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Abstract

Lithium ion batteries (LIBs) have become the predominant power supplies in portable electronic
devices such as cell phones, laptops and tablets. They are regarded as promising candidates to
power future electric vehicles and to store the intermittent and fluctuating energy harvested from
solar and wind sources. Unfortunately, the current LIB technology fails to meet the growing
energy demand required by the automotive industry and operators of power stations. In addition,
safety concerns prevent a simple scale-up from the currently small scale LIBs to future large-
scale LIBs. Future LIB technology will undoubtedly rely on a sound understanding of underlying
work principles of current LIBs. In this dissertation, X-ray imaging both utilizes X-ray tube and
synchrotron sources is employed to investigate the underlying reactions of operating LIBs.

Firstly, lithium dendrites which are in-homogeneously deposited/stripped on/from the surface of
lithium (Li1) electrodes during cycling are characterized. The morphological evolution of lithium
dendrites is investigated. In addition, it is observed that both lithium dissolution during lithium
stripping and lithium deposition during lithium plating contribute to the formation of the porous
lithium interface (PSI). Secondly, the commercialized trilayer Celgard® 2325 separator is
investigated during battery cycling. It is observed that the trilayer separator can delaminate under
mechanical forces arising from growing lithium microstructures. In addition, partial melting of
the separator resulting from an internal short circuit (ISC) is demonstrated. Thirdly, gas
development inside an operating LIB is investigated. It is found that gas is preferentially
generated in regions close to the separator. Moreover, it is observed that gas generation is a
continuous process extending over many cycles. Fourthly, degradation of LIBs based on Si
particles has been studied. The volume expansion during lithiation and volume contraction during
delithiation of Si particles have been observed. It is found that the distribution of fractured Si
particles is heterogeneous. Furthermore, electrochemical deactivation of originally
electrochemically active Si particles is observed. Moreover, electrochemically inactive Si
particles are believed to decrease the energy density of an LIB. Fifthly, different (de)lithiation
behaviors of Sn particles are presented. In addition to the conventional “core-shell” reaction
mode, an unusual fracture of a Sn particle is observed during cycling. It is observed that some Sn
particles need some “incubation” time to become electrochemically active.
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Kurzfassung

Lithium-Ionen-Batterien (aus dem englischen: Lithium ion batteries LIBs) haben sich als
vorherrschende Energiequelle in portablen elektronischen Gerdten, wie zum Beispiel
Smartphones, Laptops und Tablets, etabliert. Sie werden als vielversprechende Mdglichkeit
betrachtet, zukiinftige elektrische Autos anzutreiben als auch iiberschiissige Energie aus Solar-
und Windkraftanlagen zwischenzuspeichern. Die heutige LIB-Technologie schafft es derzeitig
nicht den technischen Anforderungen der Automobilindustrie und der Energiewirtschaft gerecht
zu werden. Hinzu kommen Sicherheitsbedenken groBvolumige LIBs zu betreiben. In der Zukunft
wird diese Technologie zweifelsohne auf dem fundierten Verstindnis der zugrunde liegenden
Prozesse derzeitiger LIBs basieren. In dieser Dissertation werden bildgebende Verfahren mittels
einer kommerziellen Rontgen-CT Anlage als auch mittels Synchrotron Rontgenstrahlung
angewendet, um die grundlegenden Reaktionen in LIBs wihrend des Be-und Entladens zu
untersuchen.

Im ersten Teil wurden Lithium-Dendrite charakterisiert, die wahrend des Zyklierens inhomogen
auf der Lithiumelektrodenoberfliche abgeschieden und abgetragen werden. Die morphologische
Entwicklung der Lithium-Dendrite wurde dabei untersucht. Es wurde dabei beobachtet, dass
sowohl das Auflosen wihrend des Abtragens als auch die Beschichtung wéhrend des
Abscheidens zur Bildung einer pordsen Lithiumoberfldche beitragen. Im zweiten Teil wurde ein
kommerziell erhéltlicher dreilagiger Celgard® 2325 Separator wihrend des Zyklierens untersucht.
Dabei wurde beobachtet, dass der dreilagige Separator durch die mechanischen Krifte der
anwachsenden Lithiumstrukturen delaminieren kann. Zusétzlich wird ein teilweises Schmelzen
des Separators durch einen internen Kurzschluss beobachtet. Der dritte Teil widmet sich der
Gasentwicklung in LIBs wiéhrend des Zyklieren. Es konnte gezeigt werden, dass Gas
iberwiegend in Separator-nahen Regionen erzeugt wird. Die Gasentstehung wird als
kontinuierlicher Prozess charakterisiert, der sich iiber viele Zyklen erstreckt. Im vierten Teil
wurde die Degradation von Silizium-basierten LIBs studiert. Die Expansion wéhrend der
Lithiiterung und die Kontraktion wéhrend der Delithiierung wurden im Detail quantitativ
analysiert. Die Reaktion der Siliziumpartikel ist dabei rdumlich heterogen, das heif3t, die Partikel
reagieren individuell auf verschiedene Weise und zu verschiedenen Zeitpunkten. Dariiber hinaus
wurde eine elektrochemische Deaktivierung von urspriinglich aktiven Partikeln beobachtet, was
darauf hindeutet, dass elektrochemisch inaktive Partikel die Energiedichte der LIBs entscheidend
verringern. SchlieBlich, im fiinften Teil, wird das (De-)Lithiierungsverhalten von Sn-Partikeln
untersucht. Zusitzlich zur konventionellen ,,core-shell“ Reaktion, wurdd ein ungewdhnliches
Verhalten bei der Degradation der Sn-Partikel wéhrend des Zyklierens beobachtet: Unter
anderem hat sich gezeigt, dass einige Sn-Partikel eine gewisse ,,Inkubationszeit™ bendtigen um
elektrochemisch aktiv zu werden.
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1 Introduction

1 Introduction

1.1 Introduction to lithium ion batteries

Since the successful commercialization by SONY in 1991 and a joint venture of Asahi Kasei and
Toshiba in 1992, the lithium ion battery (LIB) has penetrated ubiquitously into our daily life [1].
The predominant reason that LIB can revolutionize portable energy storage technology is due to
its higher energy density compared with other battery systems such as lead-acid and Ni-MH
(nickel-metal hybride), as shown in Fig. 1a [2]. In contrast to other battery systems, LIBs do not
suffer from the memory effect problem. In addition, LIBs have voltages nearly three times these
of typical Ni-based batteries. The high single-cell voltage obtained from a LIB reduces the
number of cells required in a battery system. Finally, the self-discharge rate in LIBs is very low
(< 5% per month) compared with Ni-based batteries (~ 20-30% per month).

Moreover, in 2005, SONY launched the Nexelion hybrid LIB, which further increased the battery
energy density by 30% compared to conventional LIBs [3]. With such high energy density,
coupled with their long cycle life and rate capability, LIBs are now considered promising
candidates to power the upcoming electric vehicles (EVs) or plug-in hybrid electric vehicles
(PHEVs) [4]. Another important potential market for LIBs is to store intermittent and fluctuating
green energy supplies from renewable sources such as solar and wind sources [5]. From Fig. 1b,
one can observe that the market for various kinds of LIBs has expanded significantly from 2000
to 2015 [6] and this trend is going to continue.
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Fig. 1 a) Comparison of different battery types in terms of energy density. Reprinted with permission from
Ref. 2. b) Evolution of the lithium ion battery sale in various markets. Reprinted with permission from
Ref.6.

A more detailed historical evolution and present review of LIBs can be found elsewhere [2, 6].
Typically, a basic LIB consists of a cathode (positive electrode), an anode (negative electrode),
electrolyte containing lithium ions and a separator isolating the anode from the cathode. The
components of the first commercialized LIB are schematically illustrated in Fig. 2 [7]. During
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1 Introduction

discharge and charge, lithium ions shuttle between the anode and the cathode while electrons are
transported through the external circuit. The driving force for discharge of LIBs is the different
electrochemical potential pa and pc of the anode and the cathode. The open-circuit voltage of a
cell can be expressed by [7]:

V= Hke (1.1)
More details of the open circuit voltage with relation to the Fermi energy level and Gibbs free
energy of electrde materials can be found in previous reports [2, 8]. The effect of lithium ion
tranportation behavior within electrode materials on open circuit voltage can also be found in
previous investigations [9, 10].
During the charging process, the two electrodes are connected externally to an electrical supply.
The electrons are forced to be released from the cathode and transported externally to the anode
side. Simultaneously, lithium ions move internally from the cathode to the anode through the
electrolyte. Hence, the external energy is electrochemically stored in the battery in form of
chemical energy in both the anode and cathode [5]. During the discharge process, electrons move
from the anode back to the cathode through external load to do work and lithium ions move
through the electrolyte. The stored chemical energy inside the battery is released via
electrochemical reactions at two electrodes.
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Fig. 2 Schematic illustration of the first lithium ion battery. Reprinted with permission from Ref. 7.

