elements are connected in parallel as an R/C element, it results in a semi-
circle in the Nyquist plot, with R as the diameter and the apex angular frequency given by:

1
Wmax = E 3.0

Since the real electrochemical systems do not behave like a perfect physical capacitor, the
double-layer interface is usually described with a constant phase element (CPE), which
includes the phase angle a, a factor that tilts the straight line of an ideal capacitor. The
impedance of a CPE is described with Zcpe = 1/[(jw)*Q]. The impedance of an R/Q element

(Zr/a) can be derived by Kirchoffs law as:

R
#r10 = Tguyere 3
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Figure 16 Equivalent circuit for the transmission line model representing a porous electrode. Adapted

from Landesfeind et al.[*33!

The simple R/Q element can be extended to the transmission line model (TLM) shown in Figure
16, describing the equivalent circuit of a porous electrode, including the ion transport in
electrolyte-filled pores (Rion) and the charge transfer resistance (Rcr) of the active material as
well as its capacitance (Qcr), and the electron transport across the electrode (Ee). For typical
battery electrodes, the electronic resistance across the electrode is significantly smaller than
the ionic resistance across the electrode (i.e. Res<< Rion), in Which case the transmission line

model is given by equation 3.2:[133

ZTLM = \/RlonZR/Q COth( ’E) 3.2

The charge transfer resistance (Rcr) of the active material can be derived from the difference
of the low frequency resistance (LFR) and the high frequency resistance (HFR), which is

obtained from the individual electrode impedance (see purple line in the Nyquist impedance
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plots of Figure 17). Therefore, Rion needs to be determined separately under so called “blocking
conditions” i.e. no faradaic reactions are possible. This is achieved by either using an
electrolyte that does not contain any reactive species or recording the impedance at a
potential where no faradic reactions occur e.g. before formation (the detailed procedure is

described by Morasch et al.).[34]

If the ionic resistance is significantly smaller than the charge transfer resistance Rer (Rer >>
Rion), the impedance of the TLM can be simplified and is referenced to as the kinetically
controlled regime. In this case, the electrode is entirely probed by the impedance
measurement over the entire electrode thickness (see Figure 17a). This condition usually
occurs for thin electrodes at low temperatures, where the charge transfer resistance Rer is

dominant compared to the ion transport resistance Rion.

LFR — HFR = Rer + =2 33

For the other case, when the ionic resistance is significantly larger than the impedance of the
R/Q element (Rion >> Zrj|q), the impedance of the TLM can be reduced to equation 3.4. and is
referred to as the transport-controlled regime (see Figure 17c). In this case, the impedance
signal does not penetrate the entire electrode thickness. It usually applies to thick electrodes,

i.e. electrodes with high active material loadings and at high temperatures.

LFR — HFR = JRiynRer 3.4

For the mixed regime, where the impedance response of the electrode is neither kinetically

limited nor transport limited, the full expression of the equation must be used (see Figure 17c).

LFR — HFR = /RiynRer coth( ’;—") 3.5

CT
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Figure 17 Nyquist impedance plot of a graphite electrode recorded with a gold wire reference
electrode (GWRE), measured at 50% SOC at 5 °C, 25 °C and 45°C. Different impedance regimes can be
observed at the different temperatures: kinetically controlled (a), mixed (b), and transport controlled
(c). For each regime, the value of the difference between the low- and high-frequency resistance (LFR-
HFR) of the TLM is given in the Nyquist plot, and the scheme visualizes the corresponding probing
depth in the electrode. The figure is reprinted with permission from “Rate Performance and Kinetics

of Silicon and Graphite Anodes for Lithium-lon-Batteries” by Clara Berg.[**”
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3.0 Results

The following chapters presents the published results of this thesis. The chapters are

thematically separated into three parts:

Chapter 3.1 describes the amorphization process of crystalline silicon using microscale silicon
particles as anode active material. The study investigates the progress and degradation of the
amorphization process using a partial lithiation strategy. The influence of electrochemical
testing parameters, such as the lithiation cutoff potential, was examined using in-situ X-ray
spectroscopy to monitor the amorphization process, this newly developed approach allowed
to quantify the amount of crystalline and amorphous silicon present during cycling. Based on
this study, new insights were gained with regard to the lithiation mechanism and the
associated structural changes of p-sized crystalline silicon particles that are cycled under
partial lithiation conditions. The here developed hypothesis led to the initiation of more

detailed studies based on high resolution TEM.[132]

Chapter 3.2 focuses on the effect of lithium nitrate (LiINO3) as an electrolyte additive for
silicon-based anodes. In this study, the reaction mechanism of the additive is investigated in
detail using cyclic voltammetry experiments, X-ray photoelectron spectroscopy (XPS), and on-
line electrochemical mass spectrometry (OEMS). LiNOs, which so far has predominantly been
used in ether- and ester-based electrolytes for lithium-sulfur (Li-S) or lithium-air batteries, also
has remarkably performance-enhancing effect for silicon-based anodes in carbonate-based
electrolytes. The results of this study give insights into the reaction principle and identify
nitrite (NO2’) as one of the active intermediate species formed upon the initial reduction of
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NOs". Lithium nitrite (LINO;) was then directly used as an additive in the electrolyte and was
tested in full-cells. The cells revealed a similar performance as the ones cycled with the lithium

nitrate-containing electrolyte, validating the findings of the mechanistic investigations.

Chapter 3.3 comprehensively compares graphite and silicon-based anodes with a focus on the
temperature-dependent kinetic charge-transfer resistance (Rcr) and their ion transport
resistance across the electrode thickness through the electrolyte phase (Rion) via impedance
measurement. As the charge transfer resistance bears significantly higher activation energy,
it is the dominating resistance at low temperatures. The graphite electrodes showed the
lowest overall resistance at low temperatures as their charge transfer resistance is slightly
smaller than that of silicon-based anodes. However, at elevated temperatures, the ionic
resistance controls the overall resistance. The significantly thinner silicon anodes lead to a
substantially lower Rion of the silicon electrodes than graphite electrodes. The analysis shows
how the contributions of Rcr and Rion change from predominantly kinetically-limited at lower
temperatures to transport-limited at higher temperatures. In addition, rate performance tests
revealed lower overpotentials for the thinner silicon anodes, enabling higher C-rates,

particularly during charging.
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3.1 Amorphization mechanism of crystalline microscale silicon
The article “Effect and Progress of the Amorphization Process for Microscale Silicon Particles
under Partial Lithiation as Active Material in Lithium lon Batteries” was submitted to the peer-
reviewed Journal of the Electrochemical Society in October 2021 and published online in
February 2022.B3% The article was distributed under the terms of the Creative Commons
Attribution 4.0 License, and its permanent weblink can be found at:
https://iopscience.iop.org/article/10.1149/1945-7111/ac4b80._An oral presentation of this
study was also presented by M. Graf at the PRIME 2020 Meeting of the Journal of
Electrochemical Society in a virtual format. The link for the Abstract (MA2020-02 357) can be

found at: https://iopscience.iop.org/article/10.1149/MA2020-022357mtgabs.

When used as active material in lithium-ion batteries, silicon undergoes significant volumetric
changes upon (de-)lithiation. Several different material design strategies, briefly discussed in
the introduction chapter, aim to mitigate or diminish the degradation phenomena
concomitant with the expansion and contraction of silicon. This thesis focuses on the partial
lithiation strategy for microscale silicon particles. Here, a part of the initially crystalline silicon
particle remains over the course of extended charge/discharge cycling while the other part of
the particle gets amorphized alongside the lithiation process. The preservation of the
crystalline silicon phase is dependent on the applied lithiation end potential of the anode. The
capacity of silicon anodes cycled to a lithiation cutoff potential of 2170 mV vs. Li*/Li remains
constant after formation. However, the capacity of electrodes cycled to a cutoff potential <170
mV vs. Li*/Li continuously increases for each cycle. This increase suggests a consumption of
the inactive crystalline phase, in favor of the growth of the amorphous phase that becomes
available for lithium (de-)alloying. An in-situ XRD-based method was employed in this study to

quantify the consumption of the amorphous phase. For this, Si/Li pouch-cells with a lithium
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reference electrode were cycled to different lithiation cutoff potentials and measured at
selected points in the procedure. To quantify the intensity changes of the silicon diffraction
peak over cycling, the silicon diffraction peak intensities were referenced to that of copper
derived from the copper current collector. This allows to correct for the absolute intensity
variations between the measurements due to unintended but unavoidable variations in cell
positioning and beam alignment. In accordance with the observations on the progress of the
capacity, a decrease for the crystalline phase can be observed for cells cycled to a cutoff
<170 mV vs. Li*/Li, whereas cells with a cutoff 2170 mV vs. Li*/Li show a nearly constant
amount of crystalline phase over cycling. While for a cell with the cutoff of 140 mV vs. Li*/Li,
the particle is amorphized to 75 % after 30 cycles, a cell with 170 mV vs. Li*/Li as the cutoff
potential, could retain the 35% amorphous phase, which was set during formation in the
beginning. Interestingly, the capacity increase for the cell cycled to 140 mV reaches a peak
after 15 cycles, with a decrease in capacity afterward. However, the amorphous phase
guantified by XRD continuously increases. The extended capacity increase leads to the
disintegration of the particles, causing electric disconnection and thus capacity loss. This could
be further validated by cross-sectional SEM images from pristine electrodes and electrodes
cycled to different cutoff potentials. The study shows the relevance of the lithiation cutoff
potential to the amorphization level of crystalline silicon particles. With the XRD-based
method developed in this study, we can quantify and analyze the amorphous phase. Via the
guantification of the remaining crystalline phase, the findings help to better understand the
degradation mechanisms with such material designs better and give guidance to improve the

cycling protocols for cells with such materials.
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Microscale silicon particles in lithium-ion battery anodes undergo large volume changes during (de)lithiation, resulting in particle
pulverization and surface area increase concomitant with a continuous growth of the solid-electrolyte-interphase. One approach to
overcome these phenomena is to operate the silicon anode under capacity-limited conditions (i.e., with partial capacity utilization).
Since crystalline silicon is irreversibly transformed into amorphous phases upon lithiation, the purpose of the partial capacity
utilization is to maintain a crystalline phase and thus prevent particle disintegration. Here, we investigate the amorphization process
of micro-sized silicon particles in a silicon-rich anode (70 wt% silicon) over extended charge/discharge cycling in half-cells with a
lithium reference electrode, varying the lower cutoff potential of the Si electrode. While the capacity of Si electrodes after
formation remain constant for lithiation cutoffs of >170 mV vs Li'/Li, their capacity continuously increases over cycling for
cutoffs of <170 mV vs Li*/Li, implying an ongoing amorphization of the crystalline phase. To quantify the ratio of the amorphous
phase fraction over cycling, we employed an in-situ XRD method, utilizing the copper reflex of the current collector as internal
standard. This allowed to determine the extent of amorphization over the course of cycling depending on the lithiation potentials.
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With a specific electrochemical capacity of 3579 mAh gg !,
silicon is a promising candidate for next generation Li-ion batteries, as
it exceeds the capacity of commonly used graphite by a factor of 10.'?
However, large volume changes upon (de-)alloying up to ~300 %
lead to mechanical stress in the active material resulting in particle
pulverization.'® This causes the loss of electrical contact and
excessive electrolyte reduction; the resulting excessive solid-electro-
lyte-interphase (SEI) formation still hampers a broad application of
silicon as anode material up to now.™*® In the past, several strategies
have been proposed to reduce the effect of the volume expansion.
Among them, nanostructured silicon has shown to sustain the stress
and reduce the degradation phenomena mentioned above.” The large
surface area of pristine nanostructured silicon however is connected to
significant SEI formation and therefore large irreversible lithium
losses in the formation process.®® In addition, large-scale production
of nanostructured material designs remains difficult and expensive.

To compete against current graphite systems, the production of
silicon material needs to be scalable and cost-effective. Microscale
silicon particles which meet these requirements are therefore still in
the focus of research. To overcome the aforementioned issues,
innovative binder systems such as self-healing”'* or highly elastic
polymers,'! which can reduce the impact of the volume expansion
for pum-sized particles, have been developed. Another promising
concept is to use only a part of the total silicon capacity available
and therefore reduce the volume expansion upon (de)lithiation, as
demonstrated for both Si nanowires'> and pm-sized silicon
particles.'*™'® Some of these studies showed that limiting the utilized
silicon anode capacity to 1200 mAh gg; ™' (corresponding to ~30%
of the theoretical capacity of Si) can improve the cycling stability
and significantly reduces pulverization even of pm-sized Si
particles.'*'>'® Next to the limited volume expansion with this
approach, another advantage is to prevent formation of the crystal-
line Lis 75Si phase at low voltages, which is associated with a large

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: Maximilian.graf@tum.de

overpotential during delithiation.'” The degree of utilization of
silicon in full-cells can be controlled by the balancing of anode
and cathode areal capacity, such that upon initial charging only a
limited amount of silicon is converted to the amorphous phase, in
which case a significant fraction of crystalline silicon could in
principle be retained during cycling. As TEM measurements have
shown that repeated (de)lithiation of only the amorphous phase
results in isotropic expansion that is less prone to lead to particle
cracking, whereas the anisotropic expansion of crystalline silicon
leads to tensile stress and cracking,'® retaining a crystalline phase in
partially (de)lithiated silicon would be expected to be beneficial.
Contrary to a fully amorphous Si particle where the restriction of the
capacity would lead to a higher average anode voltage (i.e., to a
lower achievable energy density), the crystalline phase in this
approach acts as inactive phase.” Therefore, the phase composition
of the lithiated Si-phase is richer in lithium compared to the case
when the silicon particle is completely amorphous, and thus has a
lower average anode voltage (i.e. to a higher achievable energy
density). That partially lithiated yum-sized silicon particles would be
able to retain a crystalline cores was deduced by Obrovac et al.’
using electrochemical methods, suggesting that the crystalline
silicon phase would be preserved for lithiation potentials of
>170 mV vs Li*/Li, where only the amorphous silicon phase is
being lithiated. However, this conclusion was not confirmed by a
direct quantification of the remaining crystalline phase over the
course of extended charge/discharge cycling. Therefore, in this
study, we present an in-situ XRD method to track the crystalline
phase fraction of partially lithiated pm-sized silicon particles,
investigating different lithiation potentials during cycling in relation
to the amorphization progress of the remaining crystalline silicon.
Furthermore, the degradation of the here used microscale silicon
particles caused by progressive amorphization is analyzed, and
implications on their cycle-life are discussed.

Experimental

Electrode preparation.—Silicon electrodes with graphite as con-
ductive agent were prepared by suspending 7.0 g Si-powder (BET: 1.6
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a) b)
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Scheme 1. Setup of the Si//Li pouch-cells for in-situ XRD measurements,
(a) The cell is composed of a Li-metal (450 zm thick, 30 x 30 mm?, 99.9%,
Rockwood Lithium, USA) counter electrode (plotted at the bottom), 4
glassfiber separators (Whatman GD type A/E, 45 x 55 mn12, USA), and a Si-
KS6L working electrode (11 mm diameter) coated on a thin copper foil (11
pm). To connect the Si-KS6L working electrode with the Ni-tab, an
additional copper foil was used (plotted at the top), containing a hole (10
mm diameter) that is slightly smaller than the size of the Si-KS6L electrode
in order to allow for good electronic connection without reducing the X-ray
beam intensity. The Li-reference, a Li-metal piece connected to a Ni-tab, was
placed in between the glassfiber separators. (b) Configuration of the
assembled cell, marking the position of the X-ray beam.

m? g7, dyy = 2.2 pm, dsy — 4.5 pm, dgy = 7.8 m; CLM 00001,
Wacker Chemie AG) in 5.1 g H,O and 12.5 g of an LiPAA solution (4
wt%) in a dissolver mixer (Dispermat LC30, VMA-Getzmann). The
LiPAA solution was prepared by neutralization of PAA solution
(polyacrylic acid, M, = 459 k, Sigma Aldrich) with lithium hydroxide
(LiOH, Sigma Aldrich) to a pH of 7. In the next step, 2.5 g graphite
(KS6L, Tmerys) was added to yield a mass ratio of 70:25:5 Si/KS6L/
LiPAA and stirring was continued at 12000 rpm for 30 min.

In addition, silicon model electrodes with carbon black (Super
C65, Timcal) as conductive additive were examined, as they allow
for a more rigorous analysis of the charge/discharge features of
silicon due to the absence of the graphite-derived features in the
electrodes with the KS6L graphite. For this, a suspension of 8.5 g Si-
powder (CLM 00001, Wacker Chemie AG) in 20.0 g H,O and
12.5 g of a LiPAA solution (4 wt%) was prepared in a dissolver
mixer. Then, 1.0 g Super C65 was added and mixed for 3 x 5 min at
2000 rpm in a planetary mixer (Thinky Corp., USA), yielding a mass
ratio of 85:10:5 Si/C65/LiPAA.

For degassing, the slurries were mixed at 2000 rpm for 5 min in a
planetary mixer (Thinky Corp., USA). The slurries were coated onto
a copper foil (15 pzm) with a box-type coating bar (Erichsen, Hemer,
Germany) using an automated coater (RK PrintCoat Instruments,
UK), and dried at room temperature overnight. Electrodes with a
diameter of 11.0 mm were punched out from the above prepared
electrode coatings. After drying at 120 C under vacuum over night,
the Si electrode coatings with graphite as conductive agent had a
loading of 2.1 mgg; cm ™2 (=7.5 mAh cm™2 based on 3579 mAh
gsi ') and a thickness of ~34 um, and will in the following be
referred to as “Si-KS6L” electrodes. The electrodes with C65 as
conductive additive had a loading of 1.4 mgs; cm ™2 (=5.0 mAh
cm~2 based on 3579 mAh gg; ') and a thickness of ~17 pm, and
will in the following be referred to as “Si-C65.” All electrodes were
then transferred to an argon-filled glove box (<1 ppm O, and H»O,
MBraun, Germany) without exposure to air.

Cell-assembly.—Differential capacity analysis of the Si-C65
electrodes was conducted in half-cells using a spring-compressed
Swagelok® T-cell setup with a metallic lithium reference electrode
(RE). The cells were assembled with two glass fiber separators
(Whatman GD type A/E, USA) and 90 ul 1m LiPF, in FEC:DEC 2:8
v/v (<20 ppm H,O; Gelon, China) against metallic lithium (450 pm
thick, 11 mm diameter, 99.9%, Rockwood Lithium, USA).
Investigations on the cycling behavior with different lithiation cutoff
potentials were conducted with Si-KS6L electrodes containing
graphite as conductive agent, using the same cell setup.

In situ XRD experiments were performed on Si//Li pouch cells
with a metallic lithium RE, using a thin pouch foil (12 pm thick Al
layer) in order to reduce the attenuation of the X-ray beam and the
intensity of the Al-derived diffraction peaks. Si-KS6L anodes with
11 mm diameter were assembled vs a lithium counter electrode
(450 pm thick, 30 x 30 mm?, 99.9%, Rockwood Lithium, USA)
with four glass fiber separators (Whatman GD type A/E, 45 x
55 mm>, USA) in 2000 il Im LiPFq in FEC:DEC 2:8 v/v (<20 ppm
H,0:; (Gelon, China). A piece of lithium (10 x 5 mm?) connected to
a Ni-tab which was positioned between the separators was used as
reference electrode. A sketch of the pouch cell configuration is
shown in Scheme 1. To avoid the formation of mossy lithium on the
Li-counter electrode, the cells were cycled in a homemade spring-
loaded pouch cell holder with a compression of ~25 bar. For in-situ
XRD measurements, cell-cycling was stopped at after delithiation to
1.5 V vs Li*/Li, the pouch cell was removed from the spring-loaded
holder and placed into a custom made XRD holder.

Cell testing.—All electrochemical cycling tests were performed
in a climate chamber (Binder, Germany) at 25 °C, using a multi-
channel potentiostat (Biologic VMP3).

To investigate the silicon phase transition in the dQ/dV plot, the
Si-C65 model electrodes were initially lithiated to a specific capacity
of 1500 mAh gg; " with constant current cycling at a rate of C/25
(based on 3579 mAh gsfl), followed by delithiation to a cutoff
potential of 1.5 V vs the lithium reference electrode. For the second
cycle, the electrodes were cycled with a rate of C/25, in one case to
the same specific capacity limit of 1500 mAh gg; '_ and in the other
case o the lithiation cutoff potential of 170 mV vs Li*/Li followed
by delithiation to 1.5 V vs Li'/Li.

To study the effect of varying lower lithiation cutoffs on the
cycling behavior, the Si-KS6L silicon electrodes (70:25:5 Si/KS6L/
LiPAA) were lithiated at a constant current rate of C/60 (based on
3579 mAh gg; ') in the first cycle to a specific capacity limit of 600
mAh gsfl for one set of cells and to 1500 mAh gsi“': the cells were
then delithiated at C/60 until a cutoff of 1.5 V vs Li"/Li. Subsequent
cycling was conducted at C/60 to different lithiation cutoff potentials
set in the range of 140-180 mV vs Li"/Li with a CV step at the end
of lithiation until a current of C/120; delithiation was again
performed at C/60 until a cutoff of 1.5 V vs Li*/Li. In order to
ensure comparabilit?r between the capacity limit of 600 mAh gg; ™’
and 1500 mAh gg; ', the same absolute current densities are applied
and therefore referred to the maximum theoretical capacity of 3597
mAh gsf] for clarification (i.e. C/60 corresponds to C/10 and C/25
when referred to the actual capacity usage of 600 mAh g, ' and
1500 mAh gg; " respectively).

For the in situ XRD experiments, Si-KS6L silicon electrodes
were lithiated to either 600 mAh gs;’] or 1500 mAh gsf' at C/60
(based on 3579 mAh gg; "), followed by delithiation to 1.5 V vs
Li*/Li at C/60. Consecutive cycles of cells with the different first-
cycle capacity limits were lithiated to either 170 mV vs Li*/Li or
140 mV vs Li*/Li with a rate of C/30 and a CV step at the end of
lithiation until a current of C/120. Prior to the in-situ XRD
measurements, the cells were put into open circuit voltage (OCV)
hold at the end of selected lithiation cycles.

X-ray powder diffraction measurements.—The in-situ XRD
study on the Si//Li pouch cells was performed using a STOE
STADI P diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
in transmission mode using Mo-K,,, radiation (0.7093 A, 50 kV, 40
mA) and a Mythen 1 K detector. For this, a cycled pouch cell was
transferred from the spring-loaded pouch cell holder to a homemade
holder for mounting the pouch cell to the diffractometer, equipped
with 15 mm diameter holes in the holder fixture to give access to the
X-ray beam (for details see reference Strehle et al.'). Data
collection was performed after delithiating the cells to 1.5 V vs
Li'/Li and comprise the pristine cell (i.e. assembled cell before
electrochemical testing), after cycle 1, cycle 11, cycle 21, cycle 31
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Figure 1. Differential capacity vs Li-Re curves obtained from constant
current cycling (C/25, referenced to 3579 mAh gSi_l) of Si-C65//Li
(1.4 mgg; cm™ ~, with a theoretical capacity of 5.0 mAh cm’z) Swagelok®
T-cells with a Li-RE: (a) First cycle where, the lithiation step was limited to
1500 mAh gg; ', followed by consecutive delithiation to a cutoff potential of
1.5 V vs Li /Li measured against the Li-RE. (b) Second cycle, where the
lithiation was limited either by a capacity cutoff of 1500 mAh gg;~" (gray
area) or by a voltage cutoff of 170 mV vs Li™/Li (blue area). Electrochemical
testing was done at 25 °C with IM LiPFg in FEC/DEC (2:8 v-v) and with
two glassfiber separators.

and cycle 41. Measurements were conducted over night (~14 h) in a
26 range of 12.5-39° with detector step size/step time of 0.06°/45 s.

The diffraction data were reduced with the software WinXPOW
(V3.0.2.1, STOE & Cie GmbH, Darmstadt, Germany 2011) and
refined with the software package Topas (TOPAS-Academic V6,
Coelho Software, Brisbane, Australia 2016). Rietveld refinement
was conducted for the silicon and copper phase using the Thompson-
Cox-Hastings pseudo-Voigt function (TCHZ) to describe the peak
profiles. The refinements included the following non-structural
parameters:

¢ background: Chebyshev polynomial with 1 # parameters
¢ instrument: zero shift and axial divergence

The structure-related refinement parameters are the following:

® Cu (225, Fm3m)
a. Lattice parameter ac, (=3.61 A)
b. Atomic displacement parameter be, (=1.2 A)
¢. TCHZ peak parameters Ve, Zcy,, Yc, are fixed to (0/0/0)
d. TCHZ peak parameters Uc,, Wey, Xc, are refined

* Si (227, Fd3m)
a. Lattice parameter ag; (=5.40-5.44 A) a
b. Atomic displacement parameter bg; is fixed to 0.5 A
¢. TCHZ peak parameters Ve, Zeyw Yy are fixed to (0/0/0)
d. TCHZ peak parameters Uc,, Wc,, X¢, are refined

SEM cross-sections.—Sample preparation and post-mortem
SEM cross-sections were made at WACKER Chemie AG using a
scanning electron microscope (Ultra 55 from Carl Zeiss Microscopy,
Germany) with a thermal field emission cathode. The electrode
samples were harvested from the cells, rinsed with 3 ml DMC in
order to remove remaining conductive salt and dried for 12 h at RT
under vacuum. After this, the electrodes were prepared for analysis
in an argon filled glove box, and then transferred under inert
atmosphere into an lonMill 4000 Plus (Hitachi High Technologies;
6 kV ion beam slope cutting). Via a specimen transfer module
(Kammrath & Weiss), samples were transferred under argon atmo-
sphere from the glove box to the measuring chamber of the SEM.
Magnifications between 30 x and 30.000 x were chosen using the
SE-mode (secondary electrons) at high vacuum (~107¢ mbar) with
an energy of the electron beam of 3 kV.

Results and Discussion

Effect of lithiati ipacity and potential cutoff on electro-
chemical behavior.—In the following, the lithiation and delithiation
behavior of silicon and its phase transitions at different potentials is
investigated with the Si-C65 model electrodes containing 85%
silicon and 10% C65 as conductive agent, Fig. 1 shows the
differential capacity (dQ/dV) plot of the first cycle of a Si-C65||Li
Swagelok® T-cell with a Li-RE. In the pristine state, the silicon is
present in its crystalline phase. Upon its initial lithiation, the alloying
reaction of crystalline silicon with lithium takes place at a potential
< 170 mV vs Li"/Li, marked by the dashed area in the dQ/dV-plot
shown in Fig. 1, leading to the formation of amorphous Li,Si phase.
The lithiation potential of crystalline silicon is often reported to be
lower than 170 mV,**?' as this progress is kinetically hindered and
therefore can lead to large polarizations depending on the applied
current rate.® At very low currents, Limthongkul et al. reported that
the first lithiation of crystalline silicon occurred at ~180 mV vs
Li*/Li.?*> In Fig. 1, the lithiation step is terminated at a specific
capacity of 1500 mAh gg; ! that corresponds to 42% of the total
theoretical capacity of 3579 mAh gg ' (the maximum for the
highest lithiated phase of Lis75Si), so that one would expect a
significant fraction of the silicon particles to remain in their
crystalline phase. During delithiation two distinct phase transition
features can be observed in Fig. la between 200400 mV and
400-600 mV vs Li"/Li: the former can be ascribed to the delithiation
of a higher lithiated phase (Li;sSi) to a lower lithiated phase
(Liy oSi), the latter to the consecutive delithiation of the lower
lithiated phase to a fully delithiated amorphous Si phase.”>*2® The
presence of two delithiation features during the first delithiation
implies that a highly lithiated phase (Li; 5Si) is readily formed once
the potential is reached where alloying of crystalline silicon is
possible. This was also shown in solid-state NMR studies, where the
amorphous phase formed upon lithiating the crystalline phase is
highly lithiated, with an average composition of the Li,Si phase
corresponding to x = 3.4 = 0.2.”' This is suggested to be due to the
required large activation energy and therefore high concentration of
Li atoms to break the Si-Si bonds in the crystalline phase.'®*"**
Therefore, it is kinetically more favorable to first break the
remaining Si-Si bonds within the amorphous phase before lithiating
the unreacted crystalline Si framework.>”

When limiting the subsequent second lithiation cycle again to a
capacity of 1500 mAh gg; ', as marked by the sum of the gray and
blue area in Fig. 1b, the onset of a lithiation feature is now already
observed at potentials below ~350 mV, which has been ascribed to
the alloying reaction of the amorphous Si phase and lithium to form
the lower lithiated phase with a composition of LizpSi2%% At
potentials below 170 mV, a second feature similar to the one observed
in the first cycle appears, corresponding to the further lithiation of
crystalline silicon. During the subsequent delithiation, two features are
observed again, confirming the formation of the Li;sSi also in the
second cycle when the second-cycle lithiation is terminated at the
same capacity as for the first cycle (i.e., at 1500 mAh gg; ). On the
other hand, if the second lithiation cycle terminated at 170 mV, i.e.,
prior to the second lithiation feature (marked by the blue area in
Fig. 1b), the higher lithiated Li sSi phase is not formed, and thus only
the delithiation feature of the Li, ,Si phase is observed, which is in
line with the findings of a former study.”” In summary, for the
capacity-limited lithiation the alloying reaction of crystalline silicon
takes place also in the second cycle, implying that further amorphiza-
tion of the crystalline Si phase is possible in the case of capacity
limited cycling even in the second cycle. However, when terminating
the second lithiation cycle at a cutoff of 170 mV, the formation of the
lithium-rich Lis 5Si phase and thus the amorphization of the remaining
crystalline silicon are prevented. In the following, varying lithiation
potential cutoff limits are examined and their effect on the retention of
the crystalline Si phase are discussed.