The amount of electrical energy that can be converted by the electrochemical reaction of LIB
electrodes during discharge can be expressed either per unit of weight (Wh/kg) or per unit of
volume (Wh/I). This electrical energy that a battery can deliever is a function of the open-cell
potential (V) and specific capacity (Ah/kg or mAh/g) [2]. The specific energy (Wh/kg) can be
obtained by multiplying the specific capacity with the operating battery voltage. The specific
capacity measures the amount of charge that can be reversibly stored/released per unit mass. It is
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1 Introduction

closely related to the number of electrons transferred during electrochemical reactions and the
atomic weight of the electrode material. The theoretical capacity of electrode materials can be
estimated based on electrochemical reactions. For example, the reversible electrochemical
reaction of a graphite anode LIB is [6]:

Li"+¢e +6C < LiCg (1.2)
The theoretical specific capacity (mAh/g) of a graphite anode can be estimated as:
Copecific = XF/nM =1 x (96485 C/mol)/6 x (12g/mol) = 372 mAh/g (1.3)

where x is the number of electrons transferred in formula (1.2), F = 96485 C/mol is Faraday’s
constant, n is the number of moles of the chosen graphite anode taking place in the reaction and
M is the molecular weight of graphite. In practice, to evaluate the specific capacity of a battery,
not only integration of cathode and anode materials have to be taken into consideration, but also
other essential componets such as binders, conductive enhancers, separators, electrolytes, current
collectors, cases, tabs as well as battery management systems. As a result, the practical energy
density is always less than that estimated one based only on battery chemistry.

Cyclability of a battery measures the reversibility of lithium ion insertion and extraction
processes in terms of the number of charge and discharge cycles before a battery fails or can no
longer sustain devices [5]. Specifically, the cycle life of LIBs is closely affected by the state of
charge (SoC) and depth of discharge (DoD) as well as operating temperature and current rate. It
has been demonstrated that the cycle life can be enhanced by a shallow DoD and a lower SoC
[11].

Finally, abuse tolerance of a Li-ion battery is a critical requirement for practical applications
expecially for high-energy and high-density EVs and PHEVs. Before commercialization,
mechanical, thermal and electrical abuse evaluations have to be conducted on prototypes of Li-
ion batteries to evaluate abuse tolerance. Typically, mechanical abuse evaluation includes roll-
over, nail penetration, mechanical shock and drop and immersion in water tests. The thermal
abuse evaluation includes thermal stability test, radiant heat test, overheat test and extreme cold
test. The electrical abuse evaluation includes short circuit, overcharge and over-discharge tests.
Those abuse tolerance tests are extremely import before final commercializaion. Actually, the fire
catastrophe of the Boeing 787 Dreamliner is reported to have resulted from short circuits of
employed LIBs [12].
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Fig. 3 Voltage versus capacity for negative and positive electrode materials presently used or under
condideration for the next-generation of LIBs. Reproduced with permission from Ref.[2]

The voltage range and capacity of different electrode materials are shown in Fig. 3. In the following, the
focus will be on a brief introduction to cathode, electrolyte, anode and separator, followed by an
introduction of primary studies of the present dissertation.

1.1.1 Cathode material

Generally speaking, cathode materials are typically oxides of transition metals, which can
experience oxidation to higher valences when lithium is removed during charge [13]. While
oxidation of the transition metal can conserve charge neutrality in the compound, large
compositional changes can lead to phase changes. As a result, cathode materials have to be
crystal-structurally stable over wide ranges of composition. During discharge, lithium is inserted
into the cathode along with electrons from the anode to reduce the transition metal ions in the
cathode to a lower valence [14]. The rate of this oxidation and reduction of cathode materials as
well as the rate of transporation of lithium ions in the electrolyte control the maxium discharge
current. It has to be noted that exchange of lithium ions between cathode and electrolyte occurs at
electrode-electrolyte interfaces, so cathode performance depends directly on electrode
architecture and morphology as well as on electrochemical properties of cathode materials[14].
From the perspective of materials, there are a number of candidates that have been investigated as
cathode materials for LIBs. The cathode materials can be categorized based on their voltage
versus Li/Li", namely [5]: TiS, and MoS, with 2-D layered structure (~2 Volt); MnO, and V,0s
(~3 Volt); LiCoO,, LiNiO, with 2-D layered structure and 3-D spinel LiMn,04 and olivine
LiFePO4 (~4 Volt); olivine LiMnPO,4, LiCoPO4 and Li;MxMns4Os (M=Fe, Co) spinel 3-D
structure (~5 Volt). Typically, high cathode voltage is desirable for electrode materials because
the energy density is proportional to cell voltage. Currently, LiCoO; and LiFePO,4 are most
widely used in commercial LIBs because of their excellent cycle life and capacity retention.
However, investigation of cathode materials is not the focus in the current dissertation.
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1.1.2 Electrolyte

The electrolyte is crucial for LIBs. First of all, the electrolyte has to be chemically and
electrochemically stable to withstand a redox environment at both the cathode and anode sides
besides possessing high ionic conductivity for lithium ions. In addition, the electrolyte has to be
inert and stable in an acceptable temperature range. A detailed description of the potential
window of the electrolyte with respect to the electrochemical potentials of electrodes can be
found in previous reports [15].

In commercial Li-ion batteries, typically a liquid electrolyte is a solution of lithium salts in
organic solvents. However, it should be noted that there are other types of electrolyte such as
ionic electrolytes and inorganic solid electrolytes [16]. Most of the existing organic liquid
electrolytes can potentially catch fires under conditions of thermal runaway or short circuit due to
the volatile and flammable nature of the solvents. On the one hand, polar aprotic organic solvents
such as carbonate solvents with a high dielectic constant are selected to solve lithium salts at a
high concentration (normally 1 M) [5]. On the other hand, solvents with a low viscosity and low
melting point are necessary to meet the requirement for high ionic mobility during cycling. Until
now, various organic solvents have been explored for battery usage such as dimethyl carbonate,
diethyl carbonate, ethyl methyl carbonate, ethylene carbonate, etc [17]. In addition, many lithium
salts have been investigated such as LiPFs, LiBF4, LiAsFg, LiClO4, etc [18]. Currently, the
widely used electrolyte for LIBs is a lithium hexafluorophosphate solution (LiPFe): 1 M LiPFg in
EC/DMC (ethylene carbonate and dimethyl carbonate, v/v=50/50) or 1M LiPFs in EC/EMC
(ethylene carbonate and ethyl methyl carbonate, v/v=50/50), commercialized by different
companies [5]. These electrolytes offer reasonable stability over a wide range of potential.
Nevertheless, during cycling of LIBs containg these electrolytes, a SEI (solid electrolyte interface)
forms from the side reactions of the electrolyte with the electrodes [19]. Meanwhile, a significant
amount of gas is generated [20]. The generated gas can cause an internal pressure build-up and
even result in severe gas leakage [21].

Various characterization tools have been employed to investigate the decomposition of
electrolyte such as gas chromatography, a flame ionization detector and a thermal conductive
detector [18, 22]. Until now, the decomposition of solvent and lithium salts during battery
operation has been thoroughly studied. In the following, the decomposition of EMC, DMC, EC
and LiPF salt will be presented.

Reduction of ethyl methyl carbonate (EMC) following one-electron reduction:

CH3CH,O(C=0)OCHj3 + ¢ — CH3CH,O(C+ — O)OCHj3; (1.4)
Then CH3CH,0(C+ — O")OCHj reacts with Li" to produce CH;CH,OLi according to:
CH;CH,O(C* — O)OCH; + ¢ +2Li" — LiO(C=0)CH; + CH3;CH,OLi (1.5)

Alternatively, a two-electron reduction process can occur as for dimethyl carbonate (DMC):
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CH;0CO,CH; + 2¢ +2 Li" — Li;CO;3| + CoHegg)? (1.6)
Reduction of ethylene carbonate (EC) involves:

(CH,0),CO +2¢ 2L — Li,CO3] +CoHye)t (1.7)

Or alternatively:

(CH20)2CO + 26- +2Li+ — (CHQOCOQLl)zl + CHQZCHQ(g)T (1 8)
The LiPFg salt dissociates into LiF and the lewis acid PFs:

ora Li" and anion PFy as below:

LiPFs <> Li" + PF4 (1.10)
The dissociated lewis acid PF5 can react with H,O:

PFs +H,0 — 2HF + POF; (1.11)
PFs +H,O — PF,OH + HF (1.12)
The Lewis acid PFs can also react with dialkylcarbonate to form a variety of decomposition

products [23].