To determine the lower cutoff potential at which continuous
amorphization of the crystalline silicon occurs upon cycling, Si|[Li
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Figure 2. Delithiation capacity of Si-KS6L//Li (2.1 mgg; cm 2 with a
theoretical capacity of 7.5 mAh cm 2 Swagelok® T-cells with varying lower
cutoff limits for lithiation potentials (set between 180 mV vs Li™/Li (blue) to
140 mV vs Li*/Li (red)). Formation cycles were conducted at C/60
(referenced to 3579 mAh gg; ') until a specific lithiation capacity of either
600 mAh gg; ! (solid symbols) or 1500 mAh gg;~' (open symbols) was
reached. Subsequent cycling was conducted at C/60 with a CV step at the
end of lithiation until a current of C/120, while delithiation was performed at
C/60 until a cutoff of 1.5 V vs Li*/Li. Experiments were conducted at 25 °C
with 1M LiPFg in FEC/DEC (2:8 v-v) and with two glassfiber separators.

cells with a Li-RE were cycled at C/60 with different lithiation
cutoff potentials between 140 mV and 180 mV vs Li/Li" with
respect to the Li-RE. To ensure a stable cycling performance, the Si-
KS6L electrodes with conductive graphite additive are used instead
of the Si-C65 electrodes, as the latter showed only poor cycling
stability for longer cycling. It should be noted that the KS6L graphite
here only acts as conductive additive, since at these high lithiation
potentials the contribution of graphite to the overall electrode
capacity are negligible. Figure 2 shows the cycling data for the
cells limited to a specific lithiation ca?acity of either 600 mAh gg; ™"
(solid symbols) or 1500 mAh gg;* (open symbols) in the first
lithiation cycle, leading to different initial ratios of amorphous and
crystalline phase in the first cycle.

For the cells cycled to an initial lithiation capacity of 600 mAh
gsfl, the cutoff potentials of 180 and 170 mV (dark blue and blue
solid symbols in Fig. 2) show a stable cycling behavior with no
capacity increase over 31 cycles. Lowering the lithiation cutoff
potential to below 170 mV leads to a continuous capacity increase
(light blue, light red, and red solid symbols). Therefore, the lower
the cutoff potential, the more pronounced is the capacity increase
over cycling, which is in good agreement with the results from
Obrovac et al., who reported the same behavior for cells with zim-
sized silicon particles cycled to below 170 mV.? For the cell with the
lowest cutoff potential of 140 mV (red solid symbols), the rate of
capacity increase upon cycling decreases until after ~25 cycles the
capacity starts to decrease slightly. We believe that at this point a
substantial fraction of the crystalline silicon phase has been
consumed, so that the mechanical integrity of silicon particles
cannot be maintained anymore, leading to degradation and capacity
loss. Cells initially lithiated to 1500 mAh gg; ~ also show no
capacity increase for lithiation cutoff potentials of 170 and 180 mV
(dark blue and blue open symbols in Fig. 2) as well as a gradual
capacity increase at lower cutoff potentials. For the lowest cutoff
potential of 140 mV (dark red open symbols), the rate of capacity
increase again gradually declines until the capacity starts to rapidly
decrease after ~15 cycles, analogous but more pronounced com-
pared to what was observed for the cells lithiated to an initial
capacity of 600 mAh gg;'. This can be explained by the higher
amorphous phase fraction formed when the initial lithiation capacity
is higher, so that upon continuous cycling to low cutoff voltages the
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Figure 3. Coulombic-efficiency of the Si-KS6L//Li cells derived from the
cycling data shown in Fig. 2 for the two different first-cycle lithiation
capacities: (a) 1500 mAh gg;™";; (b) 600 mAh gg;~'. The coulombic-
efficiency data is shown for varying lithiation cutoff potential limits ranging
from 140-180 mV vs Li'/Li (for further experimental details, see caption of
Fig. 2).

stabilizing crystalline silicon phase gets depleted below a critical
amount at a lower number of cycles.

The coulombic efficiency (CE) of the above described Si-KS6L//
Li cells is shown in Fig. 3. For both of the initial lithiation capacities
of 1500 mAh/gs; (Fig. 3a) and 600 mAh/gs; (Fig. 3b), cells with a
cutoff lithiation potential of 180 and 170 mV reveal the highest CE
(dark blue an blue symbols), exceeding 99.5% in the third cycle and
beyond. On the other hand, lower lithiation cutoffs lead to a
proportionally decreasing CE, particularly observed for the cells
initially lithiated to 1500 mAh gg; !. This, we believe, is due to
silicon particle cracking upon depletion of the stabilizing crystalline
silicon phase, leading to enhanced SEI growth and/or a loss of
electronic contact of the fractured silicon particles.

To further examine the effect of the lithiation cutoff potential on
the amorphization of the silicon particles, we compare the dQ/dV
plots over cycling with two different lithiation cutoff potentials,
namely with 170 mV and 140 mV, representing two different
characteristics: for the former, the capacity remains constant over
cycling, while for the latter a continuous capacity increase over
cycling is observed, ultimately followed by rapid decrease of the
capacity and the CE (see Figs. 2 and 3). Figure 4 depicts the dQ/dV
plot of the Si-KS6L/Si cells with a cutoff of 170 mV (blue) and 140
mV (red) over the course of 31 cycles, exemplarily shown for the
cells with an initial lithiation capacity of 1500 mAh gg; ' (derived
from the data shown in Fig. 2). As already observed for the Si-C65
model electrodes examined in Fig. 1, for a lithiation potential cutoff
of 170 mV, only one delithiation feature representative of the
delithiation of the Li,(Si phase is observed, implying that the
lithiation cutoff potential was too high for the formation of the
Lis sSi phase. In this case, the dQ/dV features remain unchanged
over the course of the 31 cycles, indicating that the fraction of the
amorphous phase does not increase.

On the other hand, when the lithiation potential cutoff is
decreased to 140 mV (red lines), the Li; sSi feature during delithia-
tion is increasing over the course of cycling, together with the Li (Si
(de)lithiation features. This continuous increase of the capacity
associated with the Li,(Si features can only be explained by a
growth of the fraction of the amorphous phase of the silicon
particles. Thus, the continuous lithiation of the crystalline silicon
phase and the associated formation of an amorphous silicon phase
over the course of cycling seems to occur once the Lis 5Si feature
starts to evolve, implying that the formation of the Lis 5Si phase is
required for the lithiation of the crystalline silicon phase. These
observations support the conclusions that a high lithium
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Figure 4. Differential capacity vs Li-RE curves obtained from constant
current cycling (C/60, referenced to 3579 mAh gg ') of Si-KS6L/Li
Swagelok® T-cells lithiated in the first cycle to 1500 mAh gg; ' and
subsequently cycled to two different lithiation potential cutoffs: 170 mV vs
Li"/Li (blue) and 140 mV vs Li*/Li (red); note, the lithiation potential was
held until the current decayed to C/120. The delithiation was terminated by a
cutoff potential of 1.5 V vs Li*/Li measured against the Li-RE. The plot is
derived from the measurements shown in Fig. 2. The asterisk marks the
features due to the graphite component in the electrode.

concentration is needed to break the silicon bonds for the alloying
reaction of crystalline silicon with lithium,'#2'27-2

Effect of lithiati ipacity and potential cutoff on the silicon
particle morphology.—In the following, the effect of different cutoff
potentials on the silicon particle morphology is investigated and
discussed. Figure 5 shows the cross-sectional view of a pristine Si-
KS6L electrode and of electrodes harvested after 31 cycles with
cutoffs at 170 mV and 140 mV according to the measurements
shown in Fig. 2. In the pristine electrode the silicon particles appear
in bright gray and exhibit a smooth homogeneous cross sectional
surface with no cracks, while the graphite flakes appear in darker
gray (see upper and lower panel of Fig. 5a). For both initial lithiation
capacities of 600 mAh gg; ' and 1500 mAh gg; ', silicon particles
appear in the delithiated state in bright grey and the graphite flakes in

a) pristine

b) 600 mAh/gs, — 170 mV

darker grey. The Si-KS6L electrodes harvested after 31 cycles with a
lithiation potential cutoff of 170 mV show some minor cracks
primarily near the surface of the silicon particles (see upper and
lower panels of Figs. 5b and 5c), especially for the cell cycled to
1500 mAh gs;_'. Independent of their initial lithiation capacities,
however, the cores of the silicon particles appear to be without
structures and cracks, resembling the characteristics of the pristine
silicon particles.

In contrast, the silicon particles of the harvested Si-KS6L
electrodes cycled with a lithiation cutoff potential of 140 mV reveal
a highly structured particle cross-section throughout the whole core
of the silicon particles, and only isolated segments of non-structured
areas can be observed. This structuring was observed for ~50% of
the silicon particles in the cross-sectional images, indicating an
inhomogeneous degradation of the silicon particles. This could be
explained by the polycrystalline nature of the pristine silicon
material, as different crystal orientations show varying lithiation
kinetics.®' The electrodes with 600 mAh gg; ™' and 1500 mAh gg; ™'
harvested after 31 cycles exhibit the same extent of structured areas,
which is consistent with the cycling data shown in Fig. 2: while the
capacity gain of the cell with 600 mAh gg; " and a lithiation cutoff
potential of 140 mV is larger compared to the one with 1500 mAh
gs ', the maximum capacity reached is almost the same for both
electrodes, suggesting similar extents of particle fracturing. In
summary, the cross-sectional views of the silicon particles of the
cycled electrodes display a significant degradation of the silicon
particles for cells cycled to a lithiation cutoff potential of 140 mV,
while no pronounced morphological changes of the silicon particles
are observed when the lithiation cutoff potential is restricted to
170 mV.

XRD analysis on the effect of lithiation capacity and potential
cutoff.—To further understand and validate the conclusions with
regards to the amorphization of the silicon particles upon cycling
that were drawn from the analysis of the dQ/dV and the cycling
experiments with different lithiation cutoff potentials, we now want
to follow the cycling-induced amorphization process of the Si
particles by quantifying the amount of the crystalline silicon phase
in the pristine and cycled electrodes. For this, in-situ X-ray
diffraction (XRD) data were acquired from Si-KS6L/Li pouch cells
with a Li-RE, whereby the cells were cycled according to the cycling
procedure shown in Fig. 2. The cells were cycled in a pouch cell

2 pm ——)

Figure 5. Effect of different lithiation cutoff potentials on the silicon particle morphology based on cross-:
kV) of Si-KS6L electrodes in their pristine state or harvested after 31 cycles: (a) pristine electrode; (b) initial lithiation of 600 mAh gg;
! and cycling to 170 mV; (d) initial lithiation of 600 mAh gg; ' and cycling to 140

lithiation cutoff potential of 170 mV:; (c) initial lithiation of 1500 mAh gg;
mV; (c) initial lithiation of 1500 mAh gs,_' and cycling to 140 mV.

ctional SEM images (secondary electron mode at 3
" and cycling with a
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Figure 6. In situ XRD data (black data points) obtained from a pristine Si-
KS6L//Li-pouch cell, including a Rietveld refinement fit (red line) and the
difference plot (thin black line). Data were collected on an in-house
diffractometer in transmission mode using Mo-K,,, radiation. The vertical
ticks mark the Bragg peaks of silicon (magenta) in the electrode and of
copper (black) from the anode current collector; the asterisks mark the
aluminum reflections from the pouch foil. Note that for the refinement only
silicon and copper reflections are considered, i.e., the regions near the
aluminum peaks were omitted from the fit.

holder (compressed at ~25 bar) and then, either after the first
formation cycle (cycle #1) or after sets of 10 cycles (i.e., cycle #11,
#21, etc.), they were transferred in their delithiated state to the XRD
sample holder for XRD analysis. For the quantification, the cell was
also analyzed in the pristine state and the data are reported as cycle
#0. To ensure the very same beam position at the electrode within
one measurement series of a cell, the exact position of the pouch cell
in the XRD holder was marked on the pouch foil on each cell.
Figure 6 shows the diffraction pattern (black dots) of a pristine
Si-KS6L/Li pouch cell, where next to the diffraction peaks of
crystalline silicon (reflections marked by the magenta ticks), one can
observe the copper diffraction peaks from the silicon anode current
collector (marked by the black ticks) and the aluminum diffraction
peaks from the pouch foil (marked by asterisks). To quantify the
amount of crystalline silicon that is being retained over cycling, the
silicon diffraction intensity of cells after formation or after cycling is

analyzed and referenced to the silicon diffraction intensity obtained
with the pristine cell. In order to account for absolute changes of the
intensities between each measurement due to small variations of the
incident beam intensity, the silicon reflex intensity was referenced to
an internal standard. For this, we used the copper diffraction
intensity from the Si-KS6L electrode current collector as internal
standard, i.e., normalizing the silicon diffraction intensity to the
copper diftraction intensity. Previous studies in the literature used
nickel powder that was mixed into the silicon electrode as an internal
standard in order to conduct quantitative ex-situ XRD experiments
with electrodes harvested after lithiation, thereby determining the
Li,Si phases that coexist with crystalline silicon (cr-Si) during the
initial lithiation of crystalline silicon.”> While this is a viable
approach, the in-situ XRD method used in the present study is
non-destructive and allows for multiple measurements over extended
charge/discharge cycling. In addition, using the copper current
collector as internal standard eliminates the need for adding an
internal reference, so that practically relevant electrodes can be
investigated.

The quantification of the diffraction intensities was done by
Rietveld refinement of the crystalline silicon and copper phases, and
an exemplary Rietveld fit for a pristine Si-KS6L/Li pouch cell is
given by the red line in Fig. 6, together with the difference
diffraction profiles (thin black line). With the scale factors obtained
from the Rietveld fit, the weight percent of the silicon (wt% cr-Si)
and the copper phase (wt% Cu) can be deduced and the values are
listed in Table T for the different cells and cycles each. The givens
errors are based on the error propagation of the refined scale factors
by TOPAS. Based on the densities of copper and silicon and a
loading of 2.1 mgs; cm 2 and a copper foil thickness of 11 zm, the
expected weight percent of the silicon phase of the pristine cell
would be 17.6 % and for the copper phase 82.4 %, this is in good
agreement with the experimental values obtained from the measure-
ment (Table I). To quantify the amount of crystalline silicon being
consumed during cycling, first the ratio y of wt% cr-Si with respect
to the wt% Cu is calculated by Eq. 1 for each cycle x.

X, (1% er=Si), [1]
*T T (wt% Cu),

Comparison of the ratio y, from cycle x to the ratio y, from cycle
O—determined by the weight percent of the silicon and copper phase
of the pristine cell before formation—allows to calculate the relative
fraction of crystalline silicon (cr—Si) being present at the respective

Table I. Weight percent of crystalline silicon phase (wt% cr-Si) and copper phase (wt% Cu) received by Rietveld refinement of in-situ XRD

measurements of pouch cells cycled to 170 mV and 140 mV for 600 mAh g;i" and 1500 mAh gSi" initial capacity limit respectively. With Equation 3
the values can be converted into the relative fraction of amorphous silicon phase (a-Si) compared to the crystalline phase being present at each cycle
displayed in Fig. 8b. Errors of wt% Cu and wt% cr-Si are based on the errors of the refinement of the scale factors by TOPAS, the error of a-Si was

done by error propagation accordingly.

Cycle 0 Cycle 1 Cycle 11 Cycle 21 Cycle 31 Cycle 41
600 mAh/gg; — 170 mV
wt% Cu [%] 83.95 £ 0.3 8552+ 0.3 85.24 + 0.4 85.15 £ 0.4 85.55+ 0.4 8546 £ 0.3
wt% cr-Si [%] 16.05 £ 0.3 1448 £ 0.3 1476 £ 0.4 1485 £ 0.4 1445+ 04 1454 £ 0.3
a-Si (%] 0 1142 +23 940+28 8.78 + 2.6 11.66 £ 2.8 11.00 2.1
1500 mAh/gg; — 170 mV
Cu content [%] 84.32 £ 0.4 89.12 = 1.1 89.40 = 0.5 89.13 £ 0.5 89.51 £ 0.6 89.71 £ 0.5
Si content [%] 15.68 + 0.4 10.88 = 1.1 10.60 £ 0.5 10.87 £ 0.5 10.49 = 0.6 10.29 £ 0.5
a-Si %] 0 3439+79 36.23 £35 3439 +33 3698 + 4.1 38.36 +3.4
600 mAh/gg; — 140 mV
Cu content [%] 82.76 + 0.4 84.77 £ 0.5 86.10 £ 0.5 86.32 £ 0.4 87.83 £ 0.4 89.66 = 0.5
Si content [%] 17.24 £ 0.4 1523 £ 0.5 13.90 £ 0.5 13.68 + 0.4 12.17 + 04 1033 £ 0.5
a-Si [%] 0 13.77 £ 3.1 2249 32 23.94 27 3347x24 44.67 = 3.1
1500 mAh/gs; — 140 mV
Cu content [%] 85.21 = 0.4 89.91 = 0.6 91.20 = 0.5 93.24 + 0.6 96.12 = 0.4 /
Si content [%] 14.79 £ 0.4 10.09 = 0.6 8.80 £ 0.5 6.76 = 0.6 3.88 +0.4 /
a-Si [%] 0 3538 £43 4447 £ 34 5824 £ 42 7677 £ 2.7 /
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Figure 7. Magnified view of the silicon (111) reflection from in-situ XRD
data of Si//Li-pouch cells cycled to a lithiation cutoff of 170 mV (a), (b) and
140 mV (c), (d) for both initial lithiation capacities of 600 mAh ggi" and
1500 mAh gg; ! Data were collected in the delithiated state and is shown for
the pristine cell, after the first cycle and after each 10 cycles for further
cycling. Intensity is normalized to the copper (111) reflection which is set to
100 counts.

cycle compared to the pristine state of the cell (Eq. 2).
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The relative fraction of amorphous silicon (a-Si) present at cycle
x can then be calculated according to Eq. 3 and are listed in Table L.

O - 1 )
aSi=1- X _ e (wt% cr S'l)_,*(wt/oCu)(, 3]
X (Wt%cr — Si)g  (Wt% Cu),

(Table I) XRD spectra were taken from cells cycled to 170 mV
and 140 mV each for both initial lithiation capacities of 600 mAh
gsa’l and 1500 mAh gg;~'. To display the course of the silicon reflex
intensity over cycling the most prominent silicon reflection (111) is
shown for each cycle in Fig. 7, whereby the reflex intensity is
normalized by the copper (111) reflection which is set to 100. The
cycling data of these cells is shown in Figure 8a and is in good
agreement with the data obtained by the T-cell setup depicted in
Fig. 2. Cells cycled with a 170 mV cutoff maintain a constant
horizontal capacity course over cycling whereas cells cycled with a
cutoff potential of 140 mV exhibit a constant increase until a
maximum capacity is reached, followed by a capacity drop.
Figure 7a displays the silicon (111) reflection of the cell with an
initial capacity of 600 mAh gs;' and 170 mV cutoff. The pristine
state exhibits the highest reflex intensity since the entire silicon is
present in its crystalline phase. The silicon reflection obtained after
the first cycle shows a decreased intensity for the formation of
amorphous silicon phase upon lithiation to 600 mAh g5, ™' For
continuous cycling with a cutoff of 170 mV, the measured intensity
after every 10 cycles remains equal to the first cycle and does not
decrease further on, thus no more additional crystalline silicon is
consumed within the investigated numbers of cycles. The cell with
an initial capacity of 1500 mAh gg; ' and a cutoff of 170 mV
(Fig. 7b) shows the same behavior, even though the reduction of the
silicon reflex intensity is more pronounced after the first cycle which
is due to the higher initial capacity used in this case. This correlates
well with the cycling data received for 170 mV where for both initial
capacities 600 mAh gg;~'. and 1500 mAh gg; ' the capacity does not

further increase over cycling. Next we want to look at the cells
cycled to 140 mV depicted in Figs. 7c and 7d, while the reflex
intensity for the first cycle of these cells is analogous the cells
described above—as we would expect it since the first cycle is
limited by the capacity—the course for the following cycles differ
from the cells with a 170 mV cutoff. Here, we observe a significant
decrease of the intensity after every 10th cycle, indicating further
loss of crystalline phase during cycling. This matches well with the
increasing capacity for the cells cycled with a 140 mV cutoff. The
XRD data shown here correlate well with the cycling data and reveal
a continuous consumption of crystalline phase for the cells cycled to
140 mV whereas cells cycled to 170 mV maintain the amount of
crystalline silicon present after the initial cycle.

As described above the loss of crystalline phase during cycling
can be quantified by Eq. 2 and is depicted in Figure 8b as the fraction
of amorphous phase being present at the corresponding cycle for
each cell. After the first lithiation we got a discharge capacity of
526 mAh gg ' and 1370 mAh gg; ' for the cells lithiated to
600 mAh g; ' (closed symbols) and 1500 mAh gg;~" (open symbols)
respectively. Referring this to the theoretical capacity of the highest
lithiated amorphous phase, which was observed by the Dahn group'”
10 be LizsSi (3350 mAh gg; 1), this would equate to 16% and 41%
amorphous phase being present after the first cycle. The experimental
values derived by the XRD data show a slightly lower ratio compared
to the calculated values, here 11 + 0.2 % and 14 + 0.3 % of a-Si is
obtained for the cells lithiated to 600 mAh gg; ! and 34 + 0.8% and
35 + 0.4 % for cells lithiated to 1500 mAh gg; ! Since the lithiation
end potential of the first cycle is significantly lower than for
consecutive cycling, capacity contribution from the graphite is more
pronounced in this case. Nevertheless, correcting for the graphite
capacity affects the calculated values for the expected amount of
amorphous phase only marginally. Taking into consideration that the
electrodes contain 25 wt% of graphite and the capacity contribution of
graphite is 105 mAh g. ! at the lithiation end potential of 95 mV vs
Li*/Li for the first cycle, the lithiation degree of silicon is slightly
decreased considering the graphite contribution. Therefore, the
amorphous phase of the cell with 600 mAh/gg; is calculated with
15% instead of 16% and the ratio of amorphous phase for the cell
with 1500 mAh gg;~! gives 40% instead of 41%. Hence, this cannot
explain the lower values obtained for the a-Si phase by the
experimental data, however this does not affect the observations on
the progress of the amorphous phase over cycling.

As already indicated in Fig. 7, the cells cycled to 170 mV (blue
symbols) remain a constant ratio of amorphous phase once the initial
lithiation cycle is conducted, however the ratio of the cells cycled to
140 mV (red symbols) constantly increases and follows almost the
progress of the capacity throughout cycling. In the case of the cell
with 600 mAh ggf" the ratio of a-Si increases from 14% after the
first cycle to 45% after 41 cycles corresponding to a growth of 31%
for the amorphous phase. While for the cell with 1500 mAh gg; ' the
capacity only increases up to cycle 15 until the capacity drop again -
this was already observed in the T-cell setup and discussed above
(Fig. 2)—the amount of a-Si further increases. Here the extended
capacity usage leads to electrical disconnection of particles causing
the collapse of the cell, however crystalline silicon is still present
and can be further consumed. At the breakdown of the cell ~50%
amorphous phase is determined. This increases further up to 77% for
cycle 31 until the sealing of the pouch cell opened due to excessive
gas evolution. The cross sectional views in Fig. 5 revealed an
increased surface of the silicon particles for the cells cycled to 140
mV, excessive electrolyte reduction on this surface could give an
explanation for the gassing of this cell. The XRD data show that
cycling silicon only to a lithiation potential of 170 mV allows to
maintain the ratio of amorphous phase set in the first cycle with the
capacity limit, hence decreasing the lithiation cutoff below 170 mV
lead to an ongoing amorphization process during cycling causing a
rapid capacity drop once the amorphous phase exceeds a critical
ratio.
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cr-Si Si 1S LizoSi

Scheme 2. Progress of the crystalline phase (opaque) and amorphous phase
(transparent) of silicon particles upon (de)lithiation. The first lithiation is
limited by the capacity forming a particle with remaining crystalline phase
and a highly lithiated amorphous phase Lis sSi (red). For further cycling the
progress is shown for case of (a) a cutoff potential of 2170 mV vs Lit/Li,
here the crystalline phase is maintained and only the lower lithiated phase
LiySi (blue) is formed. In the case of (b) the cutoff potential is limited to
<170 mV vs Li*/Li causing continuous amorphization of the crystalline
phase and forming the highly lithiated Lis 5Si.
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Figu’re 8. (a) Delithiation capacity of Si//Li pouq}h»cclls (loading: 2.1 mgg;
cm ~; with a theoretical capacity of 7.5 mAh cm ©) with a lower cutoff limit
for lithiation of either 140 mV vs Li*/Li (red) or 170 mV vs Li™/Li (blue) for
initial lithiation capacities of 600 mAh gSi'l (closed symbols) and 1500 mAh
gsi ' (open symbols). Formation cycles were conducted by cycling at C/60
(with constant-current (CC) lithiation and delithiation), while subsequent
cycling was conducted at C/30 with a CV step at the end of lithiation until a
current of C/120 (C-rates are referenced to 3579 mAh gg; '). Experiments
were conducted at 25 °C with 1 M LiPF; in FEC/DEC (2:8 v-v) and with
four glassfiber separators (Whatman GD type A/E). (b) Percentage of
amorphous Si phase to crystallinic Si and normalized capacity of Si//Li
pouch-cells with a lower cutoff limit for lithiation of 140 mV vs Li Y/Li (red)
or 170 mV vs Li"/Li (blue). Ratio of amorphous phase was derived by
Rictveld-Refinement of the Si and Cu phase of in-situ X-ray diffraction
measurements collected at the in-house Mo-diffractometer (A = 0.7093 A)4
Errors bars are min/max values and are based on the error propagation of the
refinement of the scale factors by the TOPAS software.

As a result of this study Scheme 2 depicts the amorphization
progress of silicon with a capacity limited material concept adapted
from Obrovac et al.,> whereby we have added the here estimated
Li,Si phase compositions. Upon first lithiation, crystalline silicon
readily forms the highly lithiated Li; sSi since both the lithiation
reaction of cr-Si and the formation of LissSi occur at the same
potential, consecutive delithiation results in a two phase particle
morphology with crystalline and amorphous silicon. The crystalline
phase —preventing the particles to disintegrate- can be maintained by
limiting the lithiation potential to 170 mV for further cycling, with

this only the first lithiation feature of Li, (Si is observed.”> However,
when cycling with a cutoff below 170 mV the higher lithiated phase
Li, 5Si is formed and ongoing consumption of remaining crystalline
phase is observed causing a rapid cell failure once a critical amount
of amorphous phase is reached.

Conclusions

In the present study, the amorphization process of partially
lithiated silicon anodes is investigated by in-situ X-ray diffraction.
First, electrochemical cycling to different lithiation cutoff potentials
was analyzed and discussed. With in-situ X-ray diffraction we
tracked the ratio of the amorphous and the crystalline silicon phase
present during cycling, investigating different lithiation cutoff
potentials. The here presented in-situ method is based on the direct
measurement of the amount of the crystalline silicon phase,
quantified by referencing the silicon reflex intensity to that of the
copper current collector that is utilized as internal standard.

The electrochemical cycling showed a continuous capacity
increase for cells cycled to a lower lithiation potential of <170
mV vs Li"/Li. Evaluation of the dQ/dV plot of these cells showed
the features of the formation of a highly lithiated Lis sSi phase at
these potentials.”*>>° The cells cycled only to a potential of 170
mV or higher did not show the characteristic (de-)lithiation features
for this highly lithiated phase and revealed a constant delithiation
capacity course over the course of cycling. XRD experiments proved
that cells cycled to a lithiation cutoff potential of 170 mV maintain
the ratio of amorphous and crystalline phase which was set for the
capacity-limited formation cycle. On the other hand, cells cycled to
140 mV reveal a constant decrease of the crystalline silicon phase,
concomitant with an initial increase of the delithiation capacity over
cycling, followed by a rapid capacity decrease. These results are in
good agreement with the findings of a previous study by Obrovac
and Krause,” and confirm that further amorphization of the silicon
particles along with an increase of the delithiation capacity will
occur for cutoff potentials below 170 mV. Post mortem analysis of
harvested electrodes showed severe degradation of the microscale
silicon particles after 31 cycles for the cells cycled to a lithiation
cutoff of 140 mV, while for the cells cycled to only 170 mV the
silicon particle structure remained intact.

To enable a stable long-term cycling performance of partially
lithiated micronscale silicon anodes in general, it is crucial to
maintain the crystalline structure of the silicon particles in order to
prevent their structural disintegration. The study here demonstrates
clearly that this is only accomplished by restricting the lithiation
cutoff potential of the silicon anode to 170 mV or higher for
consecutive cycling.
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3.2 Lithium nitrate as electrolyte additive for silicon anodes

The article “Understanding the Effect of Lithium Nitrate As Additive in Carbonate-Based
Electrolytes for Silicon Anodes” was submitted to the peer-reviewed Journal of the
Electrochemical Society in July 2024 and published online September 2024.[3¢] The article was
distributed under the terms of the Creative Commons Attribution 4.0 License, and its
permanent weblink can be found under https://iopscience.iop.org/article/10.1149/1945-
7111/ad71f7. An oral presentation of this study was also presented by M.Graf at the 240t
Meeting of the Journal of Electrochemical Society in a virtual format. The link for the Abstract
(MA2021-02 379) can be found at: https://iopscience.iop.org/article/10.1149/MA2021-

023379mtgabs.

The role of the electrolyte is crucial in operating cells with silicon-based anodes. Compared
to graphite anodes, the volumetric expansion upon (de-)lithiation of silicon continuously
exposes fresh surface during cycling. Therefore, a robust and flexible SEl is needed to prevent
continuous electrolyte consumption and excessive SEI formation. FEC is one of the most
commonly used electrolyte additives for silicon-based anode active materials. It has been
shown to significantly improve cycling performance.’3”) However, the use of FEC leads to
considerable gassing due to the evolution of CO; upon reduction and FEC also has a limited
thermal stability.[3813% Recently, LINO3 was found to be an effective electrolyte additive for
lithium metal electrodes and was shown to increase the cycling stability of silicon-based
anodes significantly.[101,140.141,142 This study aims to investigate and comprehend the reaction
mechanism of LiNOs in carbonate-based electrolyte systems and its impact when used with

silicon anodes. To achieve this, the reductive and oxidative reactions of LiNO3; were evaluated
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within the relevant voltage range, and the reaction species were analyzed using XPS and
OEMS. We employed carbon model electrodes to investigate these redox reactions
independent of intercalation or alloying reactions. Our findings indicate that LiINO;, the
primary reduction product, is the active species and is soluble in the electrolyte solution.
Therefore, LINO; can be used directly as an additive in the electrolyte. The solubility of LINO>
in the electrolyte is equal to that of LiNOs. Upon LiNO; reduction at ~1.39 V vs. Li*/Li, it forms
a passivation layer of LioO and LisN. Cyclic voltammetry experiments demonstrate that this
layer of reduction products can effectively passivate the surface of the anode active material,
as no further features for the reduction of EC can be observed. OEMS gas analysis validates
this finding, showing significantly reduced gassing connected to EC reduction. Furthermore,
the reduction of LiINO3 and LiNO; species results in minimal gassing, as evidenced by the

negligible evolution of N,O gas.

In addition to the reduction reactions occurring on the anode side, we investigated the
relevant oxidation reactions on the cathode side. Our observations reveal a complex cascade
of nitrogen redox reactions, beginning with the oxidation of LiNO; species at 3.5 V vs. Li*/Li,
which leads to the formation of NO; gas. LiNOs can partially be regenerated by these reactions,
which could explain the long cycle life of cells with the additive even though the concentration
in the electrolyte is relatively low. In addition, the effect of the LiNO3 and LiNO; additive on
the cycling stability of full-cells is evaluated and compared to an electrolyte without the
additive and one containing FEC. The cycle life of cells containing the LiNO3 additive could be
significantly increased compared to the ones without the additive. Cells with the LiNO;

additive performed similarly to those with the LiNOs additive.
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Due to its high specific capacity, silicon is one of the most promising anode materials for next-generation lithium-ion batteries.
However, its large volumetric changes upon (de)lithiation of ~300% lead to a rupture/re-formation of the solid-electrolyte
interphase (SEI) upon cycling, resulting in continuous electrolyte consumption and irreversible loss of lithium. Therefore, it is
crucial to use electrolyte systems that form a more stable SEI that can withstand large volume changes. Here, we investigate lithium
nitrate (LiNO3) and lithium nitrite (LiNO,) as electrolyte additives. Linear scan voltammetry on carbon black working electrodes in
a half-cell configuration with LiNOs-containing 1 M LiPFg in EC/DEC (1/2 v/v) revealed a two-step reduction mechanism,
whereby the first reduction peak could be attributed to the conversion of LiNO; to LiNO,, while X-ray photoelectron spectroscopy
on harvested electrodes suggests the formation of Li;N during the second reduction peak. On-line electrochemical mass
spectrometry (OEMS) on carbon black electrodes showed that N>O gas is evolved upon the reduction of LiNOs- and
LiNO»-containing electrolytes but that the gassing associated with EC reduction is significantly reduced. Furthermore, OEMS
and voltammetry were used to examine the redox chemistry of LiNO, additive. Finally, LINO; and LiNO, additives significantly
improved the cycle-life of SilINCM622 full-cells.

© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Due to its high specific capacity of 3579 mAh g~ ' and its
natural abundance, silicon is a promising candidate for replacing
commonly used graPhite as anode material for next-generation
lithium-ion batteries.” However, the large volumetric expansion of
the silicon upon (de)lithiation leads to mechanical degradation and
continuous formation of the solid-electrolyte interphase (SEI).
Therefore, the electrolyte is excessively reduced on the repeatedly
exposed silicon surface area during prolonged cycling. Thus, silicon
anodes typically reveal a lower average coulombic efficiency and
decreased cycle-life in full-cells when compared to graphite anodes.
It is, therefore, crucial for the application of silicon anodes to form
an effective and stable SEI, which is mostly determined by the
choice of the electrolyte system. In general, the SEI must have a low
electrical conductivity to avoid further electrolyte reduction as well
as a sufficiently high but selective permeability for lithium ions to
prevent co-intercalation of electrolyte solvent and allow for fast
(de)lithiation kinetics.> Moreover, the SEI on silicon needs to sustain
the mechanical stress upon particle expansion/contraction and
prevent an ongoing electrolyte consumption concomitant with the
loss of cyclable lithium.? One of the most frequently used electrolyte
components in carbonate-based electrolyte systems for silicon
anodes is the additive fluoroethylene carbonate (FEC). It has been
demonstrated to form a highly cross-linked network with elastomeric
properties upon reduction and is employed either as an additive with
a volume fraction of up to 2% or as a co-solvent.*”’ However,
alternatives to FEC are desired due to its significant gas evolution
and its thermal instability at elevated temperatures,x’l ’ particularly
for battery electric vehicle (BEV) applications where the operating
temperature can far exceed 25 °C. Thus, new electrolyte systems and
additives need to withstand higher temperatures, and consequently,
battery performance, as well as cycle-life, must be evaluated at such
conditions.

Recently, lithium nitrate (LiNO;) was introduced as an efficient
additive in carbonate-based electrolyte systems for silicon anodes,
even though the solubility of LiNOj in those electrolytes is very low
(reported to be as high as ~0.09 M, corresponding to ~0.5 wt%, in

*#Electrochemical Society Student Member.
ical Society Fellow.
“E-mail: Maximilian.graf@tum.de

1.2 M LiPFg in EC/DEC 1/1 w/w)."" Here, the cycle-life of cells
containing LiNO; additive in the electrolyte is significantly in-
creased compared to the additive-free electrolyte, and LiNO; was
able to improve the capacity retention of cells with an FEC-based
electrolyte.

In all of these different battery types—independent of the
electrolyte system—the first reduction step of the LiNO; species
was observed at a potential <1.7 V vs. Li*/Li, where it is reported to
be reduced to form LiNO, and Li,0.*'*"'> Li,O is ascribed to be a
major component in an FEC-derived SEI and forms a mechanically
robust film with low charge transfer resistance.'®'® The second
reduction step involves the conversion of the in situ formed LiNO,.
However, the further reduction step depends on the chemical
environment and electrochemical conditions in each system: (i) In
lithium-sulfur batteries, generally operated in ether-based electro-
Iytes, LiNO, is reacting with sulfuric species, leading to the
formation of additional Li,O.'*'? (i) In lithium-air systems, also
operated in ether-based electrolytes, next to the formation of a
passivating Li,O film on the lithium metal electrode, the produced
LiNO; can regenerate the LiNO; species by a series of oxidation
reactions on the cathode side with dissolved O, in the
elcclmlyle.':‘m (iii) In battery systems operated in carbonate-based
electrolytes, however, no detailed reaction pathway is known so far.
Analysis of the SEI in these latter systems revealed an increased
concentration of Li,O, LisN, and LiN,Oy spet:it:s.“"mm'23
Employing LiNO; as an electrolyte additive in carbonate-based
electrolyte systems is limited due to the low LiNOj solubility. In
general, the solubility of salt depends on the capability of the solvent
to dissociate the anion and cation as well as on the electron donation
to the latter. This is quantified by the Gutmann donor number, a
parameter of the Lewis basicity of the solvent.'® In this case, cyclic
carbonates such as EC have a much lower Gutman donor number
(~16)** than NO37 (~22)* and ether-based solvents like DME
(~20).° The solubility of LiNO; in carbonate solvents can be
increased by solution promotors such as CuF,,** tris-pentafluoro-
phenyl borane (TPFPB),' or triethyl phosphate (TEP),* as well as
by co-solvents like. ~-butyrolactone (GBL)2° or crown-ethers.”’
Alternatively, Liu et al. increased the amount of LiNO; that can be
introduced into the electrolyte by the addition of encapsulated
LiNO; nanoparticles onto the sepz\mlor.18 While the addition of
solution promotors into the electrolyte can be implemented easily
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without additional process steps, adding a coating onto the separator
adds additional manufacturing cost.

In the present study, we investigate the effect of LiNO;
electrolyte additive on the performance of silicon anodes in a
carbonate-based electrolyte. To understand the fundamental reaction
mechanism of LiNO; in this electrolyte system, we study the
reduction and oxidation reactions of LiNO; additive on high-
surface-area carbon black model electrodes using linear scan
voltammetry. First, the reduction reaction of LiNOj is systematically
investigated by analyzing the solid and gaseous reduction products
formed in the potential window of the anode in a realistic full-cell
setup. As LiNO, is an intermediate in the LiNO; reduction, the
properties of LiNO,-containing electrolyte are also examined. Next,
oxidation reactions of LiNOs, of its reduction products, and of
LiNO, are examined, as their oxidation can potentially occur at the
positive electrode in full-cells. Finally, the effect of LiNO, and
LiNO; additives on the cycle-life of full-cells with microscale
silicon-based anodes and NCM622-based cathodes will be exam-
ined.

Experimental

Electrode preparation.—Silicon electrodes were prepared bly
suspending 7.0 g microscale silicon particles (BET: 1.6 m* g ',
dyg=22pm, dsy=4.5um, doy=7.8pum; CLM 00001, Wacker
Chemie AG) in 5.1 g H>0, and 12.5 g of an aqueous LiPAA solution
(4 wi%) in a dissolver mixer (Dispermat LC30, VMA-Getzmann,
Germany). The LiPAA solution was prepared by neutralization of
PAA solution (polyacrylic acid, M, =459k, Sigma Aldrich) with
lithium hydroxide (LiOH, Sigma Aldrich) to a pH of 7. In the next
step, 2.5 g graphite (BET: 20 m? g '; KS6L, Imerys, France) was
added to yield a solids mass ratio of 70:25:5 Si/KS6L/LiPAA, and
stirring was continued at 12000 rpm for 30 min. The slurry was
degassed by mixing it at 2000 rpm for 5 min in a planetary mixer
(Thinky Corp., USA). The slurry was then coated onto a copper foil
(11 pm) with a box-type coating bar (Erichsen, Germany) using an
automated coater (RK PrintCoat Instruments, UK) and dried at room
temperature overnight. Electrodes with a diameter of 15.0 mm
were punched out from the above-prepared electrode coatings.
After drying at 120 °C under dynamic vacuum overnight, the
silicon electrode coatings had a loading of 2.1+0.1 mgg; cm >
(=75 £ 0.4 mAh cm 2 based on 3579 mAh ggf') and a thickness
of ~34 pm, equating to a porosity of ~60% based on the bulk
densities of the materials. Practically, only ~32% (=2.4 mAh cm 2
of the silicon capacity is used, following the partial lithiation
strategy for microscale silicon as described by Haufe et al.”

For the cyclic voltammetry experiments in coin cells, carbon
black model electrodes were prepared by mixing 1.0 g carbon black
(BET: 64 m* g ';Super C65, Imerys, France) with 1.0 g PVDF
(Solef 5130, Solvay, France) to yield a mass ratio of 50:50
C65/PVDF. A higher mass ratio, i.e., 90:10 C65/PVDF that was
used for the coating onto a stainless steel mesh current collector
(see below) did lead to poor coatings on smooth copper or aluminum
foils after drying, so that the binder content was increased to
50 wt%. The mixing consisted of a three-step sequential procedure,
starting with the dry components at 500 rpm for 2 min in a planetary
mixer before adding N-methyl—2-pyrrolidone (NMP, anhydrous,
Sigma Aldrich) stepwise and mixing for 20 min at 2000 rpm. The
slurry with a mass ratio of 50:50 C65/PVDF was coated onto a
copper foil (11 pum) for electrolyte reduction experiments in coin-
cells (i.e., for examining the potential range between 0.1-3.0 V vs.
Li*/Li) and onto an aluminum foil (15 pm) for electrolyte oxidation
experiments in coin-cells (i.e., for examining the potential range of
>3.0V vs. Li"/Li). After drying at 120 °C under dynamic vacuum
overnight, the carbon electrode coatings had a loading of either
0.6 £ 0.1 mgcgs cm 2or1.0+0.1 mgces CM Z

For the OEMS experiments, carbon model electrodes were
prepared by mixing 1.8 g carbon black (BET: 68 m> g '; Super
C65, Imerys, France) with 0.2 g PVDF (Solef 5130, Solvay, France)

to yield a mass ratio of 90:10 C65/PVDE. The mixing was done
analogously to the above-described procedure. The slurry was coated
onto a stainless-steel mesh (316 grade, 26 pm aperture, 25 pm wire
diameter; The Mesh Company, UK) to allow for short diffusion
times of the gas to the head-space of the OEMS cell. Electrodes with
a diameter of 15 mm were punched out from the above-prepared
electrode coatings. After drying at 120 °C under dynamic vacuum
overnight, the carbon electrode coatings had a loading of 2.0 + 0.1
mgces cm™>,

Synthesis of LiNO,—LiNO, was synthesized according to
Uddin et al."” First, 20 mmol of LiCl (Sigma Aldrich, >99.98%)
was dissolved in anhydrous methanol (Sigma Aldrich, >99.9%) and
48 mmol of AgNO, (Sigma Aldrich, 99.98%) was dissolved in
anhydrous acetonitrile (Sigma Aldrich, >99.9%). The solution of
LiCl in methanol was slowly added to the solution of AgNO, in
acetonitrile in a dried flask under Ar flow. The solution was stirred
overnight at room temperature (~18 h) under dark conditions. The
precipitate of AgCl was separated by filtration, and the solvent of the
filtrate was removed by a rotary evaporator, yielding a white powder.
The white powder was re-dissolved in methanol and filtrated with a
syringe filter (PTFE 20pm) to remove unreacted AgNO, and
remaining AgCl before the solvent of the filtrate was removed again
by a rotary evaporator. In an additional washing step with
acetonitrile, any remaining LiCl was dissolved, whereas LiNO,
would remain as a white powder after decanting the solvent. The
white powder was then dried at 120 °C under dynamic vacuum for
12 h, resulting in 0.95 g LiNO, (90% yield). A quantitative analysis
of the Li and N content of the synthesized LiNO, was done by
elemental analysis, yielding 12.13 wt% Li and 25.24 wi% N, which
is within ~7% and ~5%, respectively, of the theoretical composition
(13.11 wt% Li and 26.45 wt% N). Noteworthy, no chloride and a
silver content of <0.5 wt% were found, indicating no significant
impurities coming from the educts. UV/Vis measurements of the
white LiNO, powder dissolved in acetonitrile showed a character-
istic absorbance with A= 345nm (see the turquoise line in
Fig. 1). In contrast, LINO; dissolved in acetonitrile exhibits a
characteristic absorbance band with A,,.«= 298 nm (purple line in
Fig. 1). These values correlate well with UV/Vis data from
Uddin et al.,'> where LiNO, and LiNO; were measured in N,N-
dimethylacetamide (DMA).

Electrolyte preparation.—Prior to mixing the electrolyte, the
white powders of LiNO3 (99.99%, Sigma Aldrich) and LiNO, were
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Figure 1. UV/Vis spectra of LINO, and LiNOj in acetonitrile, taken with a
Lambda 35 UV/Vis spectrometer (Perkin Elmer, USA). Assignment of the
peaks was done based on data from Uddin et al.'?
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dried at 120 °C under dynamic vacuum for 24 h. The powders were
then transferred into an argon-filled glovebox (O, and H,O <
0.1 ppm; MBraun, Germany) and added in excess (0.5 wt%) to | M
LiPF, in EC/DEC 1/2 v/v (20 ppm H,O, 42 ppm HF; Gelon, China)
each. The saturated solution was stirred for 3 days at 25 °C and
afterwards filtrated with a syringe filter (PTFE 20 pm) to remove the
undissolved excess of LINO; and LiNO,. The concentration of the
filtrated solutions was then analyzed by ion chromatography,
yielding an NO3 concentration of 0.22 wt% (=0.038 M) for the
LiNO;-based electrolyte and an NO; concentration of 0.16 wt%
(=0.036 M) for the LiNO, based electrolyte. The FEC-based
electrolyte was prepared by mixing LiPFs (99.90%, 6 ppm H,0,
Gotion, China) that was dried at 120 °C under dynamic vacuum for
24 h to a mixture of FEC/DEC 1/4 v/v (20 ppm H,O; Gelon, China).
The nitrosyl tetrafluoroborate (NOBF,) containing electrolyte was
prepared by adding NOBF, (95%. Sigma Aldrich) to 1 M LiPF¢ in
EC/DEC 1/2 v/v to yield a concentration of 0.038 M. The solution
was stirred at 25 °C overnight.

Assembly of full-cells for long-term cycling and testing proce-
dure.—Long-term cycling experiments were conducted in coin-cells
(Hohsen Corp., Japan) in a full-cell configuration with: (i) an
Li; oNip sCog-Mng ,0, (NCM622) based cathode (94.0 wt% active
material) coated on Al foil (SEI corp., Japan) at a loading of
149 0.1 mgnem cm™2 (2.4 +0.1 mAhcm™, based on a nominal
specific capacity of 160 mAh gycyn ') and punched to a diameter of
15 mm; (ii) a microscale silicon-based anode, as described above.
The areal capacity of the cathode corresponds to 32% of the
nominal capacity of the anode (7.5%0.4 mAh cm™> based on
3579 mAh gg; ™), so that only ~32% of the nominal silicon capacity
is used, which is thus compatible with the partial capacity usage that
is needed when employing microscale silicon.”® Cells were as-
sembled in an argon-filled glovebox (O, and H,O < 0.1 ppm;
MBraun, Germany) with a glass fiber separator (Whatman GD type
A/E, USA) and 60l of one of the following four electrolytes:
(i) 1 M LiPFg in EC/DEC 1/2 v/v (20 ppm H,0O; Gelon, China),
(ii) 1 M LiPFq in EC/DEC 12 v/v + 0.22 wt% LiNOs, (iii) 1 M
LiPFg in EC/DEC 1/2 v/v + 0.16 wt% LiNO,, or, (iv) 1 M LiPFg in
FEC/DEC 1/4 v/v.

Electrochemical cycling tests of the full cells at 25°C were
performed in a climate chamber (Binder, Germany) using a multi-
channel cycler (Maccor, USA). The cycling tests at 45°C were
performed in a climate chamber (Espec, USA) using a multi-channel
potentiostat (Biologic VMP3, France). Two formation cycles of the
cells were performed between 3.04.2V, with a 0.1 C constant
current and constant voltage (CCCV) charge (with a current
limitation of 0.01C), and with a 0.1C CC discharge.
Subsequently, the cells were cycled in the same voltage window
with a 0.5C CCCV charge (with a current limitation of 0.125 C),
and with a 0.5 C CC discharge. C-rates refer to the capacity of the
limiting electrode, i.e., the positive electrode (1 C = 160 mA gycy
or 2.38 mA cm ?).

Cell assembly for online electrochemical mass spectrometry
and measurement procedure.—For the OEMS experiments, a
custom-made two-compartment cell setup was used, where a
Li*-ion conductive glass-ceramic (LICGC, diameter 1 inch, thick-
ness 150 pm, conductivity 107* Sem™" at 25 °C; Ohara, Japan) is
used as a gas/liquid impermeable separator between the working
electrode (connected to the mass spectrometer inlet of the OEMS) and
the counter electrode in order to suppress any cross-diffusion of liquid
or gaseous reaction products between the electrode compartments. A
detailed description of the design can be found elsewhere.”” A metallic
lithium counter electrode was placed at the bottom of the OEMS cell
and covered with a glass fiber separator (24 mm Whatman GD type
AJE, USA) wetted with 100l of 1 M LiPFq in EC/DEC 1/2 v/iv. On
top of the glass fiber separator, the glass-ceramic was placed as a
separator, with PTFE-covered aluminum as a gasket to seal against the
counter electrode compartment (i.e., the lower compartment of the
OEMS cell). Next, a glass fiber separator (15 mm Whatman GD type
A/E, USA) was put onto the glass-ceramic separator and wetted with
50l of either one of the following electrolytes: (i) 1M LiPFq in
EC/DEC 1/2v/v, (ii) 1M LiPFg in EC/DEC 1/2viv + 0.22 wt%
LiNOs, or, (iii) 1 M LiPF, in EC/DEC 1/2 v/v + 0.16 wt% LiNO,.
Finally, a carbon black model electrode coated onto a stainless steel
mesh was placed as a working electrode on top of the stack, which
was then compressed by a spring in the sealed OEMS cell.

The cells for the OEMS experiments were placed in a climate
chamber (CTS, Germany) at 25 °C, using a multi-channel potentio-
stat (Biologic SP-300) and a mass spectrometer system (HiQuad
QMH 400-1, Pfeiffer Vacuum, Germany) that is described in detail
elsewhere.’® After connecting the cell to the potentiostat and the
mass spectrometer system, the cell was purged for 5 min with Ar in
order to remove remaining gas traces from the assembly in the
glovebox atmosphere. Afterwards, the cell was held at open circuit
voltage (OCV ~3.0 V vs. Li*/Li) for 4 h to get a stable background
of the mass signals. For the measurements, the carbon black working
electrode potential was ramped with 0.1 mV s~ from OCV to the
desired potential for each experiment.

To convert the measured mass spectrometer currents into con-
centrations, the OEMS cell was purged after each measurement with
the following calibration gases (Westfalen AG, Germany): (i)
2000 ppm nitric oxide (NO) in Ar, (ii) 1000 ppm nitrogen dioxide
(NO,) in Ar, (iii) 2000 ppm nitrous oxide (N,O) in Ar, and, (iv)
2000 ppm each of carbon dioxide CO,, carbon monoxide CO, and
ethylene (C,H,) in Ar. Table I lists the relevant, most pronounced

Table I. Most pronounced m/z mass signals and the respective calibra-
tion factors based on calibration gases that contain 2000 ppm of the
respective gas in Ar, determined for the here used OEMS system. The
calibration factor corresponds to the value of the ion current ratio of the
respective gas over that of the **Ar signal (I/15) for a concentration of
2000 ppm in Ar, which is measured after extensive flushing of the OEMS
cell with the respective calibration gas.

Assembly of half-cells for cyclic volt
procedure.—Cyclic voltammetry (CV) analysis was performed in
coin-cells using a half-cell setup with a carbon black model electrode
against metallic lithium (450 pm thick, 15 mm diameter, 99.9%;
Rockwood Lithium, USA). Cells were assembled in an argon-filled
glovebox (O, and H,O < 0.1 ppm; MBraun, Germany) with a glass
fiber separator (Whatman GD type A/E, USA) using 60 pl of one of
the following three electrolytes: (i) 1 M LiPFq in EC/DEC 172 v/v
(20 ppm H,0; Gelon, China), (ii) 1 M LiPFg in EC/DEC 1/2 v/v +
0.22 wt% LiNOs, or, (iii) 1 M LiPFg in EC/DEC 1/2 v/v + 0.16 wt%
LiNO,. CV measurements were performed at 25 °C in a climate
chamber (Binder, Germany) using a multi-channel potentiostat
(Biologic VMP, France). The voltametric scans were conducted
with a scan rate of 0.1 mV s™'

Gas Mass signal m/z Calibration factor
try and ement
NO 30 0.56
16 0.0072
14 0.03
NO, 30 0.46
16 0.0146
14 0.03
N.O 44 0.23
30 0.10
16 0.014
14 0.032
CO, 44 0.80
co 28 0.57
within varying potential windows. CH, 26 0.322
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m/z signals for each of the gases as well as the respective calibration
factors corresponding to 2000 ppm of the respective gas. In addition,
the mass signal of CO m/z = 28 was corrected for the contribution of
C,H, and CO; to m/z = 28. For this, the fragmentation patterns of
C,Hy and CO, were determined by flushing the headspace of
an empty cell with mixtures of CO, C,Hy, and CO, in Ar
each at different concentrations of 1000 ppm, 10.000 ppm, and
50.0000 ppm. From this, a constant ratio of Ly (CoH)/l
(CHy) = 1.6 for CoH,, and of Iy (CO,)/Luy (CO5) = 0.1 for CO,
was determined, and the correction conducted according to:
Ly(CO) =L 0.1 - Ly (CO,) —1.6-1, (CHy). Similarly, the
mass trace m/z =44 shows contributions from CO, and N,O.
When no NO and NO, are present (both gas species have their
major signal on m/z = 30), the mass trace m/z = 44 can be analyzed
with respect to the evolution of CO, by subtracting the contribution
of N>O as determined by analyzing the mass trace m/z =30
according to: I44(CO,) = Iyy — 0.23/0.1 - I33(N,0). Consequently,
the mass trace at m/z = 44 corresponding to N,O can be obtained
according to: T;4(N,O) = Iy — I44(CO,). Since NO and NO, both
have m/z = 30 as the major signal and since they do not significantly
differ in their m/z patterns, they cannot be distinguished from each
other in these OEMS experiments. To convert the gas concentrations
in the cell head-space (11 mL) into pmol, the ideal gas law was used.

XPS measurements.—XPS spectra were acquired using an Axis
Supra system (Kratos, UK) equipped with a monochromatic Al Ko
X-ray source (photon energy = 1486.6 V) and an emission current
of 15mA. Pass energies of 40eV for high-resolution spectra and
160 eV for survey spectra were selected with the hybrid lens mode.
The beam area was set (0 ~2 x 1 mm? using the slot collimation
mode. Electrodes were harvested from the cells and rinsed with
1 mL of DMC (299, anhydrous, Sigma Aldrich) and dried for 12 h at
room temperature under vacuum. Next, the electrodes were mounted
on the XPS sample holder inside an argon-filled glovebox (O, and
H,0 < 0.1 ppm; MBraun, Germany), which was then transferred (air
exposure of < 1 min) into the XPS load-lock. The electrodes were
kept in the load lock until a pressure of ~10® Torr was achieved.
XPS measurements were conducted after transfer into the main
chamber at pressures of ~10~" Torr.

Survey spectra were first recorded for all samples with a step size
of 1.0eV and a dwell time of 100 ms, while high-resolution spectra
of the N 1s region were collected with 0.05eV step size and
1000 ms dwell time. All spectra were calibrated to the adventitious
carbon peak at the binding energy of 284.8 eV. Charge neutralization
was not required, as no binding energy shifts indicative of
(differential) charging were observed. The binding energy of the
hemispherical analyzer was calibrated with in situ sputter-cleaned
silver, gold, and copper standard samples. Thereby, the kinetic
energies of the Ag 3d (1118.51 eV), Au 4 f (1402.73 eV), and Cu 2p
(554.07 eV) core levels were referenced with an accuracy of 25 meV
to the known peak values.