Apart from these extensive characterizations of decomposed products by compositional

characterizations, neutron radiography imaging was also employed to investigate gas generation

and movement inside LIBs [20]. Unfortunately, radiographic imaging always yields two-

dimensional (2D) information only, which prevents us from further comprehending gas evolution

kinetics in its inherent three-dimension (3D) state and from further quantitatively analyzing its

complex evolution. In the current dissertation, section 2.3 presents a detailed study of three-

dimensional gas evolution in an operating LIB using non-destructive synchrotron X-ray
tomography.

1.1.3 Anode material

Anode materials have been extensively investigated and there are many different materials and
candidate materials. Different anode materials exhibit different electrochemical performance such

-6-
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as cyclability, current rate and energy density. From the material point of view, there are
basically three types of materials based on their reaction types with Li [4, 24, 25]:

1, Li intercalation/de-insertion materials such as carbon-based materials (porous carbon, carbo
nanotubes and graphene) and TiO»;

2, alloying/de-alloying systems such as Ge, Sn, Si Al, Bi and SnO;

3, conversion materials such as transition metal oxide materials (Mn,Oy, NiO, Fe,Oy, CuO, Cu,O
and MoO), metal sulphides, metal phosphides and metal nitrides (M, Xy, here X=S, P, N).

Since the first commercialization of carbonaceous anodes, carbon is still dominant in commercial
LIBs due to its excellent cycle performance. Graphitic carbon with a layered structure can
effectively store and release lithium ions from its lattice space, resulting in excellent cyclability.
However, carbon anodes have been approaching their theoretical capacity of 372 mAh/g over the
past two decades of development. During the search for high energy density anode materials,
conversion materials and alloy materials have been discovered [26, 27]. In the following section,
we will mainly focus on the alloying/de-alloying anode materials as they normally possess higher
energy density than conversion materials, specifically, tin and silicon. But before that, lithium
metal as an anode material for LIBs is briefly reviewed and discussed.

1.1.3.1 Lithium anode

The motivation for using lithium metal as anode is because lithium is the most electronegative (-
3.04 V versus standard hydrogen electrode) and the lightest (equivalent weight M = 6.94 g/mol,
and specific gravity p = 0.53 g/cm™) metal, thus facilitating the design of storage systems with
high energy density (theoretical capacity is 3860 mAh/g) [28]. The usage of lithium metal was
first demonstrated in the 1970s in primary (non-rechargeable) lithium cells [29]. In 1972, Exxon
embarked on a large project using TiS, as the positive electrode, lithium metal as the negative
electrode in a rechargeable lithium cell [30]. However, they soon encountered the disadvantages
of a lithium metal/liquid electrolyte combination: the uncontrolled growth of dendritic lithtum
microstructures during each discharge/charge cycle as shown in Fig. 4a. The electrochemically
generated lithium microstructures such as dendrites, fibers and moss during inhomogeneous
lithium stripping/plating results in an internal short circuit leading to battery failure [31]. A
review of lithium dendrite formation can be found elsewhere [32]. To circumvent the safety
issues associated with the usage of lithium metal, an alternative approach of substituting metallic
lithium by a insertion material was proposed, which led to the discovery of the highly reversible,
low-voltage Li intercalation-deintercalation carbonaceous material as schematically shown in Fig.
4b [33].
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Fig. 4 Schematic illustration of lithium batteries. a) lithium dendrite growth during cycles. b) proposed
approach of using an intercalation-deintercalation host material as a negative electrode. From ref.[2]

Recently, metallic lithium has again attracted research attention from all over the world because
of its potential use in next-generation technologies such as Li-S and Li-O, batteries. Various
characterization tools such as optical microscopy [34], atomic force microscopy (AFM) [35],
scanning electron microscope (SEM) [36], transmission electron microscopy (TEM) [37], nuclear
magnetic resonance (NMR) [38] and magnetic resonance imaging (MRI) [39] have been
employed to understand the growth of the lithium microstructure (LmS) in lithium-ion batteries.
Meanwhile, different strategies such as employing Li surface coating [40], additives [41],
polymer- [42] and/or inorganic-based [28] electrolytes and employing different electrode/cell
configurations [43] have been adopted to reduce and/or control the growth of lithium
microstructures during cycling. Despite these intensive efforts, a fundamental understanding of
the underlying evolution mechanisms remains elusive. Herein, in section 2.1, synchrotron in-line
phase contrast X-ray tomography was employed to investigate the morphological evolution of
electrochemically deposited/dissolved lithium microstructures non-destructively. For the first
time, we present a 3D characterization of electrochemically stripped Li electrodes with regards to
electrochemically plated lithium microstructures. We also clarify fundamentally the origin of the
porous lithium interface growing towards Li electrodes.

1.1.3.2 Silicon anode

Since Dey et al. demonstrated in 1971 that Li metal can electrochemically alloy with other metals
such as Sn, Pb, Al, Zn, Si, etc. at room temperature, Li alloying/de-alloying materials have been
intensively investigated during the past few decades [44]. Among various alloying partners for Li,
Si has been considered as one of the most promising candidates for next-generation LIBs due to
its high specific capacity (3500 mAh/g) [45], low cost, abundance and environmentally benign
properties. Moreover, the discharging potential is about 0.1 V with respect to Li/Li’, which is
lower than for most of other alloy-type and conversion metal oxide anodes [46].

The mechanism of electrochemical lithiation of Si is critical to improve the performance of a Si
anode. The Li-Si alloying/de-alloying process during discharge/charge has been extensively
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investigated by several groups [46, 47]. It has been found that the reactions follow the
equilibrium Li-Si binary phase diagram at high temperature, forming different intermetallic
compounds and showing distinct voltage plateaus [48]. The detailed reaction investigated by X-
ray diffraction (XRD) analysis is explained as follows [49]:

During discharge:

Si (crystalline) + xLi" +xe” — yLi' +ye” + Li;sSis(crystalline) (1.13)
During charge:

Li;sSis(crystalline) — Si (amorphous) + yLi" + ye™ + Li;sSis(residual) (1.14)
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Fig. 5 Voltage-capacity curve of Si-based LIB. Revised from ref [50]

The typical discharge curve of a Si-based LIB is shown in Fig. 5. The crystalline Si becomes an
amorphous Li-Si alloy during the first lithiation and the highly lithiated amorphous LixSi phase is
suddenly found to crystallize into Li;sSis phase. A typical long voltage plateau at 0.1 V is also
clearly shown (1* discharge curve, red line). During delithiation, the formed crystalline Li;sSis
turns into amorphous Si and only a small fraction of Li;sSis phase remains. After the first cycle,
Li ions react with the amorphous Si formed at the end of the first delithiation. During the
abovementioned Li storage and release process, the Si electrode undergoes volume expansion
~400% [51]. This significant volume expansion contributes to the capacity degradation of Si-
based LIBs. In order to alleviate the significant volume expansion leading to irreversible capacity
decay, the underlying morphological change of the Si electrode with regard to the
electrochemical behavior should be investigated. In the current dissertation, section 2.4 presents
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the detailed investigation of the failure mechanisms of ~100-um-sized Si particle LIBs by using a
laboratory X-ray source. Section 2.5 presents a detailed study of the fracture behavior of ~20-um-
sized Si particle LIBs by using synchrotron X-ray source.

1.1.3.3 Tin anode

Compared with Si, the theoretical specific capacity of Sn is calculated to be 990 mAh/g [52]
when lithiated to Lis4Sn. The volume expansion of a Sn electrode during lithium insertion and
de-insertion is reported to be around 300% [53], which is smaller than for Si. Actually, the
Nexelion LIB launched by SONY in 2005 was based on Sn due to its high specific capacity and
relatively low volume expansion. Even though, current LIB technology falls short of meeting the
demands by energy systems because of its poor cycle performance. Significant capacity decay
has been observed in Sn-based LIBs during prolonged cycle tests [45, 54].

The electrochemical reduction of a Sn electrode leads to the subsequent formation of a number of
intermetallic phases Li,Sn, at room temperature. The detailed Li-Sn alloy reaction during
discharge has been suggested as follows:

5Sn+2Li — LizSIl5 (115)
Li>Sns + 3Li — 5LiSn (1.16)
5LiSn + 17Li — LijSns (1.17)

Some studies also reveal that the formation of Li»»Sns from LiSn also involves other intermediate
phases [55]. The corresponding discharge curve of a Sn electrode is shown in Fig. 6.