Results and Discussion

Effect of LiNO; on the cycle-life of full-cells with silicon
anodes.—In the following, the effect of LiNO; on the performance
of silicon anodes over extended cycling will be investigated and
discussed. The silicon anodes used in this study are comprised of
microscale silicon particles which are only lithiated to a certain share
of their total capacity (~32%, corresponding to ~1145 mAh gg; ")
in order to limit the volume expansion of the silicon and therefore
diminish degradation phenomena.®***'=** We cycled the silicon
anodes in a full-cell configuration against NCM622 cathodes and
compared the capacity retention of cells with a LiNOs-containing
electrolyte (1 M LiPFg EC/DEC 1/2 v/v + 0.22 wt% LiNOs) to those
cycled with a reference electrolyte (1 M LiPFy EC/DEC 1/2 v/v) in
order to analyze the influence of the LiNOs electrolyte additive on
the cycle-life of the silicon anodes. To be able to compare the
performance of the LiNO; additive to an optimized electrolyte

system for silicon anodes, we additionally cycled full-cells con-
taining 1M LiPFs in FEC/DEC 1/4v/v for comparison. To
investigate the effect of the temperature of different electrolyte
systems on cycling stability, full-cells were cycled at two different
temperatures, namely at 25 °C and 45 °C.

Figure 2 shows the mean discharge capacity and coulombic
efficiency (CE) of the SillNCM622 full-cells cycled with the
reference electrolyte (1 M LiPF, in EC/DEC 1/2 v/v; gray), with
LiNO;-containing electrolyte (1M LiPFs in EC/DEC 1/2v/v
+0.22 wt% LiNOs; purple), and with an FEC-based electrolyte
(1M LiPF; in FEC/DEC 1/4 v/v; magenta) at 25 °C. Over the first
~50 cycles, all cells exhibit the same discharge capacity and aging
behavior. While cells with the EC/DEC-based electrolyte without
LiNO; additive drop to 80% of their initial capacity already after
104 cycles (gray), the cells containing the LiNO; additive (purple)
sustain 225 cycles before they drop to 80% of their initial capacity
(all referenced to the discharge capacity of the first cycle at C/2).
This corresponds to an extension of the cycle-life by more than a
factor of two. The mean discharge capacity of these cells remains
remarkably constant, with a capacity retention of 88% until the
200th cycle, after which the capacity starts to drop more rapidly. In
comparison, cells cycled with the FEC electrolyte (magenta) exhibit
a capacity retention of only 81% at 200 cycles; however, these cells
show a rather continuous capacity decrease and no accelerating
capacity decay after some point. Thus, the FEC-based cells outper-
form the cells cycled with the LiNO; additive for a higher number of
cycles.

The rapid capacity decay of the cells cycled only with the
EC/DEC electrolyte after ~50 cycles is also reflected in the
coulombic efficiency (CE), as displayed in the upper panel of
Fig. 2 (gray). We can rationalize the poor cycling stability by the
absence of an electrolyte component that forms a sufficiently stable
SEI that is able to withstand the continuous silicon particle
expansion/contraction and is, therefore, unable to prevent the
continuous reduction of electrolyte components and the associated
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Figure 2. Specific discharge capacities (lower panel) and coulombic
efficiencies (upper panel) of SilINCM622 coin-cells (NCM622 cathodes with
2.4+0.1 mAhcm™ and Si anodes with nominally 7.5 + 0.4 mAh em™?
utilized to ~32%) cycled at 25 °C. Cells were built with one glass fiber
separator (Whatman GD type A/E) and 60 pl of three different electrolytes:
(i) 1 M LiPFg in EC/DEC 1/2 v/v (gray), (ii) | M LiPFg in EC/DEC 1/2 v/v +
0.22 wt% LiNOs; (purple), or, (iii) 1 M LiPF4 in FEC/DEC 1/4 v/v (magenta).
The cells were cycled between 3.0-4.2 V, first for two formation cycles with
C/10 CCCV charge (until 0.01 C) and a C/10 CC discharge, followed by
continuous cycling with C/2 CCCV charge (until C/8) and C/2 CC discharge.
Error bars represent the standard deviation of 3 independent repeat
measurements.
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loss of cyclable lithium. In contrast, the LiNO; electrolyte system
can maintain the initial CE of ~99.85% for almost 200 cycles until a
rapid decay is observed (purple). Experiments with different LINO;
concentrations in the EC/DEC electrolyte have shown that the onset
of this rapidly accelerating capacity decrease is directly proportional
to the LiNOj; content in the cell (see Fig. A-1 in appendix Al). This
is analogous to a study on the effect of the concentration of FEC
additive to an EC/EMC electrolyte by Jung et al.® where it was
shown that the cycle-life of the cells would directly correlate with
the absolute amount of FEC in the cell. Thus, we believe that the
rapid drop of the CE efficiency starting at ~200 cycles is caused by a
complete depletion of the LiNO; species in the electrolyte. As
shown in the reference electrolyte, the reduction of only EC and
DEC apparently forms a less effective SEI, causing a rapid drop in
the CE. However, the first-cycle efficiency of the cells cycled only
with EC/DEC, amounting to 81.0+1.1%, does not differ significantly
from that of the cells containing the LiNO; additive (80.8+0.3%).
This indicates that the initial passivation by the EC/DEC species is
not less efficient but does not seem to be as stable over extended
cycling. Hence, we believe that the LiNO; additive forms an SEI that
is more persistent against the morphological changes of the silicon.
In comparison, the cells cycled with the FEC electrolyte exhibit a
similar first-cycle efficiency of 81.5+0.03% as the other two
electrolyte systems. Over the course of cycling, the CE of the
FEC-based cells is similar to that of the cells cycled with the LiNO;
additive. However, the cells cycled with the FEC additive do not
show a rapidly accelerating capacity drop starting at a specific point
during cycle-life. This can be explained by the significantly higher
concentration of FEC additive (~30 wt%) in the electrolyte com-
pared to that of the more than two orders of magnitude lower
concentration of the LiNO; additive (0.22 wt%; limited by its
solubility). In line with the slightly higher CE of the cells containing
LiNO; compared to the cells with the FEC electrolyte, the specific
discharge capacity of the FEC-free cells surpasses those containing
FEC for approximately 70 cycles. Even though the cells cycled with
the LiNO; electrolyte reveal an accelerating capacity drop after
~200 cycles, the performance of these cells up to this point is
impressive when considering the rather low LiNO; concentration in
the cells. The similar performance of both electrolyte systems
demonstrates the highly effective passivating properties of the
LiNO; additive for silicon anodes when full-cells are being cycled
at room temperature.

Next, the cycle-life of Sil[NCM622 full-cells with the different
electrolyte systems were tested at 45 °C, using the identical cell
setup and cycling procedure. The discharge capacity and coulombic
efficiency of these cells are shown in Fig. 3. Cells cycled with the
EC/DEC electrolyte without LiNO3 (gray) reach 145 cycles before
losing 80% of their initial capacity. Interestingly, this corresponds to
a gain of more than 40 cycles compared to their cycle-life at 25 °C
(see Fig. 2). Even though the first-cycle efficiency of 80.7 +0.0% is
similar to the one observed at 25 °C, continuous cycling showed an
improved average CE of ~99.7% over the course of ~100 cycles,
where the rapidly accelerating capacity decay of the cells begins. For
the cells with the LiNO; additive (purple), a capacity retention of
80% is reached at 227 cycles (similar to what was observed at 25 °C,
see Fig. 2 and a first cycle efficiency of 81.5 +0.0% (based on three
cells) is obtained. The onset of the rapidly accelerating capacity
decay occurs at ~225 cycles, which again is similar to what was
observed at 25 °C. A striking difference to the LiNO;-free cells is
the gradually increasing CE over the first ~75 cycles, which could
derive from parasitic oxidation reactions which are not contributing
to the capacity. This makes the interpretation of the coulombic
efficiency very difficult in this case.

In contrast, the FEC-based cells (magenta) show a more
pronounced temperature effect, namely a significantly decreased
performance at elevated temperatures. 80% of the initial C/2
discharge capacity is already reached in cycle 144, 65 cycles less
than for cycling at 25 °C. FEC decomposition at elevated tempera-
tures was shown to result in the formation of HF and in a significant
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Figure 3. Specific discharge capacities (lower panel) and coulombic
efficiencies (upper panel) of SillNCM622 coin-cells (NCM622 cathodes with
24+0.1 mAhcem™" and Si anodes with nominally 7.5 +0.4 mAh em™2
utilized to ~32%) cycled at 45 °C. Cells were built with one glass fiber
separator (Whatman GD type A/E) and 60 pl of three different electrolytes:
(i) 1 M LiPF,, in EC/DEC 1/2 v/v (gray), (ii) 1 M LiPF, in EC/DEC 1/2 v/v
+ 0.22 wt% LiNOj (purple), or, (iii) 1 M LiPFs in FEC/DEC 1/4 v/v
(magenta). The cells were cycled between 3.0-4.2 V., first for two formation
cycles with C/10 CCCV charge (until 0.01 C) and a C/10 CC discharge,
followed by continuous cycling with C/2 CCCV charge (until C/8)
and C/2 CC discharge. Error bars represent the standard deviation of
3 independent repeat measurements.

performance loss of the cells.** Under such conditions, the thermal
stability of LiNO; becomes apparently more relevant, and cells
cycled with the LiNO; additive even outperform the ones cycled
with the FEC additive. The cycling data shown here demonstrates
the advantages of the LiNOj; additive, even though its solubility in
carbonate-based electrolyte systems is very low.

Comparing the results of our cycle-life test to the literature is
difficult, since there is very little published on the use of LiNO; as an
electrolyte additive for microscale silicon anodes in combination
with carbonate-based electrolyte systems. Nguyen et al.'' investi-
gated the effect of LiNO; additive in 1.2M LiPFs in EC/DEC
1/1 w/iw on the performance of full-cells with silicon-graphite
composite anodes and NCM111 cathodes. A saturated solution of
LiNO; in the electrolyte (in their study, the LiNO; solubility was
given as ~0.5 wt%) increased the capacity retention of these full-
cells after 100 cycles from only 8.8% for the additive-free electrolyte
to 57.6%, which even outperformed the capacity retention of 44.6%
upon the addition of 10 wt% FEC to the electrolyte. As already
observed here, the first-cycle efficiency was found to not increase by
the addition of LiNOs, which the authors explained by the significant
reduction of the LiNO; species deduced from their dQ/dV analysis.
Investigation of the SEI on the silicon-graphite composite electrodes
revealed LiNO, R3N, and Li;N species as the main reduction
products of the LiNO; additive. Moreover, XRD and IR-ATR
detected an increased lithium carbonate content compared to the
additive-free electrolyte. To this day, LiNO; in carbonate-based
electrolyte systems is predominantly used as an additive in lithium
metal batteries (LMBs), where the additive could si;ni[icanl]y
increase the cycle-life of LillNCA or LillNCM cells."®** Next to
an SEI with fast charge transfer kinetics, attributed to the incorpora-
tion of Li,O and Li3N as reduction products of LiNO;, a dendrite-
free and favorable spherical morphology of Li nuclei was
obtained,!7-18:22:23.35

Investigation of the reduction p ial of LiNO; on carbon
black model electrodes.—To gain insights into the reduction
mechanism of LiNO;, we examined the reduction processes in the
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Figure 4. First reductive voltammetric scans from 2.5 to 0.1V at
0.1 mV's ', taken for half-cells with carbon black (C65) working electrodes
and lithium metal counter electrodes (with a Whatman GD type A/E glass
fiber separator), assembled with different electrolytes. (a) Flr\l reductive
voltammetric scan of C65IILi coin- cclls (0.6 £ 0.1 mgces cm 2 , exposing a
total carbon surface area of ~0.07 m?) with 50 plof: i) I M LIPF6 in EC/
DEC 1/2 v/v (gray), (ii) 1 M LiPFg in EC/DEC 1/2 v/v 4+ 0.22 wt% LiNO4
(purple), or, (iii) 1M LiPFs in EC/DEC 1/2v/v + 0.16 wt% LiNO,
(turquoise). (b) First reductive voltammetric scan of a C63IILi com -cells
(1.0 mgces cm ﬁ, pr()sm;_. a total carbon surface area of ~0.11 m ) with
50 pul of 1 M LiPFg in EC/DEC 1/2 v/v with varying LiNO; concentrations:
(i) without LiNOj3 additive (gray), (ii) with 0.055 wt% LiNOs additive (very
light purple), (iii) with 0.11 wt% LiNOj; (light purple), (iv) with 0.165 wt%
LiNO; (purple), and (v) with 0.22 wt% LiNO; (dark purple). The current is
normalized to the total C65 surface area of the electrodes based on the BET
area of C65.

presence of LiNO; via reductive voltametric scans using carbon
black working electrodes in combination with a lithium metal
counter electrode (see Fig. 4). The hwh surfd«.e area of the here-
used C65 carbon black (BET = 64 m? g !y and the only small
contribution of the lithium intercalation reaction for C65, owing to
its low degree of graphitization, are both advantageous to investigate
the mechanism of the reductive decomposition of the electrolyte
(i.e., maximizing surface area while minimizing intercalation). The
first reductive scan of the reference electrolyte system without
LiNO; (i.e., 1M LiPFs in EC/DEC 1/2v/v) shown in gray in
Fig. 4a reveals the onset of a reductlon featuxe at <0.8 V vs. Li'/Li,
corresponding to the reduction of EC.* In contrast, the CV scan of
the electrolyte system containing the LiNO; additive (1 M LiPFg in
EC/DEC 1/2 v/v + 0.22 wt% LiNOs; purple) shows the onset of a
reduction feature at already <1.8 V vs. Li*/Li, with two distinct
peak maxima at 1.56 and 1.39V vs. Li"/Li. In addition, the
reduction peak of the EC species that was observed in the reference
electrolyte (gray) completely disappeared, indicating a substantial
suppression of the EC reduction process. Hence, the LINO; additive
appears to effectively passivate the carbon surface before the EC
reduction potential is reached. So far, the two clearly distinct
features of the reduction of LiINO; have not been described in detail
in the literature: even though dQ/dV analysis of LiNOs-containing
full-cell systems could reveal a similar first reduction potential of
1.7V vs. Li*/Li, the typically conducted analysis (i.e., without
making use of high surface area carbon black electrodes) does not
allow to resolve the individual reduction peaks which can be
observed in our analysis.'"'® Several studies suggested the first
reduction step of LiNO; to be the formation of LiNO, and Li,O
according to reaction 1.1.31%3¢ In both ether-based as well as
carbonate-based electrolytes, LiyNOy species are often described to

be a comPonent in the passivation film formed upon LiNO;
reduction.”?>3%37 [ principle, LiNO, could be one of these
LiyNO, species, but its measured solubility in EC/DEC electrolyte
(0.16 wt%, corresponding to 0.036 M) is very similar to that of
LiINO; (0.22 wt%, corresponding to 0.038 M) so that LiNO,
detected by, e.g., XPS analysis of harvested electrodes, might stem
from remaining electrolyte (i.e., residual electrolyte on harvested
electrodes), similar to residual NO3 species.” 13

LiNO;3 + 2 Lit + 2e~ — LiNO; + Li,O [1.1]

To identify the role of the LiNO, species in the reduction
mechanism of LiNO; and to gain a better understanding of the
reduction features observed in Fig. 4a, we examined the reduction of
a LiNO,-containing electrolyte separately in an analogously con-
ducted experiment. Since LiNO, is commercially not available, we
synthesized it from L1C] and AgNO, according to a synthesis
described by Uddin et al., 2 as outlined in the Experimental section.
The synthesized LiNO, was dissolved in a 1 M LiPFg in EC/DEC
1/2 viv electrolyte and had a solubility of ~0.16 wt% (corresponding
to 0.036 M), rather similar to that of LiNO; (0.038 M). The first
reductive voltametric scan of the LiNO,-containing electrolyte is
depicted in turquoise in Fig. 4a. Here, one only observes one reduction
peak at 1.39V vs. Li*/Li, which aligns with the second reduction
feature observed with the LiNOs-containing electrolyte (purple).
Analogous to what was observed for the latter, no EC reduction
peak is observed for the LiNO,-containing electrolyte, also demon-
strating the passivating capability of the LiNO, reduction product(s).
Considering (i) that the first reduction peak at 1.56V vs. Li'/Li
observed for the LiNO;-containing electrolyte (purple) is not present
in case of the LiNO,-containing electrolyte and (ii) that the reduction
peak at 1.39V vs. Li*/Li is observed for both the LiNOs- and the
LiNO»-containing electrolytes provides substantial proof that LINO,
is a reduction product of LiNOs, formed during the first reduction
peak. Thus, we assign the first reduction peak at 1.56V for the
LiNOs-containing electrolyte to the reduction of LiNO; to LiNO,
according to reaction 1.1, while we ascribe the second reduction peak
observed at 1.39 V to the consecutive reduction of LiNO,.

To further investigate the subsequent reduction of LiNO, and the
thereby formed passivating layer on the carbon surface, we
performed OEMS measurements to investigate the gas evolution
that is accompanied by the reduction of LiNO, species and
conducted post-mortem XPS analysis on carbon black electrodes.

Gas evolution during the reduction of LiNO; - and LiNO, -
containing electrolytes.—Typically, the formation of a solid SEI is
accompanied by the evolunon of gaseous products resulting from
electrolyte decomposmon Studying gas evolution can thus pro-
vide insights into the mechanistic reduction pathway. Since gas
evolution is observed for most electrolyte systems, depending on the
cell type (e.g., pouch-cells) lithium-ion batteries need to undergo a
degassing step to remove the evolved gases after cell formation,
introducing an additional step in cell manufacturing.”® In general, it
is desired to tailor the electrolyte systems with additives that form a
stable and effective SEI but, at the same time, do not release large
amounts of gas after the initial formation cycle. Carbonate-based
electrolyte systems usually consist of cyclic carbonates such as
ethylene carbonate (EC) and linear carbonates, e.g., diethyl carbo-
nates (DEC), both of which lead to the evolution of gases upon their
reduction at potentials of typically <1 V. A powerful method to
analyze and quantify the gas evolution of electrolytes is online
electrochemical mass spectrometry (OEMS).>*40

In the following, we will analyze the potential-dependent gassing
behavior of LiNO;- and LiNO,-containing electrolytes using carbon
black working electrodes in a two-compartment OEMS cell, where
only gases evolved at the working electrode are being detected by the
mass spectrometer (see Experimental section). Figure 5 shows the
current density (upper panel) and the gas evolution (lower panel)
during a reductive voltage scan on carbon black working electrodes
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Figure 5. First reductive voltammetric scan (upper panels) and gas evolution (lower panels) of a carbon black working electrode (2.0 = 0.1 mgces em™2,
exposing a total carbon surface area of ~0.23 m?) in a C65IILi two-compartment OEMS cell with three different electrolytes in the working electrode
compartment: (a) 1 M LiPFg in EC/DEC 1/2 v/v, (b) 1 M LiPFg in EC/DEC 1/2 v/v + 0.22 wt% LiNOs, and, (¢) 1 M LiPFg in EC/DEC 1/2 v/v 4 0.16 wt%
LiNO,. The voltage scan was performed with 0.1 mV s ! from OCV (~3.0 V vs. Li '/Li) to 0.1 V vs. Li '/Li. The current and the molar quantities of evolved
ethylene (determined at m/z = 26), carbon monoxide (determined at m/z = 28), carbon dioxide (determined at m/z = 44), and nitrous oxide (determined at
m/z = 44, 30) based on the calibration factors in Table I is normalized to the BET surface area of the C65 working electrodes (~0.23 mz). Note that due to the use
of a gas/liquid impermeable, lithium-ion conducting glass-ceramic separator in the two-compartment cell, the detected gases only derive from the carbon working
electrode (see Experimental section). Dotted lines represent the mass trace of the gas measured during the OCV period that follows the potential scan.

with three different electrolytes: a) with 1 M LiPFs in EC/DEC
1/2 v/v, b) with 1 M LiPFg in EC:DEC 1/2 v/v + LiNOs, and, ¢) with
1 M LiPFg in EC:DEC 1/2 v/v 4+ LiNO,. To allow comparability, both
current density and the amounts of evolved gas are normalized to the
BET surface area of the carbon black electrode (~0.24 m?). The
current profile is shown for a voltammetric scan of the carbon black
working electrode from OCV (~3 V) to 0.1 V vs. Li*/Li. The EC/
DEC reference system without any additive (Fig. 5a) shows a
distinctive reduction peak at 0.8V vs. Li*/Li (see upper x-axis),
accompanied by the evolution of ethylene (blue), whose concentration
rapidly increases until a plateau of ~19 pmol mz3; is reached. The
predominant ethylene signal originates from the major reduction
pathway of EC to ethylene and lithium ethylene dicarbonate
(LEDC).*® Next to ethylene, the evolution of CO is observed (orange),
reaching a total amount of ~3 pmol mg}y; it originates from both a
minor, direct 2-electron EC reduction pathway and from the reduction
of DEC.® In addition, CO; evolution (dark blue) is observed, starting
at ~2 V vs. Li"/Li, until it is consumed again at potentials below 1 V
vs. Li*/Li. The initial CO, evolution can be explained by the reaction
of EC with OH ", whereby the latter is produced by the reduction of
trace water in the electrolyte;*'** below 1.5 V vs. Li'/Li, CO, can be
reduced again, forming Li>COs as its main reduction producl."3 No
other unique m/z signals were observed.

The current response to a reductive voltammetric scan and the
gas evolution for an electrolyte system with the LiNO; additive are
shown in Fig. 5b. As already shown in Fig. 4b, during the reductive
scan in the presence of LiNOj, two characteristic features at 1.56 V
and 1.39 V vs. Li"/Li can be observed, whereas the EC reduction
peak at 0.8 V is almost completely suppressed. The EC reduction
feature is not entirely suppressed as the mesh-based carbon
electrodes for the OEMS cell bear higher mass loadings and thus
expose a higher surface area. Consequently the amount of LiNO; is
not sufficiently high enough to fully passivate the carbon surface.
For the second reductive feature with its peak at 1.39 V vs. Li*/Li, a
parallel gas evolution with the mass of m/z =30 and m/z =44 is
observed at ~1.4 V vs. Li"/Li (marked by the vertical dotted line in
Fig. 5b). Conceivable gaseous reduction products for LiNO; and

LiNO, reduction—the latter being the primary reduction product of
LiNO3—could be N,O, NO,, and/or NO. As described in the
experimental section (Table T), all of these three gases have a
mass signal at m/z=30; NO,, as well as NO, has the most
pronounced mass signal at m/z = 30, while N>O has its strongest
signal at m/z = 44. When converting the mass trace m/z = 30 and 44
with the calibration factor corresponding to N,O (as done in Fig. 5b),
both concentrations align very well at potentials below 1.5V vs.
Li*/Li. From that, we can conclude that N>O is formed during the
initial reduction of an LiNOs-containing electrolyte. Prior to that, the
evolution of CO, (dark blue in Fig. 5b) is observed again at a
potential of ~2V vs. Li"/Li where no increase at mass trace
m/z =30 is observed and, thus, the increase in m/z =44 can be
assigned to the evolution of CO, at potentials above 1.5 V vs. Li*/Li,
which qualitatively is similar to the measurement of the reference
electrolyte (dark blue in Fig. 5a), where CO, was also found to get
reduced and thus consumed at potentials < 1.5V vs. Li‘/Li.
Therefore, the mass signal at m/z =44 over the course of the
measurement was treated separately: the first peak of m/z =44 at
potentials >1.5V vs. Li*/Li was assigned to CO, (dark blue) and,
thus, converted into molar quantities with a calibration factor of 0.8 (see
Table I); the second peak of m/z = 44 was assigned to N,O (dark green)
and fitted with a calibration factor of 0.23 (see Table I) and, accordingly,
the mass signal of m/z =30 (light green) was converted with the
corresponding calibration factor for NO of 0.1 (see Table I). This yields
a consistent maximum N,O concentration of ~3 pmol mg%; for both
the m/z = 30 and m/z = 44 mass traces, validating our assignment of the
mass traces m/z =30 and m/z =44 below 1.5V vs. Li'/Li to N,O.
After reaching a maximum concentration at ~1.0V vs. Li/Li, the
formed N>O is gradually consumed again when scanning to lower
potentials. Mechanistic considerations and proposed reduction reactions
are described in the section below, discussing the gas evolution for the
LiNO,-based electrolyte.

The OEMS data show that the effective surface passivation by
the reduction product(s) of the LiNO; additive almost completely
suppresses the reduction of EC, resulting in an almost 75% decrease
in the amount of evolved ethylene (blue) below 0.8 V, reaching only
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~5 pmolmgi; by the end of the scan compared to the

~19 pmol mzE; that was observed for the LiNOs-free reference
electrolyte (see Fig. 5a). Interestingly, the observed amount of CO of
~3 pmol mpir is not diminished compared to the reference
electrolyte. CO evolution during formation stems either from an
alternative EC reduction pathway (as compared to the formation of
ethylene gas and LEDC) or the reduction of the linear carbonate.™®
Thus, the presence of LiNO; in the electrolyte apparently diminish
the alternative EC reduction pathway and the reduction of DEC to a
smaller extent. The exact origin of this phenomena remains
unknown and is beyond the scope of this study. Figure 5c depicts
the current density and gas evolution during the reductive voltam-
metric scan of a C65llLi OEMS cell with LiNO,-containing
electrolyte. Consistent with Fig. 4a (turquoise), only one character-
istic reduction peak at 1.39 V vs. Li*/Li is observed. Furthermore,
the EC reduction peak at 0.8 V is also diminished (blue), even
though slightly larger amounts of ethylene are evolved compared to
the LiNOj-containing electrolyte (see Fig. 5b). While the reduction
of LINO; to LiNO, already forms Li,O as a passivating film (see
reaction 1.1), the direct use of LiNO, as additive in the electrolyte
bypasses this first reaction, which might explain the slightly higher
amount of ethylene produced at the end of the reductive scan with
LiNO;- vs. LiNOs-containing electrolyte (~7 vs. ~5 pmol mg}r);
nevertheless, the amount of ethylene is still reduced by more than
60% with respect to the reference electrolyte. Again, small amounts
of CO, evolved around 2.0 V vs. Li"/Li and can be traced back to
trace amounts of water, as already observed in the case of the
reference electrolyte.*'*> The correction and conversion of mass
signal m/z =44 was done analogously to the measurement with
LiNO; (Fig. 5b). The reduction of LiINO, with its peak at 1.39 V vs.
Li*/Li shows the evolution of N,O starting from ~1.4 V vs. Li/Li
at the mass signals m/z =44 and m/z = 30 (marked by the vertical
dotted line in Fig. 5c). The observation of N,O gas with the
LiNO,-containing electrolyte gives evidence that the N,O is con-
nected to the reduction of LiNO, species. This is in line with the
observation of the N,O gas evolution starting at the second reductive
feature already in the measurement with the LiNO;-containing
electrolyte (see Fig. 5b). We propose that the reduction of LiNO, to
N>O proceeds according to reaction 1.2: next to N,O, additional
Li,O is formed, which Passivales the surface as a solid reduction
product. Jozwiuk et al."* already observed the evolution of N,O in
lithium-sulfur battery systems using LiNO; as an electrolyte
additive. In this study, the N,O gas is formed upon the reaction of
LiNO, with sulfur.

2LiINO, + 4e™ + 4Li* - N,O + 3 Li,O [1.2]

Based on this assumption, an N,O quantity of ~3 pmol mgZy are
being produced, which is supported by the reasonably close
correspondence between the N,O quantities derived from channels
m/z =44 and m/z = 30 using the calibration factors in Table I. In
comparison, the complete conversion of LiNO, to N,O according
to reaction 1.2 would result in a higher N,O quantity of
~7.8 pmol mgy, based on a total electrolyte amount of 50 pl with
0.16 wt% LiNO, and a carbon BET surface area of 0.23 m’.
However, N,O gas is consumed at the same time once it is evolved,
as indicated by the strong decrease of the N,O signal below/near
~1.0V vs. Li"/Li (see light/dark green lines in Fig. 5c), so that it
cannot be determined at this point whether all or only significant
fraction of LiNO, are being reduced according to reaction 1.2. To
identify the reaction products of this competing reaction and to
investigate the solid reduction products on the surface of the carbon
electrode, we next conducted XPS measurements. Overall, the
OEMS data validate the strongly passivating properties of LiNO;
and LiNO,, leading to a significantly reduced ethylene evolution,
indicating a strongly suppressed EC reduction, as well as to the
formation of N,O as an intermediate product.
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Figure 6. XPS N 1 s spectra of carbon electrodes (0.6 = 0.1 mgces cm_z),
harvested either after an overnight soak in 1 M LiPFg in EC/DEC 1/2 v/v +
0.22 wt% LiNO3 (upper spectrum, dark purple) or harvested from C65IILi
coin-cells with 1 M LiPF¢ in EC/DEC 1/2 v/v + 0.22 wt% LiNOj; after two
voltage scans to 1.56 V (middle spectrum, purple) or 1.00 V vs. Li'/Li
(bottom spectrum, light purple). Counts per second were artificially adjusted
for better visualization.

Investigation of solid reduction products by XPS analysis.—To
analyze solid reduction products on the surface of the electrodes,
we conducted a negative voltammetric scan with C65-electrodes to
different voltages in an LiNOj-containing electrolyte and then
harvested the electrodes for XPS analysis. The N 1 s spectrum of a
carbon electrode soaked overnight in a coin half-cell filled with
1 M LiPFg in EC/DEC 1/2 v/v + 0.22 wt% LiNO; does not show
any significant signal (see Fig. 6 upper spectrum), confirming the
efficacy of the washing procedure applied to the harvested
electrodes. We then performed XPS analysis on a carbon black
electrode harvested from a C65IILi coin-cell after its voltage had
been scanned from OCV to the potential of the first reductive peak
at 1.56 V vs. Li"/Li (see appendix A2). The N 1 s spectrum of this
electrode (middle spectrum in Fig. 6 shows the development of a
very small signal at ~400 eV, which can be assigned to R;N/LizN
species. LisN is a known reduction product of LiNO, in ether- and
carbonate-based electrolytes.' 1132236 The presence of Li3N in the
XPS spectrum already at 1.56 V vs. Li*/Li can be rationalized by
the overlap of the reduction peaks of LiNO; and LiNO, (compare
purple and turquoise curves in Fig. 4a), so that even when the
reductive scan is stopped at 1.56 V vs. Li*/Li, some of the reduced
LiNO; species can already get further reduced to solid R3N/LisN
species. Therefore, we believe that the initial reduction reaction of
LiNO; does not form any nitrogen-containing passivation layer,
consistent with the conversion of LiNO; to insoluble Li,O and
soluble LiNO, species according to reaction 1.1, and that the small

68



Results

69

Journal of The Electrochemical Society, 2024 171 090514

R3N/LisN signal derives from a follow-up reaction of the LiNO,
reduction products.

However, the N 1s peak assigned to R;N/Li3N species sig-
nificantly increases for a carbon black electrode that is harvested
from a CO65IILi coin-cell after its voltage had been scanned from
OCV to a potential of 1.0V vs. Li"/Li, i.e., to a potential far
negative of the LiNO, reduction peak at 1.39 V vs. Li"/Li (see the
turquoise line in Fig. 4a). This suggests the formation of R3N/LisN
as a reduction product of LiNO, and/or N>O and its incorporation
into the SEIL, a follow-up reaction that would be consistent with the
N,O consumption below/near ~1.0V vs. Li‘/Li (Fig. 5c). A
reasonable explanation for these observations would be electroche-
mical reduction of N,O according to reaction 1.3:

N>O +8e” + 8Li* = 2LisN + Li,O [1.3]

The sum of reactions 1.2 and 1.3 then equates to reaction 1.4.,
which is consistent with the reaction of LiNO, with lithium ions to
LisN and Li»O, as proposed by Fu et al.l®

LiNO, + 6 Li* + 6e~ — LisN + 2 Li,O [1.4]

In various studies, R3N/Li3N species were found as part of the
SEl of electrodes cycled in LiNOs-containing electrolyte systems,
which is in line with our findings. It has been shown that Li;N
exhibits excellent lithium-ion conductivity, enabling fast Li" diffu-
sion through the SEI and poor electronic conductivity.'”**® Next
to Li3N, Li,O is also often observed in the SEI when using LiNO; as
an electrolyte additive,'*'>"**7 which again would be consistent
with the reactions described above.

We were able to show that the reduction features at both 1.56 V
and 1.39 V vs. Li'/Li can be assigned to the formation of surface
passivating species. As a direct consequence, the ratio of the two
reduction peaks observed for the reduction of the LiNO; additive
depends on the amount of electrode surface and additive concentra-
tion. For an electrode with an overall low amount of total surface
area, e.g., 0.07 m?, as depicted in Fig. 4a (purple line), only a very
small second reduction peak can be observed. This can be
rationalized by the fact that one equivalent of Li,O is formed by
the reduction of one equivalent of LiNO; (see reaction 1.1), so that
the subsequent reduction of the formed LiNO, is suppressed. On the
other hand, for a larger surface area electrode, e.g., with a total
surface of 0.11 m? as depicted in Fig. 4b (dark purple line), the
surface is less strongly passivated by Li,O formed during the first
reduction step, so that a more pronounced LiNO, reduction feature
due to reaction 1.2 can be seen. Analogously, when the LiNO;
concentration in the electrolyte is being decreased (going from dark
to very light purple lines in Fig. 4b), the height of the second
reduction peak at 1.39 V relative to the height of the first reduction
peak at 1.56 V increases. At the same time, the overall reduction
currents in this potential region decrease, indicating an overall
reduced surface passivation with decreasing LiNO; concentration,
which is reflected by a simultaneous increase of the EC reduction
peak at 0.8 V vs. Li*/Li. The concentration dependence of the latter
suggests that a LINO; content of ~0.22 wt% is just about sufficient
to completely passivate the carbon surface area (~0.11 m?).

Based on the observation that 0.22 wt% of LiNOs in the electrolyte
is sufficient to passivate a carbon surface area of 0.11 m” and the
mechanistic findings represented by reactions 1.1 and 1.4, we can
estimate the number of monolayers of Li>O and Li;N required to
suppress EC reduction by (i) considering the total amount of
LiNOs in the cell (namely 1.9 pmol LiNO; for the 50 pl of added
electrolyte with an LiNOj; content of 0.22 wt% and an electrolyte
density of ~1.2 gcm™?) and by (ii) assuming that essentially all
of the LiNO; gets reduced according to reactions 1.1 and 1.4, so
that 1 mol LiNO; would yield 3 mol of Li,O and 1 mol of LizN
which are precipitated on the carbon surface. Furthermore,
one can estimate the surface covered by one unit cell of Li,O or
LisN: (i) by dividing the crystal volume of the cubic

LiNO, o,
156v _LINO, T
139V _, V2
[1.1]
[1.3]

Li;N +Li,O

e [1.2]

Scheme 1. Reduction reactions of LiNOj electrolyte additive in carbonate-
based electrolyte systems on an anode surface, deduced from the measure-
ments of carbon black model electrodes. The gray numbers in the square
brackets refer to the corresponding equations in the main text.

Fm3m space group for Li,O by its lattice parameter yields the
average surface area occupied by one Li,O molecule, namely
Avio = 101 A74.66 A = 21.7 &; (i) by dividing the crystal volume
of the hexagonal P6/mmm space group for Li;N by its lattice
parameter yields the average surface area occupied by on LizN
molecule, namely Ap;n = 44.9 A73.73 A = 12.0 &. Based on these
estimates/assumptions, the total surface area occupied by Li,O and
LizN from the complete reduction of 1.9 pmol LiNO; in the cells
would be ~1.9 pmol-Ny-(3-21.7 & + 1-12.0 &) ~ 0.88 m> (where
N, is the Avogadro constant). For the here employed total carbon
surface area of ~0.11 m~, this would amount to approximately 7
monolayers of Li;O+Li3N. This would correspond to a thickness of
the SEI of ~3 nm by the passivation of LiNOs, which is in reasonably
good agreement with reported values for an adequate passivation of an
anode surface.** However, such a simplified calculation might
underestimate the SEI thickness and thus the amount of monolayers.
The electrochemically active surface area of an electrode is typically
diminished compared to the single components, as the binder layer
covers the surface. Here, the binder content was selected to obtain a
reasonable binder layer thickness of ~ 9 nm.*’

The reduction mechanism of the LiNOs additive in carbonate-based
electrolyte systems on the anode surface is summarized in Scheme 1:
First, LiNOj; is reduced at a potential of 1.56 V vs. Li*/Li to form both
Li,O, passivating the surface of the anode, and LiNO, that remains
dissolved in the electrolyte (reaction 1.1). Then, the dissolved LiNO,
intermediate gets further reduced at a potential of 1.39 V vs. Li*/Li,
yielding N,O and LiO (reaction 1.2), whereby the latter further
passivates the anode surface. At the same time, N,O is reduced to Li,O
and LizN (reaction 1.3), leading to additional SEI growth.

Oxidation of LiNOz and LiNOj-containing electrolytes.—
Besides the precise knowledge about the reduction reactions on the
anode, the evaluation of the oxidative stability of electrolyte compo-
nents on the positive electrode is also important.*® A decomposition of
the electrolyte additive at the cathode in combination with a Si anode
is particularly undesired, since stable cycling of the silicon requires the
permanent presence of effective SEI-forming additives. In contrast,
the amount of additive in full-cells with a graphite anode is typically
chosen in a way such that the additive is completely consumed during
formation, in which case the oxidative stability limit of an additive can
be as low as 3.8V vs. Li'/Li, where the SEI formation is mostly
completed.”® A typical NCM-based cathode is usual];' operated with
an upper cathode potential of ~4.3-4.5V vs. Li"/Li. o

Thus, the oxidative behavior of the LiNO;- and LiNO,-
containing electrolytes is analyzed in the following, and implications
on full-cell cycling are evaluated. For that, we first performed CV
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measurements on carbon electrodes with the LiNOs;-containing
electrolyte in the oxidative scan direction up to 5.0 V vs. Li"/Li
(Fig. 7a). Since we also want to analyze the oxidative stability of the
intermediate reduction products of LiNO; such as LiNO,, we first
scanned to different negative potentials to form the reduced species
in situ. The negative scans were conducted from OCV (~3.0V vs.
Li*/Li ) to three different negative potential limits in order to
generate different LiNO; reduction species: (i) to 2.0 V vs. Li"/Li,
where we expect no reduction of LiNOs, so that only LiNO5 should
be present; (ii) to 1.45 V vs. Li*/Li, where LiNO, should have been
formed according to reaction 1.1 (see also Fig. 4); and, (iii) to 1.0 V
vs. Li*/Li, where both LiNO, and LiNO; should have been
consumed to a significant extent. As shown in Fig. 7a (dark purple
line), the oxidative CV scan following an initial reductive scan to
2.0V vs. Li"/Li does not show any oxidation features in the
potential region up to ~4.5V vs. Li*/Li, and significant oxidative
currents are observed only once the potential is increased to beyond
4.5V vs. Li*/Li, where the oxidation of EC initiates.*" If the first
reductive scan is continued until 1.45V vs. Li*/Li (purple line in
Fig. 7a), LiNO, is expected to be formed in situ by the reduction of
LiNO;, while its further reduction should still be very slow (see
Fig. 4). Therefore, LiNO, should be present in the electrolyte for the
subsequent oxidative scan, during which a distinct oxidation feature at
~3.5 V vs. Li"/Li is observed. The magnitude of this oxidation feature
strongly decreases again when the initial reductive scan is extended to
a lower potential of 1.0 V vs. Li*/Li (light purple line in Fig. 7a, i.e.,
going far negative of the reduction peak of the LiNO, species, where
the majority of the LiINO, intermediate should be consumed. This
suggests that the oxidation feature observed at ~3.5 V vs. Li*/Li can
indeed be assigned to the oxidation of the LiNO, species.

To get further evidence, we conducted the same experiments with
the LiNOs-containing electrolyte. Here, the oxidative scan starting
from 2.0V vs. Li'/Li already shows the oxidation feature at
~3.5V vs. Li'/Li (dark green line in Fig. 7b), confirming the above
hypothesis that LiNO, that is formed as an intermediate during
LiNO; reduction is oxidized at this potential. Consuming the LiNO,
species in a reductive scan to 1.0 V vs. Li'/Li prior to the oxidative
scan results in a significant reduction of the oxidation feature at
~3.5V vs. Li"/Li.

A possible oxidation product of the NO; species is gaseous NO,.
Whether this is plausible can be checked by calculating the
reversible half-cell potential of the following oxidation reaction:

NOE(I) - NOg(g, +e

with A Gyoz, N0y, = ? kI mol ™! [2.1]

Here, (1) and (g) denote species dissolved in the liquid phase or
present in the gas phase, respectively, and ARGNOSU,INOZ(.;, is the free
reaction enthalpy of the reaction that we would like to determine. As
our potential and thus our free enthalpies are referenced to the Li */Li
reference potential, reaction 2.1 can be combined with the half-cell
reaction describing the Li*/Li standard reduction reaction:

Lif) + ¢ = Li)
with ARGLi('h/LiN = 0 kI mol™! =0V vs. Li*/Li [2.2]

Here, (s) denotes species in a pure solid phase and ARGu(,,ru(s)
must be zero since we are defining the standard reduction potential
of Li'/Li as O V (this implies a lithium-ion activity of one). Adding
up reactions 2.1 and 2.2 yields:

Ll:i) + NOE(]) Ed Li(g) + NOg(g)
with Ag Greact. 2.3 = AGNo3,/NOg, [2.3]

Here, the free reaction enthalpy of reaction 2.3 corresponds to
AGyo3,/No, Since ARG,_i‘T),,_iW = 0. Unfortunately, to determine
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Figure 7. First CV cycle of carbon black electrodes (0.6 + 0.1 mgcgs em 2,
exposing a total carbon surface area of ~0.07 m?) in C65IILi coin-cells with a
glass fiber separator (Whatman GD type A/E) and with 50 pl of: (a) 1 M
LiPFg in EC/DEC 1/2v/v + 0.22 wt% LiNOs; b) 1 M LiPF4 in EC/DEC
1/2 v/v + 0.16 wit% LiNO». Each scan was conducted with a fresh cell, first
scanning from OCV (~3.0V vs. Li'/Li) into the negative direction
(reductive scan) to either 2.0, 1.45, or 1.0 V vs. Li"/Li (each marked by a
dashed line), and then reversing the scan direction (oxidative scan) until
5.2V vs. Li'/Li. The applied scan rate was 0.1 mV s '. The current is
normalized to the BET surface area of the C65 electrodes. The grey dotted
line at 3.5 V vs. Li*/Li marks the oxidation potential of the NO; species.

AGNo;,/NO, One would need the free enthalpies of formation of the
dissolved Lifj and NO3, ions, which are not readily available. These

can, in principle, be obtained by formulating the dissolution of the
LiNO, salt in the electrolyte:

LiNOy, — Lif + NO3,
with Ayl GLiNoy, [2.4]

Here, A1y Giino,,, 18 the free enthalpy of dissolution of solid

LiNO; in the electrolyte, which can be obtained from its experi-
mentally determined solubility (see below). By adding up reactions
2.3 and 2.4, one obtains a reaction that now only contains pure solid
and pure gaseous substances:

LiNOy) — Lig) + NOgyy
ARGieact. 25 = AtGnoy, + AfGLi, = ArGLinoy, [2.5]

The free enthalpy of reaction for reaction 2.5 can now be
obtained easily from the tabulated free enthalpy of formation values of
NO, (AtGyoy, =513kImol ). Li (ArGy;, =51.3kImol 1),
and LiNO, (A¢Grinos, = —302 kI mol 1), yielding Ag Greqer. 2.5 =
353.3kImol™". As reaction 2.5 was generated by adding up reactions
2.3 and 2.4, AgGyeaer. 2.5 must also correspond to:

ARGreact. 25 = ARGNO3(/NOs g, + Asolv. GLiNO [2.6]

From this, one can calculate AR GNO3,/NOs e assuming that
Agolv.GLiNoy,, can be determined:

ArGNO3)/NOs = AR Greact. 2.5 = Asolv.GLINOs,
= ARGreqer. 25 + R-T- In (Kotub) [2.7]

Here, Asov Grino,,, Was replaced by the relationship between
Agoiv.GLinoy,, and the thermodynamic solubility constant Koy, of
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LiNO; in the electrolyte (note that T is the temperature in Kelvin and
R=8.314Jmol~' K™"). The solubility constant can be written in
terms of the law of mass action for reaction 2.4:

[anoz, Ma)]

Kiotub. =
o [aLiNoy ]
[(cno3,)/(1 mol L_])]'[(Cu,’l,)/(] mol L]
h 0]
~ 0.036 [2.8]

Here, a denotes the activity of the various species, which for a
pure solid phase can be taken as one (i.e., aLiNo,,, = 1) and which
for the dissolved species can be approximated by their concentration
divided by the standard concentration of 1 mol L™'. Based on the
measured NOj; concentration of 0.036 mol L™" in the 1 M LiPF, in
EC/DEC 1/2 v/v electrolyte (see Experimental section) and the Li™
concentration of 1M, Ky, =~ 0.036. With this, Eq. 2.7 yields
ARGNozy/NOs = 345.1 kI mol~". Keeping in mind that this value
was referenced to ARGL.;/LW:U (see reaction 2.2), i.e., to the
Li*/Li reference potential scale, ARGN()EH)/NO:(;./("] -F) corresponds
to the standard oxidation potential of reaction 2.1 or, when multi-
plied by -1, to the standard reduction potential of reaction 2.1, which
equates to 3.58 V vs. Li"/Li. Considering the here used simplifying
assumptions regarding Ko, this calculated value is in quite
excellent agreement with the oxidation peak at ~3.5V vs. Li"/Li
observed for the LiNO,-containing electrolyte (see purple line in
Fig. 7b), providing very strong evidence that this peak indeed
corresponds to the oxidation of dissolved nitrate ions to NO, gas, as
described by reaction 2.1. Note that similar values for the oxidation
potential of LiNO, in either acetonitrile or as a molten salt have been
reported in the literature.”?

OEMS measurements were conducted to analyze the oxidation
reaction in more detail and verify the evolution of NO, gas during
this reaction, which will be discussed in the following section.
Figure 8 depicts the current density of a CV scan on carbon black
electrodes in 1 M LiPFg in EC/DEC 1/2v/iv + 0.16 wt% LiNO,
electrolyte. First, a carbon black electrode was scanned in the
oxidative direction from OCV (~3.0V vs. Li'/Li) to 3.7V vs.
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Figure 8. First CV cycle of carbon black working electrodes (2.0 0.1
Mgces em™2, exposing a total carbon surface area of ~0.23 mz) in a C65IILi
two-compartment OEMS cell with a glass fiber separator (Whatman GD type
A/E) with 50 ul of 1 M LiPF, in EC/DEC 1/2v/v + 0.16 wt% LiNO,
electrolyte in the working electrode compartment. Note that in a two-
compartment cell, the working and counter eclectrode compartments are
separated by a liquid and gas impermeable glass-ceramic. The scans were
conducted at 0.1 mV s~ ', starting from OCV (~3.0 V) in oxidative direction
to different upper potentials (each measured with a fresh cell) and then
reversed in reductive direction to 0.1 V vs. Li'/Li. The upper potentials were
3.7 V vs. Li"/Li (dark green), 4.1 V vs. Li7/Li (green), and 4.4 V vs. Lit/Li
(turquoise). For reference, the different oxidation peaks are marked by ®, @,
and @ in the figure. The current is normalized to the BET surface arca of the
C65 electrodes.

Li*/Li, followed by a reductive scan to 0.1 V vs. Li*/Li (dark green
line in Fig. 8). During the oxidative scan, the characteristic oxidation
peak of LiNO, at ~3.5V vs. Li"/Li (feature @) can be observed. In
the following reductive scan, two features at 1.56 and 1.39V vs.
Li™/Li appear, clearly indicating the presence of LiNOs species after
the oxidative scan (compare to Fig. 4). However, the surface of the
carbon black electrode does not seem to be passivated completely,
since a pronounced EC reduction peak can be observed below 0.8 V.

The upper panels of Fig. 9 show the same data as in Fig. 8, but
this time, the current density of the CV scan is plotted vs. time
(rather than vs. potential), and the corresponding gas evolution
(lower panel) measured with the OEMS is also shown. Figure 9a
shows the cell with the reversal of the scan direction at 3.7V vs.
Li"/Li (same data as the dark green line in Fig. 8). When passing
through the oxidation peak at ~3.5 V vs. Li"/Li (feature @), a steep
increase in the evolution of a gas with a strong signal at m/z = 30 is
observed (pink line in Fig. 9a). Based on the above discussion, this
increase in the mass signal at m/z = 30 could represent the evolution
of NO, according to Eq. 2.1, but as will be discussed below, there is
also the possibility that it is NO or a mixture of NO and NO,
(mechanistically, there is no evidence for the formation of N,O
during the oxidative scan). Therefore, we used an average calibration
factor for the m/z =30 mass signal of NO and NO,; (i.e., 0.51, see
Table T) to convert the m/z =30 mass signal into concentrations;
since the average calibration factor differs by only ~10% from the
individual calibration factors (see Table TI), the error in the
quantification of the sum of evolved NO and NO, gas is also on
the order of only ~10%. Under this premise, the amount of evolved
NO-NO, reaches a constant value of ~5 pmol mg3; by the time the
potential scan is reversed at 3.7 V vs. Li"/Li (marked by the dotted
vertical line in Fig. 9a). Apart from NO/NO,, no other gases are
evolved during the oxidative scan. During the subsequent reductive
scan, the mass signal at m/z = 30 decreases at potentials <2.5V vs.
Li*/Li, suggesting the consumption of NO/NO,. As already ob-
served in the reductive scans in Fig. 5¢, NyO (dark green) gas is
formed (~3.5 pmol mz3,) upon reduction of LiNO, species
according to reaction 1.2. In addition, CoH, (blue) and CO (orange)
are evolved due to EC and DEC reduction at potentials <0.8 V vs.
Li*/Li. However, the total amount of ethylene of ~11 pmol mgzy is
diminished compared to ~19 pmol mgE; measured for the reference
electrolyte, as displayed in Fig. 5a. From that, we conclude that the
carbon surface is already partially passivated, which is in good
agreement with the observation of the reductive feature for LiNO;
and LiNO, at 1.56 and 1.39 V vs. Li"/Li.

Based on the above observations, NO3 seems to be produced
upon the oxidation of NOj at ~3.5 V vs. Li*/Li (clearly indicated by
the reduction peak at 1.56 V in Fig. 8, dark green line), concomitant
with gas formation indicated by the mass signal at m/z = 30, which
we ascribe to NO/NO,. Based on the estimated oxidation peak
potential for the electrochemical oxidation of NO; to NO, (see
reaction 2.1) in combination with the strong mass signal of NO, at
m/z = 30, one might assume that the evolved gas is NO,. However,
the investigation of the oxidation of LiNO, in acetonitrile (AN) and
N,N-dimethylacetamide (DMA) on a Pt electrode by Bryantsev
et al.”® and Uddin et al.,' respectively, show that NO, evolved in
AN or DMA upon the oxidation of LiNO, can undergo a rapid
dimerization/autoionization to produce NO* and NO3:

2NO; = [N;O4] = NOT + NO3 [3.1]

The hereby produced NO* furthermore undergoes a rapid ionic
recombination with residual NO3, leading to the formation of NO,
and NO:

NO; + NO* = NO, + NO [3.2]

Assuming that both reactions proceed, the overall reaction, i.e.,
the sum of reactions 3.1 and 3.2 is:
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NO; + NO, — NO3 + NO 13.3]

This indeed occurs readily in aprotic electrolytes, as demon-
strated by Uddin et al.,'? showing that the reaction of LiNO, and
NO, in DMA yields LiNO; and NO. If one now assumes that the
NO, produced by the electrochemical oxidation of NO3 (reaction
2.1) quickly reacts further according to reaction 3.3, the summation
of reactions 2.1 and 3.3 would reflect the final products,

2NO3; — NO3 + NO + e~ [3.4]

These reaction schemes not only explain the above-observed
formation of NOj upon the electrochemical oxidation of NO3
(indicated by the reduction peak at 1.56V in Fig. 8, dark green
line), but also show that the mass signal at m/z = 30 observed in
Fig. 9a must be related to the formation of NO and NO,, depending
on the relative rates of reaction 2.1 vs. reaction 3.3. Two extreme
cases may be distinguished: (A) if reaction 3.3 is fast, the overall net
reaction for the electrochemical oxidation of NO; is reaction 3.4,
which means that 0.5 mol of NO is produced per mol of NO3; (B) if
reaction 3.3 is slow, 1 mol of NO, is produced per mol of NO;
(according to reaction 2.1). For these two cases, the maximum
possible amounts of either NO (case A) or NO, (case B) that are
formed upon the complete consumption of LiNO, during the OEMS
experiment shown in Fig. 9a can be estimated, considering that
1.8 pmol LiNO, were contained in the working compartment of the
OEMS cell (50 pl of electrolyte with an LiNO, content of 0.16 wt%
and an electrolyte density of ~1.2 g cm™>). For case A, ~0.9 pmol
NO would be produced, equating to ~3.9 pmol mzz; (based on the
BET surface area of the C65 working electrode of ~0.23 m?),
while for case B, ~1.8 pumol NO, would be produced, equating to
~7.8 pmol myZy; both gases would be recorded on mass channel
m/z=30. Quite clearly, the estimated concentration of the gases
corresponding to the m/z =30 signal in Fig. 9a (pink line) of
~5 umol my3; (based on an averaged calibration factor for NO and
NO,, which introduces an absolute error of ~10%) is in between
these two extreme cases, which is consistent with the above-
described mechanism when one assumes a complete consumption
of LiNO, by the time the positive voltage limit of 3.7 V vs. Li"/Li
is reached. A reversal of reaction 3.4 during the negative going
scan could, in principle, explain the vanishing m/z =30 signal
observed in Fig. 9a at a potential negative of 2.5 V vs. Li*/Li; this,

Potential [V vs. Li*/Li]]
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Potential [V vs. Li*/Li]
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however, would require the presence of catalytic amounts of NO,
(see reaction 3.2).

When increasing the upper cut-off potential of the oxidative scan
to 4.1V vs. Li*/Li (Fig. 9b or 4.4 V vs. Li*/Li (Fig. 9c), additional
oxidative peaks are observed at 4.0V vs. Li"/Li (feature ®) and
4.3V vs. Li"/Li (feature ®), respectively. The latter of the two
appears to be reversible, with an associated reduction peak devel-
oping during the subsequent reductive scan (see turquoise line in
Fig. 8). However, when comparing the current response of the
oxidative voltammetric scan of the OEMS cell (Fig. 8) to the
features in the coin-cell setup (Fig. 7b), one notices that distinct
oxidation features are not observable (see also Fig. A-3 in appendix
A3). This can be explained by the fact that we employed a liquid and
gas impermeable glass-ceramic to separate the working and counter
electrode compartments of the OEMS cell, so that evolved NO/NO,
cannot be consumed at the lithium counter electrode, thereby
retaining these gases in the working electrode compartment, where
they can undergo further oxidation reactions at potentials beyond
3.5V vs. Li*/Li (represented by features @ and ®). While for the
subsequent reductive scan after an initial oxidative scan to 3.7 V vs.
Li*/Li, distinct reduction peaks characteristic for the reduction of
LiNOj; and LiNO, are observed (see dark green line in Fig. 8), these
reduction peaks smear out but are still present for the case of an
initial oxidative scan to 4.1V vs. Li'/Li (green line in Fig. 8).
However, in the reductive scan following an initial oxidative scan to
4.4V vs. Li'/Li (turquoise line in Fig. 8), these reduction peaks
disappear completely, suggesting the absence of LiNO; and LiNO,
in the electrolyte after a prior excursion to 4.4 V vs. Li'/Li, which is
consistent with the strongly pronounced EC reduction peak below
0.8 V vs. Li*/Li in this case.

Regarding gas evolution, the cell scanned to 4.1V vs. Li'/Li
shows the same steep initial increase of the mass trace m/z = 30
during the oxidative scan (i.e., when passing through feature @, see
Fig. 9b) as already observed for the cell cycled to 3.7 V vs. Li'/Li.
However, after reaching a maximum value for NO/NO, of
~6 pmol mziy, the gas concentration decreases when scanning
through feature @, reaching a minimum value of ~3 pmol myg; at
the positive voltage limit of 4.1 V vs. Li*/Li, which could indicate
the complete conversion of the gas phase to NO. Upon reversal of
the scan direction, a continuous increase of the n/z = 30 signal to a
nominal concentration of ~7 pmol mg3; is observed, which is very
close to the maximum possible concentration if only NO, had been
formed from the LiNO, contained in the cell (see above). Again, as
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Figure 9. The upper pancls depict the first CV cycle data shown in Fig. 8 but plotted against time (lower x-axis) rather than potential; the associated potentials
are plotted along the upper x-axis, and the different oxidation peaks are marked by ®, @, and ® (corresponding to those marked in Fig. 8). The lower panels show
the concomitant gas evolution measured by OEMS: (a) for reversing the scan at a positive potential limit of 3.7 V Li*/Li (dark green data in Fig. 8): (b) for
reversing the scan at a positive potential limit of 4.1 VLi'/Li (green data in Fig. 8); (c) for reversing the scan at a positive potential limit of 4.4 V Li'/Li
(turquoise data in Fig. 8). The amount of evolved C,H, (determined for m/z = 26), CO (determined for m/z = 28), N>O (determined for m/z = 44), and NO/NO,
(determined for m/z = 30, using an average calibration factor of 0.51 see Table 1) is normalized to the BET surface area of the C65 clectrodes.
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the potential is decreased below ~2.0V vs. Li"/Li, the m/z =30
mass signal starts to decrease and then vanishes below
~1.6 V vs. Li*/Li. The slightly increased evolution of ethylene and
carbon monoxide at low potentials compared to what was observed
in Fig. 9a suggests an enhanced EC reduction and, thus, a reduced
amount of LiNO5/LiNO; in the cell. Again, N>O gas (dark green) is
formed upon the reduction of LiNO, (reaction 1.3) until it gets
further reduced and consumed again.