1.0

Potential / V vs. LilLi"
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Fig. 6 Discharge curve of Sn based LIB. Revised from ref. [56]

Similar to the Si anode, the detailed knowledge of the morphological changes of Sn electrodes
with regard to the electrochemical behavior can guide future battery design for next-generation
Sn anode LIBs. In the current dissertation, section 2.6 presents detailed (de)lithiation behavior of
Sn particles during (dis)charge by in situ synchrotron X-ray radiography.

1.1.4 Separator

The separator plays an important role in LIBs. The primary function of a separator is to prevent
physical contact between anode and cathode to prevent an internal short circuit (ISC). Meanwhile,
the separator allows the lithium ions to pass through to finish (dis)charge process. Generally,
separators with sub-micro pore sizes have proven adequate to block any penetration of electrode
particles while providing efficient transport of lithium ions [57]. Although the separator itself
does not take part in the cell reaction, its structure and properties directly affect battery capacity,
cycle life and safety. In addition, an ideal separator has to be electronically isolative,
mechanically, dimensionally, chemically and electrochemically stable. Furthermore, the separator
should not produce impurities, which could cause interference with the function of batteries. In
some applications, separators have to withstand the corrosive nature of the electrolyte at elevated
temperatures [58-60].

The major manufacturers of LIB separators along with their typical products are listed in Table 1
[59].

Table 1 Commercial separator properties from different companies. Reprinted with permission from Ref.
58.

Table 1. Commercial separator properties.
Separator manufacturers” ASAHI TORAY CELGARD UBE ENTEK
Product HIPORE SETELA Celgard UPORE Teklon
thickness [um] >25 7-25 ML PP: 16-25 - 25

ML PE: 16-20

TL PP/PE/PP: 12-38
single (SL)/multilayer (ML)  SL SL SL/ML SL SL
composition!®! PE PE SL: PP, PE PP, PE PE

ML: PP/PE/PP
process wet extruded  wet extruded  dry extruded dry extruded  wet extruded
[a] Separator specifications are found on data sheets for each product. [b] PE: polyethylene, PP: polypropylene.

The detailed requirements for a suitable separator in LIBs are listed below:

1, the separator material must be chemically stable against the electrolyte especially, under the
strongly reductive environment of the anode and the oxidative environment of the cathode when
the battery is fully charged. At the same time, the separator should not degrade and lose
mechanical strength during battery operation. An easy way to verify chemical stability is by
calendar life testing.
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2, the separator should possess a high wettability. Separators should have the ability to absorb
significant amounts of liquid electrolyte and also to retain the electrolyte during cell operation in
order to facilitate ion transportation.

3, a low thickness of a separator is beneficial for high energy and high rate capability. However,
this adversely affects mechanical strength and safety. In current technologies, the standard
thickness of separators for consumer rechargeable LIBs is ~ 25 pum. In addition, thickness
homogeneity is also desirable as variations in thickness may lead to cell failure.

4, an appropriate porosity is necessary to hold sufficient liquid electrolyte and ensure ionic
conductivity between the cathode and anode. A too low porosity will retain less electrolyte,
leading to internal resistance increase. However, a too high porosity will adversely impact the
mechanical performance of the separator. Typically, the separators for LIBs have a porosity of 40%
[59].

5, a uniform pore size distribution is desirable within the total area of a separator film to avoid
performance decay. In addition, the pore size must be smaller than the particle size of electrode
materials so no electrode particles can be transported. In practical cases, sub-um pore size have
proven adequate in reducing the possibility of an internal short circuit by blocking the penetration
of larger electrode particles meanwhile providing efficient conductivity for lithium ions [57].

6, a separator should possess a mediate permeability for lithium ions, i.e. the separator should not
limit the transportation of lithium ions during battery operation. Typically, the presence of a
separator increases the effective resistance of electrolyte by a factor of 4-5 [57]. The separator
with uniform permeability is essential for long cycle life of a battery. Variations in permeability
will lead to an uneven current density distribution, which has been verified as one of the reasons
for the formation of lithium dendrites on the anode [61].

7, a separator should possess a high mechanical strength and a high dimensional stability.
Mechanical strength is characterized in terms of tensile strength along the machine direction and
the transverse direction, the tear resistance and the puncture strength. The puncture strength is
defined as the maximum load required for a given needle to puncture the separator. The standard
minimum requirement for the mechanical and puncture strength is 100 kg/cm™ and 300 g for a
25 um separator [61].

Lastly, the separator should possess a low thermal shrinkage. In practice, the separator tends to
shrink when the temperature rises to the softening temperature. For example, polyethylene (PE)
can shrink as much as 10% when exposed to a temperature of 120 °C for 10 min. Thermal
shrinkage should be minimized. For LIBs, shrinkage of a separator is required to be not more
than 5% after 60 min at 90°C [61].

From the point view of composition and structure, battery separators can be broadly categorized
into:

1, microporous polymer separators,

2, non-woven mats,

3, composite membranes and

4, gel-poymer electrolyte separators [59].
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Among them, the microporous polymer separators have been widely used in liquid electrolyte
batteries due to their comprehensive advantages of performance, safety and cost [58]. In the
following section, we will focus on the trilayer separator developed by Celgard®.

1.1.4.1 Celgard® 2325 separator

The purpose of the proposed trilayer structure is to enhance inherent battery safety by shutting
down the pores of the PE layer (135 °C melting temperature) while maintaining the mechanical
stability of the separator through two PP (polypropylene) layers (165 °C melting temperature) in
case of internal chort circuit [58]. Fig.7 shows the currently investigated three-layered PP/PE/PP
Celgard® 2325 separator.

Fig. 7 Top view and cross-sectional view of the Celgard® 2325 separator characterized by scanning
electron microscopy (SEM). Scale bars in left and right figure are 1 um and 5 um, respectively. The
image are revised from ref. [58]

In the case of over-heating, the middle PE layer will shut down the cell automatically by blocking
ionic pathways upon melting, while the two PP layers can still provide mechanical strength to
prevent physical contact of the electrodes. From our investigation, it is concluded that the
proposed three-layer structure of the separator cannot withstand the force arising from the
growing lithium microstructures. Actually, delamination of the trilayer Celgard® 2325 separator
into three native layers can develop under the high pressure exerted by the growing lithium
microstructures. In addition, melting of the PE separator can occur due to localized excessive
Joule heating resulting from ISC. Section 2.2 presents a detailed investigation of this topic.
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1.2 X-ray imaging setup

Recently, X-ray imaging based on either a laboratory X-ray source or a synchrotron X-ray source
has been widely used as a powerful characterization tool in material science [62, 63]. Specifically,
X-ray imaging enables researchers to obtain fundamental insights into the evolution of electrodes
non-destructively. In the current dissertation, all the investigations are conducted by X-ray
radiography or tomography.

The underlying working principle of X-ray imaging is based on different X-ray absorption
coefficients of different materials. During X-ray imaging, an X-ray beam produced by the X-ray
tube or the synchrotron X-ray facility passes through the LIB to be characterized. Different
materials such as the cathode, anode and separator inside the LIB have different X-ray absorption
coefficients. The attenuated X-ray is finally captured by a detector. Then the obtained picture is
further analyzed. In conventional X-ray radiography, one 2D image is obtained [64]. Through X-
ray tomography, three dimensional structures of internal components of LIBs can be obtained
[65].

1.2.1 laboratory X-ray imaging setup

The laboratory X-ray imaging setup used in this dissertation is shown in Fig. 8 and is located at
the Helmholtz-Zentrum Berlin, Germany.

Fig. 8 Photography of the employed laboratory X-ray imaging setup

The employed laboratory X-ray imaging setup consists of an X-ray tube (Hamamatsu, L8121-03)

and a flat panel detector (Hamamatsu, C7942SK-05). The micro focus X-ray source produces a

cone beam which allows for different ratios in dependence of the relation between source-

detector and source-sample distances. In this way, the field of view and the spatial resolution are
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tunable. The detailed parameters for the laboratory X-ray tomography and radiography (section
2.4) are: 60 kV and 166 pA for the X-ray tube voltage and current, 58 mm and 500 mm for the
source-to-sample distance and source-to-detector distance. Each pixel represents 5.76 um of the
sample. The obtained datasets are then normalized, filtered and reconstructed. More detailed
information can be found in section 2.4.

1.2.2 Synchrotron X-ray imaging setup

The schematic illustration of the BAMline used for synchrotron X-ray imaging is shown in Fig. 9.

CCD Camera
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Monochromatic X-rays ( k Visible Light
— — >
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Fig. 9 Schematic illustration of the employed synchrotron X-ray imaging setup at the BAMline.

The synchrotron beam was monochromatized to 20keV wusing a double multilayer
monochromator with an energy resolution of about 1.5 %. The detector system comprised a 60-
pm thick CdWO, scintillator, a microscopic optic and a pco4000 camera equipped with a
4008%2672 pixels CCD chip that is kept out of the direct beam by using a mirror. In the present
dissertation, the synchrotron X-ray imaging setup is employed to characterize:

1, the morphological evolution of lithium microstructures in LIBs(section 2.1);

2, the break-down of the commercial Celgard® 2325 separator during cycles (section 2.2);

3, the three dimensional development of gas inside an operating battery (section 2.3);

4, the fracture behavior of ~ 20 um sized Si particles investigated by synchrotron X-ray
tomography (section 2.5);

5, different (de)lithiation behaviors of Sn particles investigated by in situ synchrotron X-ray
radiography.

The detailed parameters for the above measurements can be found in each section.
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1.3 The customized cells

In order to characterize LIBs by X-ray imaging, special LIBs had to be designed and fabricated
because commercially available LIBs are not compatible with this technique. For this purpose,
two prototypes of a tomography cell (tomo-cell) and a radiography cell (radio-cell) are fabricated
as shown in Fig. 10, along with the schematic illustrations.

Fig. 10 Photography and schematic illustration of the two cell prototypes employed. a), b) photography of
the fabricated tomo-cell and radio-cell, respectively. c¢), schematic illustration of the tomo-cell. d) and g)
schematic illustration of the radio-cell. €) enlarged electrode part of both cells.

Both cell prototypes are made of polyamide-imide due to its low X-ray absorption. Specifically,
the tomo-cell consists of a polyamide-imide housing (brown), two screw electrodes and a
retaining screws each on top (light grey), two sealing rings (yellow), a negative electrode (blue),
a porous separator (white) and the counter positive electrode (green), as shown in Fig. 10c. For
the radio-cell, from top to bottom, it consists of an upper housing (orange), sealing ring (yellow),
a negative electrode (blue) with copper wire, separator (light gray), a positive counter electrode
(green), a titanium foil current collector (gray), an annular copper current collector (copper), a
lower housing ( orange), as shown in Fig. 10g. The direction of the penetrating X-ray is
illustrated by yellow arrows in Fig. 10c and Fig. 10d. More detailed information can be found in
each section of chapter 2.
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2.1 Morphological evolution of lithium microstructures

Reprinted with permission from DOI: 10.1021/acsnano.6b03939. Copyright (2016) American Chemical
Society.

Morphological evolution of electrochemically plated/stripped lithium microstructures
investigated by synchrotron X-ray phase contrast tomography
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Due to its low redox potential and high theoretical specific capacity Li metal has drawn
worldwide research attentions because of its potential use in next-generation battery technologies
such as Li-S and Li-O,. Unfortunately, uncontrollable growth of Li microstructures (LmSs, e.g.
dendrites, fibers) during electrochemical Li stripping/plating has prevented their practical
commercialization. Despite various strategies proposed to mitigate LmS nucleation and/or block
its growth, a fundamental understanding of the underlying evolution mechanisms remains elusive.
Herein, synchrotron in-line phase contrast X-ray tomography was employed to investigate the
morphological evolution of electrochemically deposited/dissolved LmSs non-destructively. For
the first time we present a 3D characterization of electrochemically stripped Li electrodes with
regard to electrochemically plated LmSs. We clarify fundamentally, the origin of the porous
lithium interface growing towards Li electrodes. Moreover, cleavage of the separator caused by
growing LmS was experimentally observed and visualized in 3D. Our systematic investigation
provides fundamental insights into LmS evolution and enables us to understand the evolution
mechanisms in Li electrodes more profoundly.
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2.1 Morphological evolution of lithium microstructures

Abstract Graphic

Keywords: lithium microsctructures; morphological evolution; lithium ion battery; silicon;

separator; lithium strip/plate

The further development of characterization methods has often promoted a better understanding
of the structure and function of materials.' For example, optical microscopy,” atomic force
microscopy (AFM),’ scanning electron microscope (SEM),* transmission electron microscopy
(TEM),’ nuclear magnetic resonance (NMR)® and magnetic resonance imaging (MRI)’ have been
employed to understand the growth of the lithium microstructure (LmS) in lithium-ion batteries.
Our apprehension of the growth mechanisms of LmSs has greatly improved® since usage of Li
metal as negative electrode began in the 1970s.” Nevertheless, prior analytical tools are inherently
limited. For instance, most techniques usually require prior sample removal from their as grown
environment for analysis, which is problematic since accidental exposure of LmSs to air during
sample transfer'® and the Li-rinsing procedures applied for sample preparation'' may
fundamentally change their morphology. Furthermore, nuclear resonance techniques suffer from
limited resolution of around 100 pm, the limited penetration depth of radiofrequency irradiation
and additional concerns arising from artefacts introduced by metals.'> Recently, Eastwood et al.
have characterized the 3D microstructure of electrodeposited LmS by synchrotron in-line phase
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contrast X-ray tomography at sub-pum resolution,'* demonstrating that this method is a suitable
and powerful tool for the study of LmSs. In another study, Harry et al. found that most Li
dendrites reside within the electrode instead of the polymer separator during the early stage of
dendrite development. They conclude that these dendrites preferentially grow from crystalline
impurities existing within an electrode."

In this work, we implement a further systematic study by using in-line phase contrast X-ray
tomography. We propose that the Li dendrites residing on the surface of the electrode arise from
the nascent electrochemically deposited LmS occupying the previously dissolved initial Li bulk
electrode. Furthermore, the present study clarifies, from a fundamental point of view, the origin
of the Porous Lithium Interface (PLI) growing towards the Li electrode, which has been
discovered previously."* In addition, an unexpected cleavage of the separator caused by the
growing LmS is experimentally shown for the first time. These unprecedented findings, which
were not accessible from conventional microscopic characterizations and electrochemical
measurements, fundamentally deepen our understanding of the evolution mechanism of the LmS
during electrochemical stripping/plating. The insights obtained could open up the way towards
new design principles and opportunities to further ameliorate or eliminate LmSs.

A proof-of-concept electrochemical cell, which is fully compatible with X-ray imaging and at the
same time representative for commercial lithium-ion batteries (LIBs), was designed and
manufactured as shown in Figure 1 along with a schematic illustration of the synchrotron X-ray
imaging setup at BAMline of BESSY II, Berlin, Germany."® Two kinds of electrochemical cells
were investigated: a Li electrode coupled with a silicon-based composite (Si/C) electrode (Li/Si
half-cell) and a Li electrode coupled with a Li electrode (Li/Li symmetrical cell). All cells
employed commercial Celgard® 2325 separators and were filled with 0.2 ml standard 1 M LiPFg
in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (EC/EMC=50/50 (v/v)) electrolyte.
Details of parameters and cycling routines of the investigated cells are given in the Methods
section and the Supporting Information (SI). The validation of the electrochemical performance
of this proof-of-concept cell can be found in a previous report.'® The cycling curves of all the
cells are shown in the SI. After cycling, the cells were transferred to the beamline to conduct
tomography without prior disassembly. Every tomography was recorded with 2200 projections
covering a 180° rotation angle. A detector system with 0.438 pm pixel size was used.'” The field
of view (FoV) is 1.7 x 1.2 mm” large (length x height), which enables the simultaneous imaging
of morphological changes occurring in all components of the electrodes. The detailed
normalization, tomography reconstruction and 3D presentation procedure is given in the Methods
section and in SI.'®
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Figure 1 Schematic illustration of the proof-of-concept cell and the beamline setup. a, photograph and b,
corresponding illustration of the electrochemical cell: polyamide-imide housing (brown), two screws
serving as current collectors (light gray), two sealing rings (yellow), cathode (blue), separator (white) and
anode (green). c¢, schematic representation of the experimental setup at BAMline BESSY I, Berlin,
Germany. More information about the cell and the setup parameters can be found in Methods and SI.