Going even further with the oxidative scan to 4.4 V vs. Li"/Li, a
drastic decrease and complete consumption of the initially evolved
gas with m/z=30 is observed as the potential is being scanned
through the oxidation peak at ~4.3V vs. Li/Li (feature @ in
Fig. 9c). However, upon reversal of the scan direction at 4.4V vs.
Li"/Li, a steep increase of the m/z=30 mass signal is observed,
reaching a maximum value of ~12 pmol mp}; after the reduction
peak associated with feature @ has been passed. This value actually
exceeds our above estimate for the maximum amount of gas, namely
of ~7.8 pmol mg}y for pure NO,. an observation for which we,
unfortunately, have no explanation at the moment. Finally, at the end
of the reductive scan, the total amounts of ethylene and carbon
monoxide that can be associated with the reduction of EC are at very
high levels (blue and orange lines in Fig. 9¢), very close to the values
observed for the reference electrolyte without LiNOs/LiNO,
(see Fig. 5a). This indicates the absence of LiNOs/LiNO, after
having scanned to an upper voltage limit of 4.4V vs. Li'/Li. In
contrast, the evolution of N,O gas upon the reductive scan in this
case implicates the presence of LiNO, species at this point (see
reaction 1.2), since unless the N>O gas is formed by an additional
reaction, this cannot be explained in the absence of LiNO,.

In order to analyze the redox feature with the oxidation peak at
43V vs. Li"/Li (feature ® and the associated reduction peak) in
more detail, Fig. 10 shows experiments in a two-compartment
OEMS cell with 1 M LiPF, in EC/DEC 1/2v/v + 0.16 wt%
LiNO, in the working electrode compartment (turquoise line),
starting with a positive scan from OCV (~3.0V vs. Li*/Li) to
44V vs. Li*/Li and then cycling between 4.0-4.4 V vs. Li'/Li.
During the first oxidative scan, the previously observed three
oxidation features (©, @, and ®) can be seen. Within the subse-
quently restricted voltage window, a rather reversible reaction over
several cycles with a half-wave potential of ~4.22 V vs. Li*/Li can
be seen, which are accompanied by a cyclic production (during the
oxidative scan) and consumption (during the reductive scan) of the
gas recorded at m/z=30 (see Fig. A-4 in appendix A4. Based on
reaction 3.4, NO3 and NO would be expected to be the main species
present in the system, whereby the latter can be further oxidized to
the nitrosonium ion (NO™) according to reaction 3.5:20

NO = NO* + e~ [3.5]

As a matter of fact, the signal at m/z = 30 during the oxidative
scans, ascribed to NO, continuously increases for every cycle,
reaching a maximum of ~13 pmol mg%y after the sixth cycle (see
Fig. A-4). Depending on the reaction media (electrolyte solvent, salt,
and additives) which strongly influence the solvation and stabiliza-
tion of the NO™ ion, the reported reversible redox potentials range
from 4.05V.2" 42V>* all the way to 4.6 V,”>>® which may be
compared to the ~4.22 V vs. Li"/Li that can be seen in Fig. 10
(turquoise line, feature @) for the EC/DEC based electrolyte used
here. Therefore, NO is the most likely gas that is evolved/consumed
in feature @, so that the m/z=30 mass signal shown in Fig. A-4 is
ascribed to NO and quantified in Fig. A-4 using the calibration factor
of NO at m/z=30 (i.e., 0.56, see Table I).

NOBEF, is often used as a chemical source for the NO" species,
so in order to evaluate the redox potential for reaction 3.5, we added
NOBF, salt (0.038M) to 1M LiPFs in EC/DEC 1/2v/v and
conducted analogous CV measurements with a carbon black
electrode in the two-compartment OEMS cell setup (see blue line in
Fig. 10), this time cycling only between 3.8-4.6 V vs. Li"/Li. The

OCYV prior to the CV scan of the cell with the NOBF,-containing
electrolyte was measured to be ~4.2 V vs. Li*/Li, which is in line
with the half-wave potential of the NO/NO™ redox couple. The CV
scan for the NOBF,-containing electrolyte showed the same
reversible oxidation and reduction peaks at ~4.22V vs. Li*/Li
(blue line) which were observed for the LiNO,-containing electro-
lyte (turquoise line). For further examination, the head-space of a
two-compartment OEMS cell with a carbon black electrode and with
the 1 M LiPF; in EC/DEC 1/2 v/v reference electrolyte was flushed
with the 2000 ppm NO/Ar calibration gas prior to a CV scan in order
to introduce NO species (see orange line in Fig. 10). In this case, the
OCYV of the cell is at the lower value of ~3.0 V vs. Li™/Li, as in this
case the reduced NO species are present in contrast to the NO* that
are present when using NOBF,. The CV of the carbon electrode
under the NO-containing gas atmosphere showed the same features,
giving additional proof for the assignment of Eq. 3.5 to the redox
feature observed at 4.22'V vs. Li'/Li.

With these findings, the consumption and consecutive evolution
of the mass signal at m/z = 30, which is identified to be gaseous NO,
can be explained based on reaction 3.5. However, the origin of the
oxidative peak observed at 4.0V vs. Li'/Li (feature @) remains
unclear. Bryantsev et al. observed two oxidative peaks for the
oxidation reaction 3.5 in the presence of NO3 and NOj3.%” The first
peak was attributed to the fast conversion of NO™ formed via Eq. 3.1
to NO gas via reaction 3.2, which is then readily oxidized to NO*
via reaction 3.5. The NO, species formed as the second product of
reaction 3.2 can react with NO3 according to reaction 3.3.%° Thus,
NO can be continuously generated during the oxidation peak at
4.0V vs. Li*/Li, which is then oxidized in the following oxidative
feature at ~4.22 'V vs. Li"/Li. Going further with the reductive scan
into the negative direction, where EC can get reduced (<0.8 V vs.
Li*/Li), a total amount of C,H, (blue) of ~20 pmol m’BéT and CO
(orange) of ~7 pmol mgpy is observed in Fig. 9c. The amount
evolved here is similar to the one observed in Fig. 5a, which depicts
the OEMS results of the reduction of the reference electrolyte
without any LiNO; or LiNO, additive. This suggests that the carbon
surface is not passivated prior to the EC reduction during the
reductive scan, which is in line with the absence of the reductive
features of NOj at 1.56 and NO3 at 1.39 V vs. Li*/Li, in contrast to

05— T T T
04}
03F
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02 1M LiPF, ECIDEC + NOBF,

03t N
3 3.5 4 45

Potential [V vs. Li*/Li]
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Figure 10. CV scans at 0.1 mV's > of carbon black working electrodes
(2.0 £ 0.1 mgees em2, exposing a total carbon surface area of ~0.23 mz) in
a CO5IILi two-compartment OEMS cell, where the working and counter
electrode compartments are separated by a liquid and gas impermeable glass-
ceramic. The scans were conducted with different electrolytes/gases in the
working electrode compartment: (i) 1 M LiPFg in EC/DEC 1/2 v/v + 0.16 wt
% LiNO, after an initial argon purge of the cell head-space (turquoise); (ii)
I M LiPFq in EC/DEC 1/2 v/v + 0.038 M NOBFE, (blue); and, (iii) 1 M
LiPF; in EC/DEC 1/2 v/v after flushing the cell head-space with 2000 ppm
NO/Ar (orange). After the initial oxidative scan from OCV (~3.0V vs.
Li*/Li) to 4.6V vs. Li*/Li, the potential was cycled 5 times between
3.8-4.4V vs. Li'/Li for the cell with LiNO,-containing eclectrolyte and
between 3.8-4.6V vs. Li'/Li for the cells with NO and NOBF,. For
reference, the different oxidation peaks are marked by ©, @, and @ in the
figure and represent the same features that are marked in Figs. 8 and 9.
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Scheme 2. Overview of the reduction and oxidation reactions occurring on the anode and cathode side when using LiNOj; as electrolyte additive in carbonate-
based electrolyte systems. Potentials are referenced to Li'/Li. The gray numbers in the square brackets refer to the corresponding equations in the main text.

the presence of the features for the cell scanned to only 3.7V vs.
Li*/Li. The absence of NOj species during the reductive scan suggests
that previously formed NO3 species from reactions 3.3 and 3.4 react
further when the cell is scanned to higher oxidative potentials, basically
extinguishing the reductive capability of N-containing species.
However, in a realistic full-cell setup, LiINO; is able to diffuse to the
anode and will readily be reduced before reacting with oxidized species
on the cathode.*

The mechanistic insights obtained in this study are summarized
in Scheme 2 and separated into the reactions at the anode and the
cathode. In the first step, the LiNO; additive is reduced on the
negative anode to form soluble LiNO, species and Li,O
(reaction 1.1), which is responsible for the formation of a passivating
layer on the anode. Consequently, the subsequent reduction of LiNO,
depends on the surface area of the anode and the additive amount
present. Whenever the surface area is not yet completely passivated by
Li,O (formed upon initial reduction of LiNOs), LiNO, can readily be
further reduced to Li,O and N,O (reaction 1.2), followed by a further
reduction of the latter to Li;N and Li>O (reaction 1.3), leading to the
deposition of LisN and Li;O on the anode surface. In the case of
silicon anode materials, one has to take into account that the initial
surface area increases due to the volume expansion of the silicon upon
lithiation, so that the complete sequence of reduction reactions is
likely to occur. At the same time, when LiNO, is produced in the
electrolyte (reaction 1.1), it can also diffuse to the cathode, where it
can lead to a cascade of oxidation reactions, starting at ~3.5V vs.
Li'/Li to with the formation of NO, gas (reaction 2.1). In a series of
chemical reactions, the thus produced NO, can be converted to NO3
and NO (reactions 3.3 and 3.4), whereby the latter can further
reversibly be oxidized at ~4.2V vs. Li*/Li to NO" (reaction 3.5).
Hence, LiNO; can partially be regenerated. Going to high oxidative
potentials (>4.1V vs. Li*/Li), NO3 is absent for a consecutive
reductive scan, as no characteristic reductive features was observed,
and as the same amount of evolved is observed as in the additive-free
electrolyte. In addition, NO gas—generated during the oxidative scan
—is completely consumed again during the reductive scan. However,
passivating effects on the carbon surface were not observed.

Cycle-life of Si|[NCM622 full-cells in LiNOs- vs. LiNO,-
containing electrolytes.—Finally, we evaluate the LiNO, additive
in NCM622ISi full-cells (Fig. A-1). The performance is evaluated
with respect to cells cycled with the LiNO5 (purple) additive and the
additive-free EC/DEC reference electrolyte (gray), which were
shown in Fig. 11. Figure A-1 shows that cells cycled with the
LiNO, additive (turquoise) have an improved cycle-life when
compared to the reference electrolyte (gray), with 84 more cycles
until they reach 80% capacity retention after 188 cycles. The first-
cycle efficiency of 80.0+0.3% and the average CE over cycling of

25°C ]

Coulombic efficiency
[%]

40F o 1MuPF EC (112
20 | @ 1MLIPF, EC/IDEC (1/2) + LINO, (0.22 wt%)
°

Discharge capacity
[mAh giicy]
3

L

0 50 100 150 200 250
Cycle
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Figure 11. Specific discharge capacities (lower panel) and coulombic
efficiencies (upper ganel) of SilINCM622 coin-cells (NCM622 cathodes with
24+0.1 mAhcem™~ and Si anodes (with nominally 7.5 0.4 mAh em™?
utilized to ~32%) cycled at 25 °C. Cells were built with one glass fiber
separator (Whatman GD type A/E) and 60 pl of three different electrolytes:
(i) 1 M LiPFg in EC/DEC 1/2 v/v (gray, same as in Fig. 2), (ii) 1 M LiPFg in
EC/DEC 1/2 v/v + 0.22 wt% LiNO; (purple, same as in Fig. 2), or, (iii) 1 M
LiPF in EC/DEC 1/2 v/v + 0.16 wt% LiNO, (turquoise). The cells were
cycled between 3.0-4.2 V, first for two formation cycles with C/10 CCCV
charge until 0.01 C and a C/10 CC discharge, followed by continuous cycling
with C/2 CCCV charge until C/8 and C/2 CC discharge. Error bars represent
the standard deviation of 3 independent repeat measurements.

~99.85% with the LiNO, additive is equal to the one observed for
the LiNOj; additive (purple). However, the capacity drop of the cells
with LiNO, additive occurs earlier than with LiNO; additive. This
could be explained by a more comprehensive passivation with the
LiNO;-based electrolyte, as additional Li,O species are formed upon
the first reduction step of LiNO; (reaction 1.1). Nevertheless, a
significant increase in cycle-life by the addition of LiNO, to the
electrolyte validates the finding that the NO; species plays a key role
in the passivation mechanism of the LiNO; additive in carbonate-
based electrolyte systems.

However, oxidation of the LiNO, species on the cathode
(reactions 3.2-3.4) can lead to a fast depletion of the LiNO, additive
in the electrolyte. It seems unlikely that the initial reduction of the
LiNO, additive in the first cycle creates such a long-lasting anode
passivation layer that the oxidation of the remaining LiNO, species
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would play no role. The OEMS experiments in this study showed
that by the oxidation of the LiNO, species, products such as NO3
can be regenerated, and NO gas being present in the cell can be
consumed on the anode. Further studies need to be conducted to
investigate and evaluate the effect of the oxidation products of this
reaction to more comprehensively understand the effect of LINO, in
a realistic full-cell. The results presented here show that LiNO, is a
reasonably effective additive for silicon-based anodes and is also
able to significantly increase the cycle-life in full-cells.

Conclusions

We investigated the effect of LiINO; in silicon anodes in
carbonate-based electrolyte systems and observed a significant
increase of the cycle-life when adding LiNO; to the electrolyte. At
elevated temperatures, the cells with the LiNO; additive outper-
formed the cells cycled with an FEC-based electrolyte, since the
degradation of FEC at higher temperatures (>40 °C) leads to faster
capacity fading.

We further conducted fundamental mechanistic experiments with
carbon model electrodes to elucidate the reaction mechanism of the
LiNO; additive in carbonate-based electrolytes. Hereby, LiNO, was
found to be the primary reduction product, which is soluble in the
electrolyte and can thus undergo reactions at both anode and
cathode; the concomitantly produced Li,O forms a passivating layer
on the anode surface. Further reduction of the LiNO, species
generates next to gaseous N,O additional passivating Li,O. The
gaseous N,O species was observed to be consumed at the same time
once it is evolved. The reduction reaction of the intermediate N>O
species generates Li;N and more Li,O, both passivating the surface
further. Therefore, the final reduction products of LiNO; being LizN
and Li,O which contribute to the property of the SEI and explain the
beneficial effect of the additive to the cycling stability. However,
while LiNO; is not oxidized in the usual operating potential window
for the operation of full-cells (i.e., up to cathode potentials of ~4.4 V
vs. Li™/Li), LiNO, can be oxidized at ~3.5 V vs. Li*/Li to NO,. In a
series of complex reactions, NO, is further converted to NO and
NO;. The latter can again be reduced on the anode surface and thus
still provides the passivating properties. Finally, for the first time,
LiNO, was used as an electrolyte additive and showed a similar
improvement in the cycling performance of SiCIINCM full-cells
when compared to the addition of LiNO;. Already very little amount
of the additive (0.036 M) could increase the cycling stability
significantly. Future work should focus on increasing the concentra-
tion of the additive in order to further improve the cycle life.
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Appendix

Al: Variation of LiNO; concentration.—In order to investigate
whether the rapidly accelerating capacity drop of LiNOs-containing
SilINCM622 coin-cells after a specific number of cycles is related to
a depletion of LiNOs;, a number of cells with different LiNO;
concentrations in the EC/DEC electrolyte were built. As a baseline,
an electrolyte solution with 0.22 wt% of LiNOj; (corresponding to
the LiNOjs solubility limit) was used; the data of these cells is shown
as dark purple line in Fig. A-1 and corresponds to the data shown in
Figs. 2 and 11. With a dilution series of this LiNOs-containing
baseline electrolyte and the same electrolyte without LiNO5 additive,
an electrolyte with 0.11 wt% LiNO; (50% of the saturated solution)
and one with 0.055 wt% LiNO; (25% of the saturated solution) were

1 M LiPF, ECIDEC
1 M LiPF, EC/DEC + 0.2 wt'% LiNO,

1M LiPF, EC/DEC + 0,11 wit% LINO

Discharge capacity

50 100 150 200 250 300 350 400
Cycle

Figure A-l. The specific discharge capacity of SillNCM622 coin-cells
(NCM622 cathodes with 2.4 + 0.1 mAh cm 2 and Si anodes with nominally
7.5 +0.4 mAh cm 2 utilized to ~32%) cycled at 25 °C. Cells were built with
one glass fiber separator (Whatman GD type A/E) and 60 pl of four different
clectrolytes: (i) 1 M LiPFg in EC/DEC 1/2 v/v (gray); (ii)) 1 M LiPFg4 in
EC/DEC 1/2v/lv + 0.22 wt% LiNO; (dark purple), (iii) 1 M LiPF4 in
EC/DEC 1/2 v/v + 0.11 wt% LiNOs (purple), or, iv) 1 M LiPFg in EC/DEC
1/2 v/v + 0.055 wt% LiNO; (light purple). The cells were cycled between
3.0-4.2V, first for two formation cycles with a C/10 CCCV charge (until
0.01 C) and a C/2 CC discharge, followed by continuous cycling with a C/2
CCCV charge (until C/8) and C/2 CC discharge. Error bars represent the
standard deviation of 3 independent repeat measurements.
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Figure A-2. Voltammetric cycles were conducted in a C65IILi !lalf-cell prior
to harvesting the carbon black electrodes (0.6 £ 0.1 mgces cm™~) for the XPS
measurements. The potential was cycled at 0.1 mV s~ from OCV (~3.0 V
vs. Li/Li) to either 1.56 V (dark red line) or 1.0 V vs. Li*/Li (magenta line),
scanned back to 2.0 V vs. Li*/Li, and then cycled once more between 2.0 V
vs. Li'/Li and the respective lower cutoff voltage. The coin-cells were built
with a glass fiber separator (Whatman GD type A/E) and with 50 pl of 1 M
LiPFq in EC/DEC1/2 v/v + 0.22 wt% LiNOs.

made. The discharge capacities of the cells assembled with the
electrolyte containing 0.11 wt% LiNO; (purple) and of the cells with
the electrolyte containing 0.055 wt% LiNO; (light purple) are shown
in Fig. A-1. The cycling data shows a clear correlation between the
onset of the rapidly accelerating capacity drop and the amount of
LiNO; in the cells. The onset of the rapidly accelerating capacity
drop of the cells cycled with only 0.055wt% of LiNO; in the
electrolyte is already observed at ~80 cycles, whereas for the cells
with twice the amount of LiNO; (0.11 wt%), this onset occurs at
~160 cycles. However, for a perfectly linear correlation, one would
expect the onset of the rapidly accelerating capacity drop for the
cells with 0.22 wt% LiNO; to occur after ~320 cycles, but in fact,
the drop is already observed at ~200 cycles. Thus, it seems that for
extended cycling, other degradation phenomena also play a role that
might induce a faster consumption of LiNOs.

A2: CV data for XPS measurement.—Prior to harvesting the
carbon black electrodes for XPS measurements, the electrodes were
cycled in a C65IILi half-cell to either 1.56 V or 1.0V vs. Li*/Li in
order to investigate the solid species in the SEI, which are presumable
formed by reactions 1.1 and 1.2. The cells were cycled at 0.1 mV s~
from OCV (~3.0 V vs. Li*/Li) to their lower cutoff potential of either
1.56 V (dark red line) or to 1.0V vs. Li*/Li (magenta line) scanned
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Figure A-3. Voltamgnelric scan of a carbon black working electrode
(2.0 £ 0.1 mgees cm ) in a COSIILi half-cell configuration with 1 M LiPF,
in EC/DEC 1/2 v/v + 0.16 wt% LiNO,, comparing data obtained in a coin-
cell (light green) with those obtained in a two-compartment OEMS cell. The
potential was first scanned negatively from OCV (~3.0V vs. Li"7/Li) to
2.0V vs. Li /Li and then scanned positively at 0.1 mV s '. The oxidation
peaks marked by @, @, and @ correspond to those marked by the same
symbols in Figs. 8 and 9.

back to 2.0 V vs. Li*/Li, and then cycled once more between 2.0 V vs.
Li*/Li and the respective lower cutoff voltage. These two cycles for
each of the cells are shown in Fig. A-2. Two cycles were conducted in
order to ensure complete passivation of the surface; accordingly, the
second cycle of the cell scanned to 1.0V vs. Li*/Li shows no
LiNOs/LiNO, reduction features anymore. The electrodes were
harvested at the final cell voltage of 2.0 V vs. Li*/Li.

A3: Comparison of voltammetric scans recorded in a coin cell
vs. an OEMS cell.—Figure A-3 compares the CVs of carbon
black electrodes scanned at 0.1 mVs ' in a C65IILi half-cell
configuration obtained in a coin-cell vs. in a two-compartment
OEMS cell. Both cells contain 1 M LiPFg in EC/DEC 1/2 v/v +
0.16 wt% LiNO, as the electrolyte. The scans were started from
OCV (~3.0 V vs. Li"/Li) first in the reductive direction to 2.0 V
to ensure the same starting voltage, then scanning positively. The
oxidative peak at ~3.5V vs. Li'/Li, marking the oxidation of
LiNO,, can be observed in both cell setups. However, for the
coin-cell setup, the products of the LiNO, oxidation can readily
be consumed on the lithium counter electrode, while in the OEMS
cell setup, the carbon black working electrode compartment is
separated from the lithium counter electrode compartment by a
liquid and gas impermeable glass-ceramic. Thus, in the OEMS
cell, the initially formed NO; (see reaction 2.1) can react further
according to reactions 3.1 and 3.2, leading to the observation of
the well-pronounced oxidation peaks at ~4.0 and ~4.2V vs.
Li"/Li shown in Fig. A-3.

Ad: Reversibility of the NO/NO™ feature.—To show not only
the reversible behavior of the electrochemical feature at 4.22 V
(also depicted in Fig. 10), the corresponding OEMS measure-
ment, including gas concentration of m/z = 30 and gas evolution
rate, is shown in Fig. A-4. The carbon electrode was scanned in a
two-compartment OEMS cell setup from OCV (~3.0 V) to 4.6 V
vs. Li*/Li and then cycled 7 times between 3.8 V and 4.6 V. Panel
a shows the current signal plotted vs. potential; here, the
reversibility of feature ®@ is very apparent. Panel b shows the
same current data but now plotted vs. time, whereby panel
¢ shows the corresponding gas evolution/consumption detected
at m/z = 30; based on the discussion in the main text, the m/z = 30
mass signal near feature @ is most likely ascribed to NO gas, so
that the molar quantities given in panel b were determined using
the calibration factor for NO at m/z = 30 of 0.56 (see Table I).
Panel c depicts the gas evolution rate, i.e., the time derivative of
the data in panel b.
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Figure A+4. (a) CV cycles of a carbon black working electrode (2.0 = 0.1
Mgces cm™?) ina two-compartment OEMS cell, with 50 pl of 1 M LiPFg in
EC/DEC 1/2 v/v 4+ 0.16 wt% LiNO, in the working electrode compartment
(with a Whatman GD type A/E glass fiber separator), which is separated
from the lithium metal counter electrode compartment by a liquid and gas
impermeable glass-ceramic. The voltage scan was conducted at 0.1 mV s '
from OCV (~3.0 V vs. Li'/Li) in oxidative direction to 4.6 V vs. Li'/Li,
after which the scan was reversed, and cycling was continued between
3.8 and 4.6 V vs. Li™/Li for 7 cycles. (b) Identical data, as in panel a, but
plotted vs. time. (¢) Associated mass signals for m/z = 30, converted into a
molar gas amount using the calibration factor for NO of 0.56, see Table I. (d)
Gas evolution rate, corresponding to the time derivate of the data in panel c.
Note that the current and total amount of evolved gas at m/z =30 are
normalized to the BET surface area of the C65 electrode; on the other hand,
the gas evolution rate is normalized to the carbon mass of the C65 carbon
black electrode.
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Results

3.3 Impedance and rate capabilities of silicon anodes

The article “Comparison of Silicon and Graphite Anodes: Temperature-Dependence of
Impedance Characteristics and Rate Performance” was submitted to the peer-reviewed
Journal of the Electrochemical Society in November 2022 and published online in March
2023.1"%4I The article was distributed under the terms of the Creative Commons Attribution
4.0 License, and its permanent weblink can be found at:

https://iopscience.iop.org/article/10.1149/1945-7111/acc09d

The almost tenfold higher specific capacity for silicon as active material (3576 mAh gsi?)
compared to graphite (374 mAh giics) results in significantly thinner electrodes while
maintaining the same areal capacity. As the thickness of electrodes, specifically on the
anode side, often limits the rate-capability of lithium-ion battery cells, employing silicon
as an active material can bring valuable benefits regarding rate-capability. In this study,
we compared graphite-based and microsilicon-based anodes with application relevant
areal capacities (2.8 mAh cm2) with regards to their temperature-dependent kinetic
charge-transfer resistances (Rcr) and their ion transport resistances in the electrolyte
phase (Rion). We used impedance spectroscopy to separate the kinetic resistance from the
temperature-dependent ion resistance by measuring them at different temperatures
between -5 and +45 °C. The contributions of Rcr and Rion at various temperature regimes
are quantified, showing that the latter dominates at higher temperatures due to the higher

activation energies of Rcr.
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Rate performance tests show superior rate-capabilities for the thinner silicon anodes,
predominantly at higher temperatures. The silicon anodes revealed an overall two-fold
higher lithiation rate-capability until reaching 0 V vs. Li*/Li compared to graphite

electrodes.

C.B., R.M., M.G., and H.A.G. developed the concept of the study. C.B. conducted the
electrochemical experiments. C.B. and R.M. wrote the manuscript and M.G. and H.A.G.
edited the manuscript. All authors discussed the results and commented on the

manuscript.
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A meaningful benchmarking of battery active materials with inherently different properties requires knowledge of both their
intrinsic electrochemical properties as well as of the differences in the resulting porous electrode structures for equal, practically
relevant areal capacities. Here we compare graphite and microsilicon anodes with practical areal capacities of 2.8 mAh cm ™2 for
lithium-ion batteries with regard to their temperature-dependent kinetic charge-transfer resistances (R) and their ion transport
resistances through the electrolyte phase within the pores of the electrodes (R;,,), measured via impedance spectroscopy. We
deconvolute the kinetic resistance from the impedance spectra by individually measuring the temperature-dependent pore
resistance between —5 and +45 °C, showing that the charge-transfer resistance dominates at low temperatures, while at high
temperatures the pore resistance dominates for both electrode types due to the significantly higher activation energy of R.. An
analysis of the potential profile of the electrodes at different lithiation rates shows how the thinner silicon electrode is significantly
less affected by Riop-induced transport losses compared to a thicker graphite electrode, resulting in lower overpotentials when fast-
charging at high temperatures, despite similar kinetic resistances. Overall the silicon electrodes could be charged up to two times
faster than graphite before reaching 0 V vs Li'/Li.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-
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Silicon is a promising anode active material for next-generation
lithium-ion batteries.' By electrochemically alloying silicon with
lithium, the Li;sSiy phase can be obtained, which equates to a
theoretical capacity of 3579 mAh gg;~' (2194 Ah 17').>* Compared
to the state-of-the-art graphite anode material which intercalates
lithium to a composition of LiCs (372 mAh g !, 719 Ah17"), the use
of silicon-rich anodes can significantly improve the gravimetric and
volumetric capacity of a lithium-ion battery (LIB). Next to the goal
of an improved energy density, the use of silicon is also being
considered for the improvement of a cell’s fast-charging capability.

Fast-charging of lithium-ion batteries is predominantly limited by
lithium plating on the anode, which is possible once the anode
potential drops below 0V vs Li*/Li. If the total overpotentials of
graphite and silicon electrodes were to be identical, silicon anodes
would allow for higher lithiation rates, as the average lithiation
potential of amorphous silicon is substantially higher than that of
graphite. In addition, when comparing anodes with the same areal
capacity, the higher specific capacity of silicon results in anode
electrodes that are substantially thinner than graphite based elec-
trodes, so that the reduced path length of the ions in the electrolyte
phase within the pores of the anode electrodes should result in lower
mass-transport overpotentials (assuming comparable electrode por-
osities and tortuosities). Finally, the alloying of silicon can occur in
three dimensions, whereas the intercalation into the graphite planes
is two-dimensional.

The rate performance of a silicon-containing electrode is largely
dependent on the type of silicon electrode used. Over the years, a
large variety of strategies have been developed for the implementa-
tion of silicon into electrodes to enable a stable cycling performance
despite the large volumetric changes of the material upon its (de-)
lithiation; many of which include the usage of silicon as a composite
material or as an additive.® In this study we investigate a micro-
silicon electrode for which most of the capacity is accounted for by
the silicon. Jantke et al.” showed that pulverization of the here used
pm-scale crystalline silicon can be avoided by only partially
lithiating the silicon particles, whereby a partial lithiation to

~Equal Contribution.

*#Electrochemical Society Student Member.
**Electrochemical Society Fellow.

“E-mail: robert.morasch@tum.de

~30% (corresponding to ~1200 mAh gs; ") enables the reversible
cycling of silicon-rich anodes (70%.,) in full-cells for up to 250
cycles without particle pulverization and with little initial irrever-
sible capacity losses.™”* For this limited degree of lithiation, the
microscale silicon particles retain their crystalline core over
cycling,*” and the electrode-level specific capacity of such silicon
electrodes (~840 MAh guecqroqe ') is still ~2.5-fold higher than that
of typical graphite electrodes (~340 mAh geecirode 1. However, it
must be noted that due to the substantially higher delithiation
voltage, the use of this silicon strategy on a cell level only leads
to small improvements in the cell’s energy density. While other
silicon strategies might lead to more significant improvements in the
cell’s energy density, this study focuses on the potential improve-
ments in rate capability of such a silicon-dominant electrode
compared to graphite. For this, we aim to discuss both material
intrinsic advantages (i.e. higher thermodynamic lithiation voltage of
silicon) and potential geometric advantages arising from the higher
gravimetric capacity and thus, lower loading of the silicon electrode.
The silicon electrodes used in the present study were made with
microscale silicon (70%,,,) and were partially lithiated to 1200 mAh
g . Figure 1a shows the potential profile at C/10 of such a silicon
electrode compared to that of a graphite electrode. The lithiation
potential of silicon is more than 100 mV higher over most of the
state-of-charge (SOC) range. Figure 1b shows the cross-section
scanning electron microscopy (SEM) image of the two pristine
electrodes. The 70%,,, microscale silicon electrode is depicted on the
left and the 95.8%,,, graphite electrode is depicted on the right. Both
electrodes have a reversible areal capacity of 2.8 mAh/cm?, which in
the case of the silicon electrode is based on a ~30% utilization of the
theoretical silicon capacity (1200 mAh gs;’l). Both electrodes are
uncalendered and have similar porosities of approximately 60%. In
this state, they differ in thickness by more than a factor of two
(~40 pm for the silicon vs ~95 pm for the graphite electrode).
Since the pore resistance is a major factor that affects the
electrode performance, we will first compare the resistance con-
tributions of the ionic pore resistance (R;,,) and the kinetic charge-
transfer resistance (R., here assumed to also contain the SEI
resistance) of both silicon and graphite electrodes of practical areal
capacities (2.8 mAh cm™?) via electrochemical impedance spectro-
scopy (EIS). The EIS analysis is done using a transmission line
model approach as shown in Refs. 10 and 11. As Ry, is influenced
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Figure 1. (a) Potential profiles of microscale silicon (red) and graphite (green) working electrodes vs capacity during galvanostatic cycling at C/10 (5th cycle) of
electrodes with an areal capacity of 2.8 mAh cm 2, calculated by referring to the reversible capacities of 1200 mAh gg; ' for silicon (i.e., using ~30% of the
theoretical capacity of Si) and 350 mAh g¢;, ! for graphite. The potentials are referenced to a lithium metal reference electrode and the counter electrode is
composed of metallic lithium and a free-standing graphite (FSG) electrode (see Experimental section). (b) Scanning electron microscopy (SEM) images, showing

the cross-sections of pristine and uncalendered silicon and graphite electrodes with 2.8 mAh ¢cm™~, illustrating the reduced thickness of the silicon electrode
(~40 pm) compared to that of the graphite electrode (~95 im) at comparable estimated porosities (~60%).

by the structure and morphology of the electrodes (i.e., thickness,
porosity, and tortuosity), and since R, is dependent on the type of
active material and its specific surface area, we show how silicon
and graphite electrodes exhibit different contributions from each of
these two resistances. This results in different temperature-depen-
dent behavior of the electrodes due to the significantly higher
activation energy of R. compared to R,,, (shown, e.g., for NCA
cathode electrodes'? as well as graphite anode electrodes'™!%),
rendering R;,, as the dominating resistance at high temperatures.
In a second part, we will compare the effect of the differences in
R, and Ry, on the lithiation rate capability of silicon and graphite
anodes. As the lithiation potential of silicon (especially when
operating it at partial lithiation of only ~30%) is higher than that
of graphite over the entire state-of-charge (SOC) region, directly
comparing the lithiation capacities reached at 0V vs Li*/Li is not
sufficient to deduce the effect of R, and R;,, on the lithiation rate
capability. Thus, we analyze the potential profiles of the electrodes at
different lithiation rates (expressed as C-rates) and at different
temperatures in order to disentangle the electrode performance
from the potential profile, showing how R, causes a downshift in
the potential, while R;,, causes a constant increase in electrode
overpotential with SOC, ultimately limiting the graphite electrode
performance. Lastly, we compare the silicon and graphite rate
performance at different temperatures and show how silicon
electrodes show a performance improvement by a factor of two.

Experimental

Silicon electrode preparation.—The targeted weight percentages
of the electrode were 70%y, silicon, 25%,, conductive graphite
additive, and 5%, acrylate binder. First, 7.0 g of silicon (dsy =
4.5 um, Agpr = 2.9 m*> g !, Wacker Chemie AG, Germany), 12.5 g
of an aqueous 4%, LiPAA solution (prepared by neutralizing a
polyacryclic acid (PAA; M, = 459 k, Sigma Aldrich) solution with
LiOH to pH 7), and 5.1 ml of deionized water (18 MQcm, Merck
Millipore) were added to a mixing beaker (125 ml). After mixing the
materials in a dissolver mixer (Dispermat LC30, VMA-Getzmann)
at 4500 rpm for 5 min, 2.5 g of graphite (KS6L, Aper =232 m* g ',
Imerys) were added in small portions by gently stirring the mixture
using a spatula, followed by another mixing step at 4500 rpm for
5 min and finally at 12000 rpm for 30 min. In a last step, the ink was
degassed by mixing it in a planetary orbital mixer (Thinky Corp.,
USA) for 5 min at 2000 rpm. The slurry was coated onto copper foil
(MTI, 12 gm) with a box-type coating bar (Erichsen, Hemer,
Germany) using an automated coater (RK PrintCoat Instruments).
Wet-film thicknesses of 110 gm resulted in the desired capacity
loading of ~2.8 mAh cm 2 based on the reversible capacity of 1200

mAh gg; . After drying the coating at room temperature for 12 h,
electrodes were punched out to a diameter of 10.95 mm (equating to
an area of ~0.94 cm?) using an electrode punch (Hohsen Corp.
OSAKA, Japan), and then dried overnight under vacuum in a glass
oven (Biichi, B-585) at 120 °C and transferred into the glove box
(note that the electrodes were not calendered or compressed).

The punched-out electrodes were individually characterized by
weight (Sartorius Cubis 1 MSA225S) and thickness (Mitutoyo,
Japan), with estimated absolute measurement errors of +0.015 mg
and =1 g, respectively. The copper foil areal weight (8.57 + 0.02
mg cm~2) and thickness (10 + 1 um) were determined from copper
foil sampled in close proximity to the punched-out electrodes and
subtracted from the measured electrode weight and thickness. The
capacities of all analyzed electrodes ranged between 2.83 + 0.08
mAh cm ™2 (based on 1200 mAh ggf'). and for each of the studied
electrodes the areal capacity was determined with a calculated
measurement error of +0.02 mAh cm™2. From the determined
electrode thickness, the areal weight of all electrode components,
and the bulk densities of the electrode components (ps; ~ 2.34 g
cm ™3, Prser. =226 g cm ™3, and Priraa ~ 1.5 g cm™7), an average
porosity of 62.0% with a maximum deviation of +0.5 percentage
points was obtained. Here the resulting absolute error from the
uncertainties in weight and thickness measurement was estimated as
+2.2 percentage points.

Graphite electrode preparation.—The targeted weight percen-
tages were 95.8%,,, graphite, 1%,, carbon black, 1%, sodium
carboxymethyl cellulose (CMC), and 2.2%.,, polystyrene-co-buta-
diene rubber (SBR). First, 0.2 g of CMC (MAC200HC, D.o.S =
0.85-0.95 mol/Cg, SUNROSE) were added to 10 ml of DI water and
mixed twice for 10 min until the CMC was well dissolved. 19.16 g
of surface-modified graphite (SMG, ds, = 18.1 gm, Aggr = 3.1 m~
¢!, Hitachi, Japan) and 0.2 g of carbon black (Super C65, Agpr =
62 m? g !, TIMCAL, Switzerland) were mixed in a separate beaker
for 10 min at 1500 rpm. The resulting powder mixture was added to
the CMC solution and everything was mixed in three steps in a
planetary orbital mixer (Thinky Corp., USA): (1) 10min at
1000 rpm, (2) 10 min at 1500 rpm, (3) 5 min at 1500 rpm, and (4)
5 min at 2000 rpm. Before the second and third mixing step, water (2
x 3.75 ml) was added. The cup was weighed before and after each
mixing step and any water vapour losses were compensated for.
Finally, 0.88 g of SBR (Sigma-Aldrich, Germany) were added and
all was mixed for 5 min at 500 rpm. Wet-film thicknesses of 140 pm
resulted in a loading of ~2.8 mAh cm 2 based on a reversible
capacity of graphite of 350 mAh gg,,'. The coating was dried and
electrodes were punched to 10.95 mm diameter. Subsequently, they
were dried overnight under vacuum in a glass oven (Biichi, B-585) at
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120 °C (note that the electrodes were not calendered or compressed)
and transferred into the glove box.

Electrodes with an average capacity of 2.82 mAh cm 2 (based on
a reversible capacity of 350 mAh gg,, ') with a maximum deviation
of +0.05 mAh cm™ > were obtained. Each electrode’s capacity was
determined with a calculated measurement error of +0.01 mAh
cm 2. From the determined electrode thickness, the areal weight of
all electrode components, and the bulk densities of the electrode
materials (pgr ~ 2.26 g cm 2, Pees = 2.26 g cm >, pomc = 1.6 ¢
em 2, and pspr ~ 1.04 g cm ), an average porosity of 59.0% with
a maximum deviation of +0.2 percentage points was obtained. Here
the resulting absolute error from errors in weight and thickness
measurements was estimated as +0.9 percentage points for each
electrode.

The free-standing graphite (FSG) electrodes used on the counter
electrode were prepared analogously to the method described in our
previous publication.'” The ~105 um thick FSG electrodes were
composed of 95%,,, graphite (T311 type from SGL) and 5%,
polymer binder (polyvinylidene fluoride (PVDF), Arkema); they had
a graphite loading of ~10.31 mgcem ™~

Test cell assembly.—For electrochemical impedance analysis
(EIS) and rate capability tests, three-electrode cell setups (Swagelok”
T-cell) with reference electrodes were used, either with a gold-wire
reference electrode (GWRE) for EIS measurements'® or with a
lithium metal reference electrode for rate capability tests. The cells
were built inside an argon-filled glove box (MBraun, 25 + 1 °C,
oxygen and water content <0.1 ppm, Ar 5.0, Westfalen). All test cell
components were dried at 80 °C overnight in an oven (Binder,
Germany), while the glass fiber (GF) separators (11 mm diameter,
250 pm  thickness, ~90% porosity; VWR) were dried overnight
under vacuum in a glass oven (Biichi, B-585) at 300 °C. The here
used electrolytes were LP57 (I M LiPFg in EC:EMC 3:7 (w:w),
BASF, Germany), and 1M LiPF4 in a 1:4 mixture (v:iv) of
fluoroethylene carbonate (FEC, Gotion, USA) and diethyl carbonate
(DEC, Gotion, USA).

Test cells for the electrochemical impedance measurements were
assembled with a working electrode (silicon or graphite), four glass
fiber separators, and a counter electrode consisting of a free-standing
graphite electrode firmly attached to the metallic lithium foil (11 mm
diameter, 0.45 mm thickness; Rockwood Lithium, 99.9% battery
grade). 160 il electrolyte were added to the four separators between
the working and counter electrode.

Cells for rate capability tests were assembled analogously to the
cells used for the impedance measurements (i.e., with a lithium
counter electrode attached to a FSG electrode). Instead of the
GWRE, metallic lithium was used as a reference electrode (6 mm
diameter) and an additional 30 pl were added to the separator at the
reference electrode.

Cell formati. imped ements, and rate capability
tests.—Before electrochemical testing, all cells were left for 3 h at
open circuit voltage (OCV) after assembly in order to allow for
complete wetting of the electrode. Formation cycles and rate tests at
25 °C and 45 °C were performed in climate chambers (Binder,
Germany). Temperature-dependent impedance measurements and
rate tests at -5 °C were performed in a programmable low-
temperature cabinet (ESPEC, LU-114, Japan). Electrochemical
cycling and impedance measurements were conducted using a
potentiostat (Bio-Logic Science Instruments, France). For cells
with a gold wire reference electrode, the GWRE was lithiated by
applying 150 nA for 1 h at 25 °C via the counter electrode.

Figure 2 schematically illustrates the formation of the silicon and
graphite electrodes and the procedure for the impedance analysis.
The same formation procedure was carried out for all cells, i.e., also
for those that were used for rate capability tests. Two galvanostatic
(constant current (CC) (de-)lithiation) formation cycles were per-
formed at C/10, with the first cycle at 25 °C and the second cycle at
45 °C. For the graphite electrodes, formation cycling was done

between 30mV and 1.5V vs Li"/Li. The working electrode
potentials were measured against the reference electrode whereby
the GWRE potential was determined as 0.311 V vs Li*/Li.'® For
simplicity, all potentials are given with respect to the Li*/Li
potential. In case of the silicon electrodes, a partial lithiation of
the microscale silicon was achieved by capacitively limiting the
lithiation to 1200 mAh gsfl, while for the delithiation a potential
cutoff of 1 V vs Li*/Li was chosen.

Potentiostatic electrochemical impedance spectra (PEIS) were
recorded by applying a sinusoidal voltage perturbation of 10 mV at
frequencies in the range of 30 kHz—0.1 Hz. Before formation, PEIS
was measured under blocking conditions 2V vs Li*/Li). After
formation, the working electrodes were lithiated once more (to 1200
mAh/gg; in the case of silicon and to 350 mAh gGm" in the case of
graphite) and then delithitated to 50% SOC (600 mAh gg;~' and 175
mAh gg,, ") at a rate of C/10 at 25 °C. Then, PEIS was recorded at
OCV at 50% SOC (see right-most segments in Fig. 2). All PEIS
measurements (i.e., before formation and at 50% SOC) were
performed in the following sequence: 25 °C, —5 °C, 5 °C °C, 15 °
C,25°C, 35 °C, 45 °C, 25 °C. Before each impedance measurement,
the cell was left to adapt to the respective temperature for 2 h. All
impedance spectra were fitted to a simplified, reflecting, transmis-
sion line model (TLM, see e.g. Pritzl et al.'%) using the software
RelaxIS (rhd instruments, Version 3.0.20). The ionic pore resis-
tances (R;,,) were determined from a fit of the spectra recorded in
blocking conditions before formation. The charge-transfer resis-
tances (R.,) at 50% SOC were obtained from a non-blocking TLM fit
with the variable for R;,, fixed to the values determined before
formation.

For half-cell rate capability tests, the working electrode (silicon
or graphite) was lithiated using a CC procedure, applying the current
corresponding to each respective rate until the total capacity equaled
1200 mAh gs; ' or 350mA gg. '. The CC delithiation was
performed to a cut-off voltage of 1V and 1.5V vs the Li'/Li
reference electrode for silicon and graphite electrodes, respectively.
This was followed by a constant voltage (CV) step until the
measured current dropped below C/40. After formation (Fig. 2),
three lithiation/delithiation cycles were carried out for each lithiation
rate: C/10, C/5, C/2, 1C, 1.33C, 1.66C, 2C, 2.5C, 3C, and 4C. The
delithiation was performed at C/10 for the C/10 cycles and at C/5 for
all other cycles. These rate capability tests were performed at —5,
25, and 45 °C using two cells at each temperature.

Electrolyte ductivity ts.—The ionic conductiv-
ities of the electrolytes were determined in a commercially available
Pt microelectrode setup consisting of a Pt beaker and electrode (rhd
Instruments, TSC 1600 closed, Germany). 0.9 ml of electrolyte were
added to the Pt beaker inside the glovebox. The setup was then
transferred to a programmable low-temperature cabinet (ESPEC,
LU-114, Japan) and connected to a potentiostat (Bio-Logic Science
Instruments, France). Cell impedances were measured after a
thermal equilibration for 2 h at the temperatures —5 °C, 5 °C, 15 °©
C, 25 °C, 35 °C, and 45 °C. The obtained cell resistances were
converted to conductivity values using the calibration constant k. =
1370 + 20 @ mS cm™" which was previously determined for a KCI
calibration solution (Mettler Toledo, conductivity standard, 12.88
mS cm™').

Results and Discussion

Quantification of R;,, and R, for graphite and silicon elec-
trodes.—This section describes the impedance analysis and the
thereby determined differences in the ionic pore resistance (R,,) as
well as the charge-transfer resistance (R.,) between the graphite and
silicon electrodes. As this analysis is done for electrodes with
practically relevant areal capacities of 2.8 mAh cm 2 that have a
significant thickness, R;,, is of the same order as R, near room
temperature (illustrated for graphite anodes in Ref. 11) and thus will
have a strong impact on electrode performance. For a better
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Figure 2. Illustration of the potential curves during the formation procedure done for all cells (Ist cycle at 25 °C and 2nd cycle at 45 °C) and during setting of the
50% SOC point (in delithiation direction) for the EIS measurements in T-cells with a GWRE (right-most segments) for: (a) silicon; (b) graphite. Galvanostatic
cycling was performed at C/10, based on specific capacities of 1200 mAh gg; ' and 350 mAh g, ' for silicon and graphite electrodes, respectively (for details

see text).

comparison, LP57 was used as electrolyte for both Si and graphite
electrodes. However, since Si electrodes are typically used with
FEC-based electrolyte, the Si electrodes were also examined using
FEC:DEC 1:4 (v:v) with 1 M LiPFg; for any analyses pertaining to
the silicon electrode measured with this electrolyte, we denote the
electrode as Siggc.

Figures 3a and 3b show exemplary impedance spectra of a
graphite electrode in LP57 (green) and of silicon electrodes in either
LP57 (red) or in the FEC-based electrolyte (orange), acquired at 25 ©
C prior to formation as well as at 50% SOC (after two formation
cycles). R;,, and R, were determined by an EIS analysis that was
performed according to Ref. 11: (i) first, the value of R;,, was
determined under blocking conditions (i.e., prior to formation), using
a transmission line model (TLM) with only capacitive and ionic
resistance elements (neglecting electrical resistances) as well as a
resistor representing the separator resistance (including electrical
contact resistances); (ii) subsequently, the value of R, was deter-
mined at 50% SOC (see right-most segments of Fig. 2), using the
above TLM but including charge-transfer resistance elements,
whereby the TLM was fitted using the R;,, value determined under
blocking conditions (a necessary step for low values of R, compared
0 Rjo, as described in Ref. 11). The shift in the high-frequency
resistance (HFR) for the Si electrode impedance spectra in FEC-
based electrolyte (Sipgc) in Figs. 3a, 3b is a result of the lower ionic
conductivity of the FEC-based electrolyte (6.8 + 0.1 mS cm h
compared to the LP57 electrolyte (9.1 = 0.1 mS cm ') at 25 °C.

Figure 3a shows the 25 °C impedance spectra under blocking
conditions of the electrodes prior to electrode formation, allowing
the determination of R, as, e.g. described in the literature. 1217 The
Ri,n value obtained from Fig. 3a for the graphite electrode is 6.9

QemZoges Whereas R;,, for the Si electrode measured in the same
LP57 electrolyte is 2.3 Qem?2oqe (see Table T). These differences

can be understood by considering the most general mathematical
description of R;,:

ot
Rion =

(1

Ak

where 7 is the tortuosity, 7 is the electrode thickness, < is the porosity
(here ~60% for all electrodes, see Table I), A is the geometric
surface area of the electrodes (0.94 ¢cm?), and & is the electrolyte
conductivity. The most apparent factor that would lower R;,, of the
Si electrodes is their nearly 2.5-fold lower thickness (~40 vs
~95 um, see Table I and Fig. 1). Additionally, particle shape,
binder type, and electrode preparation can be an important factor
influencing the electrode tortuosity values,'”™'” which can be
determined from Eq. | using the measured values of Rj,, the
geometric parameters of the electrodes (g, f, and A), and the
electrolyte bulk conductivities. The resulting tortuosity values for
silicon (~3.2) are roughly 20% smaller than those obtained for
graphite (~3.9), indicating that the structure of the silicon electrodes
offers slightly better intrinsic ionic transport properties. Ultimately,
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Figure 3. Nyquist plots of the impedances of silicon and graphite working clectrodes with areal capacitics of 2.8 mAh cm ™2, measured by means of a micro-
reference electrode (GWRE) in half-cells with a lithium metal counter electrode attached to a free-standing graphite electrode (Li/FSG): (a) measured at 25 °C
before formation at 2 V vs Li'/Li, i.e., under blocking conditions; (b) measured at 25 °C after formation at 50% SOC (see Fig. 2). The graphite electrode was
measured with LP57 electrolyte (green), while the Si electrode was measured with both LP57 (red) and with an FEC-based electrolyte (orange; 1 M LiPFg in

FEC:DEC 1:4 (v:v)). (¢) and (d): Same type of EIS data, but acquired at —

5 %G;

Table I. Structural characterization of the graphite and silicon electrodes that were analyzed by impedance spectroscopy for their electrochemical
properties in LP57 electrolyte and, in the case of the silicon electrodes, also in FEC-based electrolyte (1 M LiPFg in FEC:DEC 1:4 (v:v); the

corresponding data are referred to as Siggc). The table lists the reversible capacities, electrode thicknesses (fcoaring), calculated porosities (), the
ionic pore resistances (R;,,) obtained at 25 °C fmm the |mpedance spectrum in blocking conditions, and the tortuosity (7) determined from Eq. 1.

For each electrode/electrolyte c

were mcasured and analyzed (labelled as #1 and #2) and the ionic

: wo 1
conductivites () at 25 °C are 9.1 + 0.1 mS cm™' for 'LP57 and 6.8 + 0.1 mS cm™" for the FEC-based electrolyte. The errors correspond to the
measurement errors for each sample, including the error propagation in case of € and 7.

System Capac;ity Teoating € Rfun T
[mAB/emGjecrode | [pm] 1%1] 1QemGicetrode | -1
Gra (LP57 electrolyte) #1 2.85+0.01 94 + 1 59+ 1 6.9 = 0.10 39+0.1
#2 2.86 + 0.01 95 + 1 59 + 1 6.8 + 0.05 3.8+0.1
Si (LP57 electrolyte) #1 2.86 +0.02 40 + 1 62 +2 23 +0.09 32+02
#2 2.84 +0.02 39+ 1 62 +2 2.2 +0.05 32+02
Sigge (FEC-based electrolyte) #1 2.78 + 0.02 39+ 1 62 +2 29 +0.10 3.1+02
#2 2.92 +0.02 40 + 1 62+2 3.0 +0.10 32+02

the major effect responsible for the ~3-fold lower R;,, of the silicon
compared to the graphite electrodes in the LP57 electrolyte (see
green and red highlighted segments in Table I) is simply their
difference in electrode thickness. It must be noted that the measured
values of R;,, are descriptive of the pristine and uncalendered
electrodes (Fig. 1b) and are probably subject to change over cycling.
Especially for silicon, the volumetric changes during lithiation lead
to changes in porosity and electrode thickness as a function of SOC
and electrode ageing. In addition, it must be kept in mind that in a
commercial cell, the electrodes would be calendered. While the
silicon electrode likely needs to be operated at higher porosities
(~50%), the graphite is commonly compressed to porosities in the
range 20%—-30%. However, a reduced thickness would still yield an
Rion higher than the one measured here due to the non-linear

decrease in porosity with electrode thickness (even when assuming
constant tortuosity). Thus, the graphite is expected to perform
equally or worse if it was compressed.

Figure 3b shows the impedance of the graphite and silicon
electrodes after formation at 50% SOC (for conditions, see right-
most segments in Figs. 2a, 2b). Both silicon measurements show an
initial 45°-slope at high frequencies of above 1kHz (for frequency

assignments see legend given in the lower right-hand corner of

Fig. 3), followed by a transition into a semicircle (between 1 kHz
and 1 Hz), and a final diffusive branch (below 1 Hz).

Assuming that the value for R;,, does not change significantly
upon formation (e.g., via volumetric expansion), the data in Fig. 3b
yield charge-transfer resistances in LP57 electrolyte at 25 °C of 2.7
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2

Qem? e for graphite and 3.4 Qem?, g for silicon. On the other
hand, when using the FEC-based electrolyte, the charge-transfer
resistance of the Si electrodes is approximately twice as high, at 7.0
Qem?eyodes Which is presumably due to the formation of an SEI with
different composition and/or more resistive solid electrolyte inter-
phase (SEI).2 2! To move this analysis from the electrode level to
the material level, one would need to consider the intrinsic charge-
transfer resistance of the different active materials, i.e., the charge-
transfer resistance normalized to the electrochemically active surface
area which, a zero-order estimate would be the BET surface area of
the active material. With this assumption, the electrode roughness
factor multiplied with the above given charge-transfer resistance
referenced to the geometric surface area yields the intrinsic charge-
transfer resistance. The graphite electrode roughness factor is
calculated as ~250 em’gpr €M gearode (based on the graphite
BET surface area of 3.1 m* g~' and the graphite loading), while that
of the silicon electrodes with ~70 cm’gpr cmM ™ eecode (based on a
BET surface area of 2.9 m* g~ and the silicon loading) is more than
3-fold smaller. This yields intrinsic charge-transfer resistances in
LP57 of 675 Qcmiy; for graphite, which is ~3-fold larger than the

238 Qemgpy for silicon. However, since the silicon surface area is
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subject to change over cycling? and since the graphite basal planes
are not expected to be electrochemically active, this comparison of
the active materials intrinsic charge-transfer resistances needs to be
studied in more detail to yield further understanding. It should be
noted that, while the silicon electrodes contain graphite as con-
ductive additive, the potential of the silicon electrode at 50% SOC
(450 mV vs Li"/Li) lies above the threshold at which intercalation
into the graphite is possible and we expect no notable influence of
the graphite on the charge-transfer analysis of the silicon electrodes (
i.e., the graphite is under blocking conditions).

Figure 3c depicts the blocking impedance measurement of the
electrodes at —5 °C, showing the roughly twofold increase in R,
due to the temperature-induced decrease in electrolyte conductivity.
Comparing the impedance responses at 50% SOC obtained at —5 °C
(Fig. 3d) with those obtained at 25 °C reveals a drastic increase in
the charge-transfer resistance of the electrodes. The strong tempera-
ture dependence of R (discussed further in the section below)
results in a greater increase of R, compared to R;,, with decreasing
temperatures. As this leads to a better separation of the contributions
of Riy, and R, in the frequency domain (i.e., to a clearly visible 45°-
line at high frequencies followed by a well-pronounced semicircle at
lower frequencies), Ri,, can be determined in a straightforward
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Figure 4. The obtained values for R, and R;,, from the impedance analysis conducted at —5 to +45 °C with graphite and silicon electrodes (2.8 mAh cm ?)in
LP57 and with silicon electrodes in 1 M LiPFg in FEC:DEC 1:4 (referred to as Siggc). (a) Arrhenius plots for R;,, and the electrolyte resistivities p; (b) Arrhenius
plot for R.; (c) Bar chart showing the absolute contributions of R;,, and R, for each system and temperature, with R, represented by the lower part of the bar and
Ri,, represented by the upper hatched part of the bar. The data shows the change of resistance contribution, with R., dominating at lower temperatures and Ry,
dominating at higher temperatures. The average obtained from two measurements in separate cells is plotted. The plotted error bars span the deviation of each
resistance value from the mean plus the error obtained from each impedance fit.
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manner even from measurements under non-blocking conditions.""
This allows for comparison of R;,, obtained under blocking
conditions before formation (Fig. 3c) and obtained under non-
blocking conditions after formation at 50% SOC (left plot in
Fig. 3d). For all cells analyzed herein, the R;,, value obtained at
—5 °C either from blocking conditions before formation (see Fig. 3c)
or at 50% SOC after two formation cycles (see Fig. 3d) deviated by
less than 15%. This means that our above stated assumption used to
determine R.,, namely that R;,, does not change significantly over
the course of the two formation cycles, is reasonably accurate, i.e.,
that fixing the value for R;,, to that obtained before formation is
reasonable. Due to the expected volumetric changes of the silicon
particles during (de-)lithiation it is probable that reversible and
irreversible changes in porosity and thickness occur in the electrode
over formation, as a function of SOC and during the ageing of the
electrode. Thus, while the Ry, deviates by less than 15% at 50%
SOC compared to that measured before formation, it is probable that
changes in microstructure exist which account for these small
deviations. Furthermore, it is expected that larger deviations are
present at higher SOCs or aged electrodes. It must be noted that the
electrode has a large initial porosity (~62%) which may be able to
accommodate a major part of the volumetric expansion of the silicon
which is expected to be in the order of 100% for a lithiation to 1200
mAh gg; ' (based on the assumption of ~300% expansion upon full
lithiation and a linear volume expansion). Thus, larger changes in
microstructure and resulting Ry, could occur during formation of
calendered electrodes of lower porosities which are, however, not
investigated in this study.