Cross-sectional views of uncycled Li/Li (Li/Li-N: N denotes sample cell number. In this case, the
sample is Li/Li-1) and Li/Si (Li/Si-N: N denotes sample cell number. In this case, the sample is
Li/Si-1) cells are shown in Figure 2a-c and Figure 3a-c, respectively, where we can clearly
discern the Li electrode, the separator and the counter Li electrode (Si/C electrode) by the light
and dark interfaces between them arising from the in-line phase contrast.'” In both cases, the
interfaces between electrode and electrolyte of uncycled cells exhibit a few minor noticeable
features (uneven surfaces shown in Figure 2¢ and Figure 3c) caused by the high electrochemical
activity of Li."”” The anode and cathode are labeled separately in Figure 2 and Figure 3 (the
arrangement is taken only for easy demonstration: in sample Li/Li-2 (Figure 2d-1), the Li anode is
the bottom electrode, while the Li cathode is the upper. In sample Li/Li-3 (Figure 2m-o), the Li
anode is the top, the Li cathode the bottom electrode. For all Li/Si half cells, the Li anode is the
top, the Si/C cathode the bottom electrode (Figure 3)). Figure 2d,e show images of the Li/Li-2
sample subjected to a constant current of 0.3 mA-cm™ for 10h. The corresponding 3D
representation 1s shown in Figure 2f. Compared to Figure 2a-c, the initially flat
electrode/electrolyte interfaces have turned into rugged interfaces with numerous
electrochemically deposited LmSs on the cathode side. In addition, differently sized cavities can
be observed in the partially electrochemically dissolved Li anode. It has been reported that the
appearance of such cavities stems from the unevenly formed solid electrolyte interface (SEI) and
that regions containing cavities are electrochemically more active than flat surfaces.”
Furthermore, the separator deforms into an arched shape and adheres closely to the
electrochemically dissolved porous structure, indicating that significant stress is generated during
LmS formation.

In a next step, the Li/Li-2 sample was continuously discharged galvanostatically for another 19 h.
Figure 2g-I illustrates that a large amount of Li is further dissolved from the Li anode and
deposited onto the Li cathode, as indicated by the increased volume of cavities within the anode
and by the increasing LmSs on top of the cathode. Consequently, some delamination between the
separator and the two Li electrodes can be observed, which is comparable to previous reports."’
After charging the Li/Li-2 sample for 17 h, the structure shown in Figure 2j-1 is obtained. One
observes that: 1) during Li stripping from the cathode, it is the remaining Li bulk instead of the
electrochemically plated LmS that undergoes electrochemical Li dissolution, as indicated by the
newly formed void in the Li cathode (indicated by white triangles in Figure 2j,k), ii) during
plating of the anode with Li, Li deposition occurs preferentially in the system of cavities
structures as indicated by the newly formed LmSs on the surface of the existing cavities (note
white tetragons in Figure 2j,k). It has been reported that the nascent electrochemically inactive
LmSs are still chemically active and can easily react with the electrolyte to form a new SEI
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coverage.'* Consequently, the SEI formed electrically insulates most of the nascent LmSs,
thereby deactivating them electrochemically during Li stripping.®' The reason for the preferential
deposition of LmSs in cavity-containing regions is that such areas are electrochemically more
active® or possess a high local ionic conductivity.*’

Figure 2m-o shows a cross section of the Li/Li-3 sample which has been discharged at a constant
current of 0.3 mA-cm™ for 30 h. Here, the unexpected phenomenon of cleavage of the separator
due to the puncture by the LmS is observed. The corresponding 3D representation is displayed in
Figure 20. The presence of Li filaments running across the separator is observed, as indicated by
white arrows between the punctured separator in Figure 2m. The cleavage can be attributed to the
anisotropic mechanical properties of the Celgard® separator in the transverse direction due to the
manufacturing process employed to create the micro-porous membranes.” This is the first time
that the puncture of a separator is reported experimentally and displayed in 3D. 3D
representations of the morphological evolution of these cells are shown in Figure 2c, f, i, |, 0. The
locations of the cross sections shown in Figure 2, along with the corresponding videos displaying
the 3D nature of LmSs are available in SI.
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Figure 2 Morphological evolution of LmS in Li/Li symmetrical cells. a-c, uncycled pristine Li/Li-1
sample. The Celgard® separator is sandwiched between two Li electrodes. d-f, Li/Li-2 sample after
galvanostatic discharge for 10 h at 0.3 mA-cm™. Li metal has been dissolved from the Li anode (evidenced
by the visible cavities) and deposited onto the Li cathode (evidenced by the LmS). g-i, Li/Li-2 sample
after galvanostatic discharge for another 19 h at 0.003 mA-cm™. An increasing amount of Li has been
dissolved from the Li anode and deposited onto the Li cathode. j-1, Li/Li-2 cell after galvanostatic charge
for 19 h at 0.3 mA-cm™ showing that the residual Li bulk (indicated by white triangles) instead of LmSs
has been dissolved and preferentially deposited onto the surface of existing cavities (marked by white
tetragons). m-o, Li/Li-3 sample galvanostatically discharged for 30 h at 0.3 mA-cm™ showing filamentous
LmSs running across the separator (indicated by arrows) and the torn Celgard® separator. The first column
(a, d, g, j, m) contains reconstructed X-ray tomographies. The second column (b, e, h, k, n) shows the
same slice after a combination of manual and automated phase filtering and color labeling. The third
column (c, f, i, 1 and o) shows the corresponding 3D representations. All the scale bars are 50 pm long.
The cycling procedures of all cells, the detailed phase filtering procedure and 3D presentation methods are
described in Methods and SI.
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More information about the evolution of LmSs can be obtained from tomographies showing the
Li/Si half-cells. Figure 3d-f displays cross-sectional views of the Li/Si-2 sample that was
galvanostatically discharged for 15h at 0.3 mA-cm™. Compared to the uncycled Li electrode
sample (Figure 3a-c), a good deal of Li has been electrochemically stripped from the bulk anode
Li (evidenced by the cavities formed as marked by white triangles in Figure 3d,e) and
subsequently alloyed with Si particles (evidenced by the cracks formed as marked by white
diamonds in Figure 3d,e). Moreover, after the Li/Si-1 sample has been discharged for 15 h and
then charged for 5h at 0.7 mA-cm™, some but not all voids generated during electrochemical
dissolution are dominated by the nascent electrochemically deposited LmSs, as shown in Figure
3g-i. This non-uniform filling of voids may be the result of the uneven distribution of Li ion
flux.®® Finally, the Li/Si-3 sample, which has experienced 5 cycles, is shown in Figure 3j-1. We
observe that a nearly 100-um thick portion of the initial Li anode has been dissolved and is
thereafter occupied by electrochemically generated LmSs. On the Si cathode, almost all of the Si
particles have been fully lithiated to SiLiy (1<x<4) and are no longer observable due to the low
X-ray attenuation coefficient.** 3D representations of the morphological evolution of the LmS
formed in Li/Si cells are shown in Figure 3c, f, i, 1. The locations of the cross sections shown in
Figure 3, along with the corresponding videos showing the 3D nature of the LmS are available in
SL

Li Anode Separator = LmS

b
Ll Voids (empty)  Voids (filled)

Sj/C C‘a_thogle &

{'Separator. .

Si/C Cathode .

Figure 3 Morphological evolution of LmS in Li/Si half cells. a-c, uncycled pristine Li/Si-1 cell. The
Celgard”® separator is sandwiched between the Li anode and the Si/C composite cathode. d-f, Li/Si-2
sample that has been galvanostatically discharged for 15 h at 0.3 mA-cm™. Here, Li has been dissolved
from the Li anode (evidenced by cavity/void, white triangles) and alloyed with the Si/C cathode
(evidenced by Si crack formation, white tetragons). g-i, Li/Si-1 cell after 15 h of discharge and 5 h of
charge at 0.7 mA-cm™. The cavities formed are partially occupied by newly formed LmSs. j-1, Li/Si-3 cell
that has experienced 5 cycles (see SI). Here, nearly half of the original Li anode has been dissolved and is
now occupied by deposited LmSs. The first column (a, d, g, j) contains reconstructed tomography slices.
The second column (b, e, h, k) shows the same slice after a combination of manual and automated phase
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filtering and color labeling. The third column (c, f, i, 1) contains the corresponding 3D representations. All
the scale bars are 50 pm long. The cycling procedures of all cells can be found in SI.