Temperature-dependent imped. —This section describes the
temperature-dependent behavior of the two resistances, R, and R;,,.
The resistances were extracted by individually measuring R, before
formation at all temperatures and then analyzing the spectra at 50%
SOC to extract the charge-transfer resistance.

As described above, the main differences in electrode properties
between the graphite and silicon electrodes is their difference in pore
resistance, which is lower for the much thinner silicon electrodes, as
well as in charge-transfer resistance, which is slightly higher for the
silicon electrodes in the same electrolyte (i.e., in LP57) and
substantially higher when using an FEC-based electrolyte that is
commonly used for silicon electrodes. This difference plays a key
role when it comes to the temperature-dependent behavior of the
electrode performance. Figure 4 shows the temperature dependence
of the two resistances, Ri,, and R, which were extracted from the
EIS measurements.

First, Fig. 4a shows the temperature-dependence of R;,, of the
different electrodes as well as of the resistivity (Pelectrolye = 1/€) of
the pure electrolytes (i.e., of LP57 and the FEC-based electrolyte),
together with the thereof calculated activation energies. For the
graphite electrodes in LP57, the activation energy for R;,, of 14.1 kJ
mol ! (Fig. 4a, green text/symbols) is in very good agreement with
the activation energy determined for the ionic resistivity of LP57 of
13.8 kI mol ™' (dark blue text/symbols; reasonably close to the 13.2
kJ mol ' determined by Solchenbach et al. from Swagelok' T-cell
measurements'*), as one would expect on the basis of Eq. 1. On the
other hand, for the silicon electrode in LP57, the activation energy
for Rion (15.6 kJ mol !, red text/symbols) is ~13% higher than the
activation energy of the ionic resistivity of LP57. This deviation is
likely due to a non-negligible error in the analysis of the impedance
data Rj,,, since the ~3.5-fold lower R;,, value for the silicon
electrodes in LP57 makes it difficult to accurately analyze the
spectra (this is especially the case at higher temperatures, which in
turn may lead to an apparently higher slope). For the silicon
electrodes with the FEC-based electrolyte, the same discrepancy
between the activation energy for R;,, (15.4 kJ mol ', orange text/
symbols) and for peicerrolye (13.6 kJ mol~!, blue text/symbols) is
observed, presumably for the same reason. Overall, however, it can

be stated that the activation energies for R;,, are rather low and, as
expected, very close to the activation energy for peicctroyte-

Figure 4b shows the change of the charge-transfer resistance with
temperature. The graphite and the Si electrodes with LP57 electro-
lyte show activation energies for R, of 61.8 and 64.4 kJ mol ™',
respectively. The Siggc electrodes show a slightly hi%her activation
energy for the charge-transfer reaction (68.0 kJ mol™ "), but reason-
ably similar to that of the silicon electrodes with LP57 electrolyte,
despite an expected difference in SEI composition.”**

To better highlight the differences in electrode resistances,
Fig. 4c shows the sum of R, (fully colored lower part of the bars)
and R;,, (hatched upper part of the bars) at each temperature. At —5
°C, R, is the dominating resistance for all electrodes/electrolytes,
most prominently for the Si electrodes, for which the ratio of R./R;on
is ~13 (LP57) and ~25 (FEC), whereas it is only ~2.8 for the
graphite electrodes. With increasing temperature, the charge-transfer
resistance changes drastically due to their higher activation energy,
50 that the ratio of R./R;,, at 45 °C decreases to 0.47, 0.58, and 0.11
for the Si, Sipgc, and graphite electrodes, respectively. At these
elevated temperatures, the dominating resistance is now Ry, i.e., the
material is expected to be limited by the lithium ion transport in the
electrolyte phase within the pores of the electrodes rather than by the
reaction resistance. While at —5 °C the sum of R, and Rj,, was
lowest for the graphite electrode, at 35 °C and 45 °C this is reversed
and the graphite electrode shows the largest total resistance
compared to Si in either one of the electrolytes. This is explained
by the difference in activation energies and the differences in R, and
R, for the graphite and silicon electrodes. At low temperatures, R
is increased significantly and the silicon electrodes show larger
resistances compared to graphite. At high temperatures, R is
significantly reduced, so that the differences between the kinetic
resistances become negligibly small, leaving R;,, as the dominating
resistance, which is smallest for the thin silicon electrodes.

Electrode potential profile comparison in lithiation rate tests.—
This section describes the observed influence of the two resistances
Ry and R;,, on the potential profile and the performance of the
electrodes. While the resistances shown in the previous section were
measured after being delithiated to 50% SOC and only show the
resistance at 50% SOC, they can still be used as guidelines and
reference points to understand the behavior of the potential curves of
the electrodes under load, even though they are not necessarily
representative of the overpotentials of the electrodes at all SOCs.
Additionally, the diffusion overpotentials from Li* concentration
gradients in the electrodes and the separator, which are not part of
the measured R,,,, will contribute to the measured overpotential.>***

The effects of the resistances R, and R;,, on the potential profile
are expected to be different. The charge-transfer resistance is a
resistance connected in series to the reaction path, i.e., every Li*-ion
has to overcome the reaction resistance to be intercalated (in case of
graphite) or alloyed (in case of silicon). The kinetics may change as
a function of SOC (assuming e.g. Doyle-Fuller-Newman (DFN) -
type kinetics>), but between applying a lower and higher C-rate, the
difference in their respective overpotential from faradaic reactions
should result in the electrode potential being shifted downward, as
changes in the applied current correspond to changes in Butler-
Volmer (BV) type overpotential. The linear region of the BV
kinetics, where the kinetic overpotential equates to the product of
R, and the current density, extends to overpotentials of up to
roughly one third of the Tafel slope. Assuming a kinetic transfer
coefficient of o = 0.5, the Tafel slope (7) at room temperature is
~120mV (based on TS = 2.303 - R - T/(«x -F), with R being the ideal
gas constant, F the Faraday constant, and 7 the temperature in
Kelvin), so that the linear region should extend to up to roughly +
40mV.?® At 25 °C, the R, of the silicon electrode with LP57 is ~3
Qem?;jecirodes Tesulting in a kinetic overpotential of ~8 mV at a rate
of 1C (i.e., at a current density of 2.8 mA cm % jeciroqe)s 1-€., still
being in the linear BV region. At —5 °C however, the charge-
transfer resistance of the silicon electrode with LP57 increases to R,
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~60 Qemectrodes resulting in a linearly extrapolated kinetic over-
potential at 1C of ~170 mV; as the latter is outside the linear region,
the actual kinetic overpotential would be lower. In either case (i.e.,
whether in the linear or non-linear BV region), higher rates will lead
to an increased down-shift of the potential curve (i.e., of E vs SOC).
Furthermore, if R, does not vary strongly with the SOC, the
potential curve retains its specific shape. The change in R, with
SOC is not shown in this work but has been measured to be below a
factor 2 for most parts of the SOC window measured in LP57,
similarly to the DFN model which predicts a max. change of factor 2
in kinetics between 10%-90% SOC, represented by Eq. 2:>%

ig = Fk(cs, max — €)% (c)%(c))® 12]

with k as the reaction rate, ¢, and ¢ max as the solid concentration
and maximum solic concentration of Li and ¢ as the Li"~
concentration in the electrolyte. a. and @, are the kinetic transfer
coefficients and usually assumed 0.5.

In contrast, the electrolyte ionic resistance in the pores of the
electrode is connecting the active material particles through the
electrode, and not all ions have to pass through the entire electrode
for the reaction to occur. For example, only 10% of the total Li"
exchanged needs to reach the bottom 10% of the electrode near the
electrode/current collector interface. Thus, one might assume that
the ionic resistance is less important compared to the charge-transfer
resistance. However, high currents can lead to concentration
gradients across the electrode and thus to an inhomogeneous use
of the electrode, i.e., it is more difficult for Li* to reach the region of
the electrode near the current collector vs the region of the electrode
near the separator, which is reflected in a downward-sloping
potential profile.>* Additionally, R,,, is only a representation of
the electrolyte conductivity, whereas during operation of a battery
cell additional diffusion resistances will contribute to the mass
transport overpotential. These diffusion overpotentials not only play
a role in the porous electrodes but also across the separator. The
concentration difference across the separator can be estimated via

de _ 10 -t -
ox DeF
with ¢ being the electrolyte concentration, x being the path length (e.
2., the separator thickness), F being the Faraday constant, / being the
applied current (in A/m?), ¢, being the transference number, and D
being the salt diffusion coefficient (in mzls). Combined with the
equation

05

My %(TDF)U -1 ac

4
ox G ox [4]

with R being the ideal gas constant, T the electrolyte temperature (in
Kelvin), and TDF being the thermodynamic factor of the electrolyte,
the potential drop ¢ across the separator can be estimated.”® This
equation represents the part of the Maclnnes equation which
represents the diffusion overpotential, as the ohmic resistance of
the electrolyte has been incorporated in the HFR of the EIS
measurement. The path length (travel distance) of ions through the
separator, x, can be estimated from the thickness of the separator and
its tortuosity. The tortuosity of the separator can be calculated using
Eq. 1 assuming & = 0.9, separator thickness ~2 x 200 um (two
separators measured from the reference electrode to the working
electrode), electrolyte conductivity 9.1 mS cm™" and a resistance of
~6 Qem?ecode (HER), giving 7 ~ 1.15. From there, using electro-
lyte values for 25 °C measured by Landesfeind et al.>® for LP57,
(D = 3%107"9m?/s, t, = 0.25, TDF = L.5), the overpotential at C/5
(=0.56 mA cm‘zcm.mdc) across two glass fiber separators is
estimated to be ~4.3 mV, which corresponds to an areal resistance
of ~7.7 Qem? ecrroqe- The Warburg diffusion resistance is dependent
on the same geometric and electrolyte properties as the HFR,
meaning that an increase in HFR would directly follow an increase
in the Warburg diffusion resistance, with the Warburg resistance
giving 1.3x HFR. This means that under load the separator exhibits
a total resistance 2.3 times the measured HFR. Following this, the
factor 2.3 can be used with any resistance stemming from the
electrolyte under load, including R;,,. It should be mentioned that
changes in Li" concentration in the electrolyte are also assumed to
have an effect on the kinetics, with a locally decreased Li™
concentration increasing the local R, as, e.g., expected during
fast-charging on the anode side. This highlights the importance of
the porous aspect of the electrode, as it has an effect on local current
homogeneity,'"** kinetic resistances, as well as transport resis-
tances. In summary, electrodes which are mostly limited by kinetic
resistances are expected to keep the shape of their potential profile,
with the potential vs SOC curve only being shifted downward
(assuming no drastic changes in SOC-dependent Kinetics). In
contrast, electrodes which show strong transport limitations in the
electrolyte phase are subject to inhomogeneous current distributions
in the electrode and show time dependent concentration gradients,
which are expected to increase the electrode overpotential over time,
i.e., over SOC when conducting a constant-current charge or
discharge curve. In this work the solid diffusion resistance was not
measured, as diffusion coefficient measurements need to be per-
formed over the whole SoC range and fitted to a model, an analysis
which is outside of the scope of this work. As will be shown below,
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Figure 5. Lithiation potentials vs SOC for silicon (red colored line) and graphite electrodes (green colored lines) in LP57 at 45 °C, 25 °C and —5 °C at various
C-rates: (a) C/5, (b) C/2, and (c) 1C. The silicon and graphite electrode potentials are referenced to the reference electrode in Swagelok T-cells, with graphite or
silicon as working electrodes (2.8 mAh cm ?) and a lithium metal foil with a free-standing graphite electrode as counter electrode. Note that the silicon in the

silicon clectrodes is utilized only partially, i.c., only up to 1200 mAh gs;_l.
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the electrodes limitations are often visible already at SOCs below or
around 50%, a region where the diffusion limitation is expected to
still be low.

To show the influence of R, and R;,, on the electrode
performance, the electrodes were tested for their rate capability
during lithiation (corresponding to the charging of a battery cell).
Figure 5 shows the potential profiles of the graphite and silicon
electrode measured with LP57 electrolyte at different temperatures
and C-rates, whereby the graphite and silicon electrode potentials are
measured vs the reference electrode in the cell. The silicon electrode
(red colored lines) shows the expected behavior of electrodes that are
limited by their charge-transfer Kkinetics, where the electrode
potential vs SOC curve retains its shape but is shifted downward,
visible most clearly for the —5 °C data at C/5 (Fig. 5a) and C/2
(Fig. 5b). Only at a rate of 1C at —5 °C, the silicon electrode shows
an increase in overpotential with SOC (i.e., with lithiation time) and
the electrode potential ultimately falls below 0V vs Li*/Li, where
lithium plating can occur.

The graphite electrodes only retain the shape of their open circuit
potential vs SOC profile for C/5 and C/2 at 25 °C and 45 °C,
suggesting a constant overpotential over the entire SOC range under
these conditions. However, while the graphite potential profile at —5
°C is downshifted at C/5 in a similar fashion at low SOCs (see
Fig. 5a), it starts to become more sloped at higher SOCs (around
80% SOC), suggesting stronger concentration overpotentials at high
SOCs. This effect is even more pronounced at C/2 and —5 °C (see
Fig. 5b), where a substantial sloping and smearing out of the
plateaus of the different lithiation stages can be observed already
beyond ~20% SOC. At 1C (see Fig. 5c), the graphite electrodes
show a constantly increasing overpotential over all temperature
ranges and even at the highest temperature of 45 °C, the electrode
cannot be fully charged before reaching OV vs Li‘/Li. The
resistances derived from the impedance data (Fig. 4¢) between 25
°C and 45 °C show that the graphite and silicon charge-transfer
resistances (for LP57) are similar, and that the electrodes differ most
prominently in their ionic pore resistance which are ~3-fold smaller
for the silicon electrodes. This results in a poor lithiation perfor-
mance at 1C of the graphite electrode, but does not yet limit the
performance of the thinner silicon electrode. Analyzing the electrode
potential at 100% SOC, the effect of the difference in ionic pore
resistance becomes apparent: at 45 °C, the potential difference
between C/5 and 1C for the silicon electrodes is ~30 mV at 100%
SOC, while it is ~100 mV for the graphite electrode, i.e., ~3-fold
larger. It should be noted that the cells used here are flooded with
electrolyte, and any commercially relevant system might show
influences of electrolyte starvation not seen in this analysis.

The comparison of the effect of temperature and of the individual
resistances (i.e., Ry and R;,,) on the potential vs SOC profile is
important when comparing the performance of different materials, as
it allows to deconvolute the influence of their open circuit potentials
from the influence of their charge-transport and ionic pore resis-
tances on the rate performane of the electrodes. By virtue of having a
potential profile which lies significantly higher than graphite, silicon
electrodes (particularly silicon electrodes where the silicon is
utilized only partially, as is the case here) allow higher over-
potentials than graphite before reaching the lithium plating potential
of 0V vs Li"/Li. The above analysis shows that it is not only the
potential vs SOC profile, but also the reduced ionic pore resistance
that allows higher rate capabilities of the material.

To give an overview over the lithiation rate capability of the
graphite (in LP57) and of the silicon (in LP57 and the FEC-based
electrolyte) electrodes, Fig. 6 shows the SOC values of the
electrodes at which their potential reaches 0 V vs Li"/Li (determined
by the lithium metal reference electrode), i.e., the SOC beyond
which the plating of lithium becomes possible. This analysis shows
the combined effect of the higher potential of the silicon electrode
(based on a ~30% silicon utilization) as well as its lower ionic pore
resistance (i.e., its lower transport overpotential) on its lithiation rate
capability. The graphite electrode (Fig. 6a) shows a performance

improvement of a factor ~4 from the lowest (—5 °C) to the highest
(+45 °C) temperature, with 50% SOC reached for C/2 at —5 °C and
for ~1.8C (interpolated C-rate) at 45 °C. The silicon electrode
measured in LP57 (Fig. 6b) generally allows for higher C-rates,
giving 50% SOC at ~1.2C when measured at —5 °C. At higher
temperatures, the electrode limitation is ultimately expected to be
also caused by ionic transport limitations, as kinetic resistances are
very low at high temperatures, and at 45 °C the silicon electrode
reaches 50% of its capacity at ~3.2C (i.e., a factor of ~2.5
improvement from —5 °C to 45 °C). The silicon electrode with
the FEC-based electrolyte (Siggc, see Fig. 6¢) shows a very similar
behavior.

Comparing the lithiation rate capabilities of the various elec-
trodes at a given temperature, one can see that at —5 °C it is similar
for the silicon electrodes in the two different electrolytes and ~2-
fold higher than that of the graphite electrode (i.e., 50% SOC are
reached for the silicon electrodes at ~1C and for the graphite
electrode at ~0.5C; see Fig. 6d). The overall electrode resistance of
the silicon electrode in FEC-based electrolyte at —5 °C is dominated
by R, and is ~3-fold higher than that of the graphite electrode (see
Fig. 4c), yet it still performs clearly better than the graphite
electrode. Thus, the higher OCV of silicon compensates for the
high kinetic overpotentials at low temperatures. Comparing graphite
and silicon at 25 °C (Fig. 6e) and 45 °C (Fig. 6f), the temperature-
induced reduction in kinetic overpotential strongly improves the rate
capability of the silicon electrodes in both electrolytes, which only
show a reduced capacity above 2C at 25 °C and 2.5C at 45 °C. In
contrast, graphite is limited above ~0.75C at both 25 and 45 °C,
which can be explained by the kinetics becoming negligible at higher
temperatures. As the pore resistance is significantly less affected by
changes in temperature, it becomes the dominant factor in deter-
mining the electrodes limitation at higher temperatures.

Conclusions

In this publication we analyzed and compared graphite and
silicon electrodes of practical areal capacities (2.8 mAh cm2) for
their kinetic and transport resistances at temperatures between —5 to
45 °C via electrochemical impedance spectroscopy (EIS) with a
micro-reference electrode to quantify the anode (graphite or silicon)
impedance. For the here studied silicon elecrodes (70%, silicon),
only ~30% of the full capacity of silicon was utilized (i.e., 1200
mAh gg;~!'). LP57 was used as reference electrolyte for both graphite
and silicon, the latter also being measured in an FEC-based
electrolyte which is generally used for silicon electrodes.

Using EIS we showed that the graphite anode has a ~2.5 times
higher ionic resistance (R;,,) for lithium ion conduction in the
electrolyte phase within the pores of the electrode, mostly due to its
~2.5-fold larger electrode thickness at the same areal capacity as the
silicon-based electrode. Furthermore, the graphite electrode exhibits
only slightly lower kinetic resistances (R.) compared to silicon
when measured in LP57 at 25 °C. The temperature-dependent
impedance analysis showed how the ratio of R, to R;,, changes
from predominantly kinetically limited at lower temperatures to
transport limited at higher temperature, due to high activation
energies for Ry of ~62-68 kI mol ' compared to the ionic
resistance Rjqp of ~14-16 kJ mol ",

We subsequently explored the lithiation rate limiting properties
of the graphite and silicon electrodes by comparing the resulting
potential profiles at different C-rates to the findings from the EIS
analysis. We showed how the kinetically dominated silicon elec-
trodes mostly retain their potential shape, as the kinetic overpotential
only generates an offset in overpotential, while the graphite
electrodes, which show a much greater transport limitation, show a
smearing of the potential profile and an increase in overpotential
over SOC when cycled at higher C-rates. Only at —5 °C, the graphite
electrode exhibited a kinetic limitation at C/5 but already showed
additional transport overpotentials starting at C/2. At 1C the graphite
potential showed transport limitations even at 45 °C and did not
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(a) Graphite (LP57)

(b) Silicon (LP57)

(c) Silicon (FEC-based)
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Figure 6. SOC obtained at 0 V vs Li™/Li for silicon and graphite electrodes at different temperatures and C-rates. (a)-(c) Lithiation rate vs SOC at which 0 V vs
Li™/Li are reached for graphite in LP57, silicon in LP57, and silicon in FEC-based electrolyte (Siggc), acquired at —5 °C, 25 °C, and 45 °C. (d)—(f) Lithiation rate
test data for the three sets of electrodes/electrolytes at each of the three temperatures. Error bars indicate the standard error of the mean of two independent
measurements with electrodes of identical composition. A sigmoidal fit was added as a guide-to-the-eye according to the mathematical description described in
Ref. 1. Measurements were conducted with Swagelok” T-cells equipped with a GWRE, with graphite or silicon as working electrodes (2.8 mAh cm™2), and a
lithium metal foil with a free-standing graphite electrode as counter clectrode. Note that the silicon in the silicon electrodes is utilized only partially, i.c., only up

to 1200 mAh gg; ™'

reach the full capacity before reaching O V vs Li*/Li. In contrast, the
thinner silicon electrodes only showed transport overpotentials at —5
°C for a 1C lithiation. Comparing the end-of-charge overpotential of
the two electrode types at 45 °C and 1C, the graphite overpotential
of ~100 mV was three times greater than that of the silicon
(~30mV), highlighting how the silicon electrodes’ decreased
transport resistance is contributing significantly to its greater
lithiation rate capability. This potential profile analysis showed
that the better performance of silicon is not only due to its higher
reversible potential, which allows for higher overpotentials before
the onset of Li-plating, but also due to its significantly smaller
thickness.

Additional analysis of the temperature-dependent lithiation rate
tests gave insight into the overall performance of the electrodes.
While the graphite electrodes could not reach the full capacity at 1C
and 45 °C, the silicon electrodes allowed a lithiation at 2C already at
25 °C and still reached the full capacity at 2.5 °C and 45 °C. Overall
the silicon electrodes showed a roughly 2-fold increase in lithiation
rate capability compared to graphite.
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4.0 Conclusions

The main objective of this work was to gain a fundamental understanding of a new type of
silicon active material employed by the group in a research project funded by WACKER Chemie
AG. The here investigated microscale silicon material aims to address the intrinsic challenges
associated with the volume expansion of silicon upon lithiation.[11143154104,143] \Microscale
silicon particles are characterized by a low specific surface area, which has the advantage of
lower first-cycle irreversible capacity losses compared to nanoscale silicon materials.[®4 In
addition, microscale silicon also offers advantages from a production and cost perspective.
However, to achieve a reasonable electrochemical performance, microscale silicon-based
anodes must be operated under partial lithiation conditions, i.e., using only a part of the
silicon’s capacity. The resulting preservation of a crystalline phase in the silicon particles
enables the maintenance of the integrity of the material over cycling and, therefore,
diminishes the degradation phenomena such as particle fracturing and electrical isolation (see

upper part of Figure 18).

To track and understand the amorphization of the crystalline silicon particles, we employed
an XRD-based in-situ method described in Chapter 3.1. The amorphization process was
investigated using varying lower lithiation cutoff potentials for the silicon-based anodes. For
lithiation cutoff potentials > 170 mV vs. Li*/Li, a constant capacity is observed for the
electrodes over cycling. However, decreasing the lower lithiation cutoff potential to < 170 mV
vs. Li*/Li leads to a continuous capacity increase over cycling until a threshold is reached where
the material collapses, after which point the capacity drops again. Using Si//Li pouch-cells
allows conducting in-situ XRD measurements of the electrodes in between cycling. Accurate

guantification of the crystalline phase is accomplished by taking the diffraction peak intensity
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of the internal copper current collector as an internal reference that was used to normalize
the diffraction peak intensity if the crystalline silicon phase for the silicon phase. In accordance
with the capacity increase for the lower cutoff potential, a decrease for the crystalline silicon
phase, i.e., an increase for amorphous silicon, is detected by XRD. At the same time, electrodes
with a restricted lithiation cutoff potential of > 170 mV vs. Li+/Li retained the amount of
crystalline phase that was set by the capacity-limited cycle. The quantitative study on the
evolution of the crystalline and amorphous silicon phases of microscale silicon over cycling
provided valuable information on how to operate microsilicon-based anodes using the partial
lithiation principle. Moreover, the insights can help to improve the material designs to enable

longer cycle life.

Such approaches or specific material designs can diminish volumetric expansion upon
lithiation; however, rupturing the SEl accompanied by irreversible Li-loss through consecutive
electrolyte reduction remains challenging (see lower part of Figure 18). Developing effective
and robust electrolyte systems alongside with new silicon materials is crucial for the
commercialization of the latter. Additives in the electrolyte play a pivotal role in tuning an
SEl's properties. Recently, LINO3; was employed as an effective additive in carbonate-based
electrolytes for silicon-active materials. The mechanism and working principle of LINO3in such
electrolyte systems is investigated in Chapter 3.2. Voltammetric scans on carbon electrodes
revealed two distinct reduction features at 1.56 V vs. Li*/Li and 1.39 V vs. Li*/Li. The first
feature can be assigned to the reduction of LiNOsto LiINO3; the latter turned out to be soluble
in the electrolyte and is thus not incorporated as a solid reduction product in the SEl.
Consecutively, the second peak is ascribed to the reduction of LINO; instead of LiNOs, which

was validated by applying LINO; as an electrolyte additive. Analysis of gaseous and solid
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reduction products by OEMS and XPS showed that LiNO; is further reduced to LisN and Li;O,
with N;O as a gaseous intermediate species. This mechanistic investigation revealed LiNO; as
the actual active species when LiNOs was applied as an additive. Full-cell cycling experiments
with silicon anodes, NCM622 cathodes, and LiNO; as additive in the electrolyte showed
impressive cycling stability. Similar performance of the LiNO; additive was achieved compared
to cells cycled with the LiNO3 additive. Both electrolyte systems could even outperform FEC at
elevated temperatures, which is the most used additive for silicon-based anodes. The
significant impact of these additives on the cycling stability of the cells underlines the critical
role of well-designed electrolyte systems on the performance of silicon-based anodes. The
mechanistic insights gained in this study help develop and tailor electrolytes for demanding

materials like silicon and thereby to accelerate their commercialization.

Not only active material designs but also electrode designs have a significant impact on the
final performance of a cell. Fast-charging capability can be achieved with low electrode
loadings and high porosities, whereas high energy densities are accomplished with more
densified electrodes with higher loadings. With its high specific capacity, silicon enables both
high energy densities and high rate-capabilities with thin electrode designs. To evaluate and
benchmark electrode properties and the porous electrode structure, electrochemical
impedance spectroscopy allows to determine the limiting resistances independently from
each other. In this study, we compared silicon-based electrodes with graphite electrodes with
the same areal capacities with regard to their temperature-dependent charge transfer
resistances (Rcr) and ion transport resistance (Rion) in the electrolyte phase within the pores
of the anode electrode. The pore resistance for the thinner silicon-based and thicker graphite

electrodes dominates at higher temperatures. The higher activation energy of the kinetic

93



Conclusions

charge transfer resistance reduces the influence at high temperatures but controls the lower
temperatures even more. In other words, thin electrodes are even more advantageous at high
temperatures, since the ion resistance strongly depends on the thickness of the coating. Fast-
charging processes, in principle, cause the cells to heat up, and the ion resistance and, thus,
the thickness of the electrodes is the determining parameter for such an application. The
benchmarking against graphite anodes conducted in this study shows that silicon-based
electrodes have superior performance for fast-charging applications, making them particularly

relevant, especially for the automotive applications.

Particle fracturing Quantification of the Amorphization Process
2 A% for Microscale Silicon Particles
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Figure 18 Degradation phenomena of silicon anodes arising from the volume expansion upon (de-)
lithiation and graphical overview of the mitigation strategies presented in this work (right part of the
figure). Left part of the figure; reprinted from Choi et al. with permission from Nature Review

Materials.[*
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