Based on these systematic investigations, we suggest a model that describes the phenomena
observed in Figures 2 and 3. A schematic illustration of the proposed evolution is shown in
Figure 4. During the 1% electrochemical Li stripping, a significant amount of Li dissolves from
the Li anode (yellow), and numerous cavities (white) are generated. Meanwhile, these Li ions, 1)
are electrochemically deposited into the LmS on the hostless Li cathode (as observed in Figure 2)
or, ii) form an alloy with the Si/C composite electrode (as observed in Figure 3). The purple-
yellow color gradient in Figure 4 indicates the two cases observed in Figure 2 and Figure 3.
During subsequent electrochemical Li plating, the Li ions are transported back to the Li anode
and are preferentially deposited in the previously formed cavities due to the high electrochemical
local activity there. However, during the following (the 2"%) Li stripping from the anode, it is the
remaining bulk Li (yellow) that undergoes electrochemical dissolution instead of the nascent
electrochemically deposited LmS (ocre, formed during previous Li plating) which is covered by
electron-blocking SEI. Summarizing this process one can say that the initial bulk Li anode is
electrochemically dissolved continuously in each Li stripping step, which results in numerous
cavities. During subsequent Li plating, large amounts of the LmS are generated and form the PLI,
which occupies the voids formed during previous Li dissolution. It has been reported that a
continuously growing PLI can substantially increase the internal resistance of a cell, which
eventually results in poor cell performance and ultimately in cell failure."* Meanwhile, thin Lm$S
protruding from the PLI towards the separator conducts high currents and consequently
experiences large localized Joule heating, which results in the melting of the separator and finally
puncture of the separator.”

Pristine 15t Li Stripping 15t L Plating 2nd | stripping Nt cycle

Separator Cathode Li Electrode Li Microstructure Lithiated Cathode Li-ion Flux

Figure 4 Schematic illustration of the morphological evolution of LmSs in a Li anode: from left to right, a
pristine state cell; Li anode then undergoes the 1 stripping during discharge; Li anode undergoing the 1
plating during charge; Li anode undergoing the 2™ stripping during another discharge; Li anode after N™
stripping/plating (N=2).

The observations of the evolution of electrochemically stripped/plated LmSs presented here shed

new light on a range of processes that previously have not been acknowledged or barely
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considered. Firstly, the proposed mechanism of LmS evolution can explain the origin of the
electrochemically generated PLI that grows towards the Li bulk electrode. Based on our
observations, both the electrochemical dissolution of the initial Li bulk electrodes and the
following electrochemical deposition of nascent LmSs contribute to the inward growth of the PLIL
Secondly, the evaluation of using Coulombic efficiency to investigate the cycling efficiency of Li
in Li symmetrical cells is compromised by the electrochemically inert LmSs.?* According to our
observations, a significant amount of Li is stripped from the initial Li bulk instead from the
generated nascent (electrochemically inactive) LmSs to compensate for the depletion of Li ions in
the electrolyte used to be plated. Thirdly, concerns about using Li metal as a standard counter
electrode for the evaluation of the performance of new battery materials using half-cells are
raised. In fact, it has been confirmed that the PLI, which continuously grows in each cycle, can
markedly increase the inner cell resistance and is the actual origin of the onset of cell degradation
and failure.'* Finally, considering that the dissolution of the initial Li bulk electrodes and the
deposition of nascent LmSs (necessitated by the charge transfer within cells) remain intrinsic and
unavoidable, the present results suggest that novel fundamental strategies that involve direct
engineering of Li electrodes are desirable and necessary. For example, strategies such as
introducing surface patterns to the Li electrode to direct and control Li deposition, replacing
conventional Li foil electrodes by organic-coated Li powder’’ or employing different substrates
to selectively deposit and then encapsulate the LmS,”® appear more suitable than conventional
mechanical suppression or formation of protective passivation layers.”

Our work represents a major step forward in understanding the evolution of electrochemically
stripped/plated LmSs and may speed up the process of introducing Li into commercial lithium
metal batteries (LMBs) with enhanced performance. On the one hand, ground breaking
electrolytes are highly needed to facilitate the nascent electrochemically deposited LmSs to plate
smoothly onto the Li bulk electrode instead of forming a highly resistive PLI. On the other hand,
it is also worth investigating electrochemical Li stripping to enable a more uniform accessibility
of Li ions from not only the initial bulk Li electrode but also from the electrochemically plated
LmS. In addition, engineering a sophisticated architecture of the Li electrode will be
technologically crucial. Finally, new separators with high ion conductivities and improved
rigidities are highly desirable.

Materials and Methods
Materials

Lithium, carbon black, Polyvinylidene difluoride (PVDF) binder and Celgard separator were
purchased from MTI Cor. USA. Silicon (Si) was received from Elkem AS, Norway. Electrolyte
IM LiPFg in a volume-ratio mixture (1:1) of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) was purchased from Sigma Aldrich as well as N-methyl pyrrolidone solvent (NMP). The
housing of the proof-of-concept beamline battery is made of polyamide-imide (Torlon) provided
by Drake Plastics Europe.

Battery Preparation
-26-
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The lithium electrodes in both Li/Li symmetrical cells and Li/Si half cells were punched out
(2.5 mm diameter) from a lithium plate (1 mm thick). The Si composite electrode was made of
electrode slurries containing weight ratios of Si:carbon black:binder of 70:20:10 in NMP. Two
kinds of Si/C electrodes were prepared: electrodes containing i) Si particles with a diameter of
~20 um (for Li/Si-1 and Li/Si-3); ii) Si particles with diameters of ~20, ~80 and ~150 um in a
weight ratio of 1:1:1 (for Li/Si-2). The slurry was cast onto copper foil. To remove the NMP, the
cast copper foils were dried in an oven at 60 ‘C for 12 h. After drying, the composite electrode
was diced into small blocks of around 1.7 mm x 1.7 mm x 0.2 mm size with a razor blade. For
the Li/Si half cells, Li was used as the anode and a Si/C electrode as the cathode. For the Li/Li
symmetrical cells, Li was used both as anode and cathode. All cells (6 in total, 3 Li/Li cells from
Li/Li-1 to Li/Li-3, 3 Li/Si cells with Li/Si-1 to Li/Si-3) were assembled in an argon-filled
glovebox with humidity and oxygen levels below 0.1 ppm. The polymer separator (3.5 mm in
diameter and ~25 pm thick) was placed between the Li/Li electrode (in Li/Li cells) and the Li/Si
electrode (in Li/Si cells). All cells were assembled manually without exerting force. Finally, both
cells were filled with the liquid electrolyte and were sealed off before taking out of glovebox.

Electrochemical Measurement

Galvanostatic charge and discharge of all the batteries was carried out using an IviumStat from
Ivium Technologies, Netherlerlands. The cells were subjected to different current densities for
discharge and charge. The cycling procedure for each cell is detailed in SI.

Setting of Tomography Measurement

Synchrotron X-ray tomography was carried out at the BAMline at BESSY II of the Helmholtz-
Centre Berlin, Germany. The synchrotron beam was monochromatized to 20 keV using a double
multilayer monochromator with an energy resolution of about 1.5 %. The detector system
comprised a 60-um thick CdWO, scintillator, a microscopic optic and a pco4000 camera
equipped with a 4008%2672 pixels CCD chip that is kept out of the direct beam by using a mirror.
For tomography measurements of all cells, 2200 projections within a 180° battery rotation were
recorded. For the Li/Li symmetrical cells, the exposure time was 2.5 s, for Li/Si half cells 3 s.

Data Processing

The raw tomography data was filtered, normalized and reconstructed using code programmed in
IDL 8.2. Three-dimensional segmentations of the separators were made using a grid of manually
marked points that were fitted with a biharmonic equation using MATLAB. For the segmentation
of LmSs and voids, the statistical region merger tool implemented in Fiji’® was used followed by
manual removal of the bulk lithium background. For the three-dimensional presentations in
Figure 2 and 3, the segmentation of all materials except the Li bulk (Li bulk set to 0, all other
materials to 1) was used as a mask for the according X-ray dataset in order to be able to show
LmSs and voids without the Li bulk in the background. Two-dimensional segmentations were
made by first manually segmenting the separator, followed by a statistical region merging and
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manual removal of the Li bulk background. The tomograms shown in the first column of Figure 2
are absorption contrast tomograms while the second column displays the averages of the
according absorption and phase contrast tomograms. All remaining tomograms show absorption
contrast only.

Remark concerning the experimental program

The effect of the pressure subjected to both cells and the electrode morphology on LmS
formation was currently not the scope of this paper. Moreover, we have used a relatively small
current and long cycle time to induce as much as possible Li dissolution and deposition. The
effect of different C rates on the morphology of Li dissolution and deposition was not
investigated. Nevertheless, these important parameters are worth to be studied in the future.

A quantitative analysis of the amount of lithium that has been dissolved from the Li anode and
the amount of LmS that has been deposited onto the surface of the Li cathode (alloyed with the
Si/C cathode) has presently not been conducted mainly because the currently used Li electrode
(2.5 mm diameter) is bigger than the field of view (FoV), which is 1.7 mm wide. The current that
passes through the chemical workstation may give rise to dissolution or deposition of Li outside
the FoV. Considering this, the present research focuses on the qualitative analysis of the
morphological evolution of LmSs in Li electrodes. However, cells assembled with Li electrodes
smaller than the FoV could be measured in the future and analysed quantitatively.
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This section includes:
Detailed cycling procedures for all cells
Figures S1-S8

Captions for the Supplementary Movies

Figure S1 and S2 specify the locations of the cross-sections of the Li/Li symmetrical cells shown
in Figure 2 and Figure 3, respectively.

All the symmetrical Li/Li cells and Li/Si half cells are galvanostaticly discharged and charged
using an IviumStat electrochemical workstation. The Li/Li-2 cell was discharged at 0.3 mA cm™
for 10 h and a tomography was conducted as shown in Figure 2d-f. The corresponding discharge
curve is displayed in Figure S3a. After this, the Li/Li-2 cell was continued to be galvanostatically
discharged for 19 h at 0.3 mA cm™ and another tomography was conducted, as shown in Figure
2g-i. The corresponding discharge curve is shown in Figure S3b. Finally, the Li/Li-2 cell was
charged for 19 h at 0.3 mA cm™ and the third tomography of this cell was conducted as shown in
Figure 2j-1. The corresponding charge curve is shown in Figure S3c. Note that during the
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prolonged discharge and charge process, there is a rise in the discharge or charge voltage. The
observed rise in the overpotential is similar to that reported previously' and the reason may be a
continuous electrolyte loss during prolonged cycling®.

The Li/Li-3 cell was discharged at a constant current of 0.3 mA cm™ for 30 h and after that a
tomography was conducted as shown in Figure 2m-o. The corresponding discharge curve is
shown in Figure S4. It has to be noted that the voltage fluctuation may arise from the growing
LmS in agreement with previous reports”.

For the Li/Si-1cell, a pristine-state (without any discharge or charge) tomography was conducted
as shown in Figure3a-c. After that, the Li/Si-1 cell was discharged for 15 h and then charged for
5hat 0.7 mA cm™. After this cycle, another tomography was conducted as shown in Figure 3g-i.
The corresponding discharge and charge curve is shown in Figure S5.

The Li/Si-2 cell was galvanostatically discharged for 15 h at 0.3 mA cm™ and then a tomography
was conducted as shown in Figure 3d-f. The corresponding discharge curve is shown in Figure
Se.

For Li/Si-3 cell, it experienced 5 cycles with different current densities: for the 1* cycle the
current was of 0.714 mA cm™ for 1.3 hours; for the 2™ cycle the current was of 0.706 mA cm™
for 1.7 hours; for the 3™ cycle the current was of 0.3 mA cm™ for 2.4 hours; for the 4t cycle the
current was of 0.159 mA cm™ for 13 hours; for the 5™ cycle the current was of 0.083 mA cm™ for
44 hours. The discharge/charge curves are shown in Figure S7. After these procedures, one
tomography was conducted as shown in Figure 3j-1.

For a 3D representation of Li/Li symmetrical cells it is useful to enhance the phase contrast
between LmS, Ithium and separator’. We used a phase backpropagation filter prior to
tomographic reconstruction of all the Li/Li cells as displayed in Figure S8.

Figure 2
E exempl. Tomograms g
Current
Collector 1
Li-anode 1 d)
a)
= Separator m)
a)
Li-anode 2 i)
| current
Collector 2

Figure S1 Location of the cross-sections shown in Figure 2 in the main text. a, a 3D presentation of the
assembled Li/Li cells. b, the dashed lines a), d), g), j) and m) are indicative of the locations of the cross-
section planes shown in Figure 2a, d, g, j and m.
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exempl. Tomograms Figure 3

Current
Collector 1

Li-anode 1

Current
Collector 2

Figure S2 Location of the cross-sections shown in Figure 3 in the main text. a, a 3D presentation of the
assembled Li/Si cells. b, the dashed a), d), and g)/j) lines are indicative of the locations of the cross-
section planes in Figure 3a, d, g and j.
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Figure S7 Cycling profiles of Li/Si-3 cell. The inset shows the 1%, 2™ and 3" cycle; the 4™ cycle and 5"
discharge curve are shown in the main figure.
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Figure S8 Cross-sections of reconstructed Li/Li symmetrical cells after using phase backpropagation
filtering. a, tomography of pristine Li/Li-1 cell. b, tomography slice of Li/Li-2 cell after 10 h of discharge
at 0.3 mA cm™. ¢, tomography slice of Li/Li-2 cell after another 19 h of discharge at the same current
density. d, tomography slice of Li/Li-2 cell after 19 h of charge at the same current density. e, tomography
slice of Li/Li-3 sample after 30 h of discharge at 0.3 mA cm™.

Captions for the Supplementary Movies
http://pubs.acs.org/doi/abs/10.1021/acsnano.6b03939

SM-1-Li-Li-1_Pristine

SM-1-Li-Li-1_Pristine-Colored-Figure2a-c

SM-2-Li-Li-2_Discharge for 10 Hours

SM-2-Li-Li-2_Discharge for 10 Hours-Colored-Figure 2d-f
SM-3-Li-Li-2_Discharge for another 19 Hours
SM-3-Li-Li-2_Discharge for another 19 Hours-Colored
SM-4-Li-Li-2_Charge for 17 Hours

SM-4-Li-Li-2_Charge for 17 Hours-Colored-Figure 2j-1
SM-5-Li-Li-3 Discharge for 30 Hours

SM-5-Li-Li-3 Discharge for 30 Hours-Colored-Figure 2m-o
SM-6-Li-Si-1_Pristine

SM-6-Li-Si-1_Pristine-Colored-Figure 3a-c
SM-7-Li-Si-2_Discharged for 15 Hours

SM-7-Li-Si-2_Discharged for 15 Hours-Colored-Figre 3d-f
SM-8-Li-Si-1_Discharged for 15 Hours and then Charged for 5 Hours
SM-8-Li-Si-1_Discharged for 15 Hours and then Charged for 5 Hours-Colored-Figure 3g-i
SM-9-Li-Si-3_Cycled for 5 cycles

SM-9-Li-Si-3_Cycled for 5 cycles-Colored
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ABSTRACT

Synchrotron in-line phase contrast X-ray tomography was employed to investigate the underlying
internal cell deformation and degradation caused by an internal short circuit (ISC). By comparing
the reconstructed tomography of one uncycled Li/Li cell and one short-circuited Li/Li cell for the
first time, we experimentally demonstrate: 1) most of the electrochemically deposited lithium
microstructures (LmSs) are electrochemically inert during the following Li stripping, 2) the
electrochemical stripping and plating process during discharge and charge are highly
inhomogeneous, 3) delamination into three native layers and the partial melting of the
commercial trilayer Celgard® 2325 separator can develop during real ISC event, 4)
decomposition of the solid electrolyte interface (SEI) covering LmSs and partial melting and re-
solidifying of porous LmS can also occur due to the localized excessive Joule heating resulted
from the ISC event. These unexpected insights into the internal cell degradation and deformation
mechanisms caused by ISC shed new lights on enhancing the properties of separators and could
open up new design principles and opportunities to fundamentally improve the reliability and
safety of current- and/or next-generation LIBs.
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Introduction

Safety and reliability of lithium ion batteries (LIBs) that are targeted for high power and high
energy applications are of major concern."™ For example, the most promising Li metal-based
battery technologies such as lithium-sulphur and lithium-air batteries have not been successfully
commercialized mainly because of the uncontrolled growth of lithium microstructures (LmSs)
such as dendrites, fibers, whiskers and moss etc., which can cause internal short circuit (ISC) of a
cell and result in catastrophic fires or even explosions.”'"! Recent field incidents such as fires on
a Boeing 787 Dreamliner flight and in a Tesla electric vehicle (EV) or even the Samsung note 7
phone’s exploding are believed to be closely linked to ISC in LIBs."*'¥ Furthermore, the soaring
number of EVs in use additionally adds tremendous weight to safety and reliability in present-
and next-generation LIB technology. In order to gain a detailed understanding of internal cell
deformation and degradation leading to ISCs, various testing techniques such as using a blunt rod
to indent a cell as developed by the Underwrites Laboratory and the U.S. Advanced Battery
Consortium, surface indentation or pinch test developed by Motorola, and the forced ISC
approach developed by the Battery Association of Japan have been employed.!"™ The purpose of
these tests is to create a small break in the separator by exerting an external force, mimicking the
ISC events that may lead to failed accidents in LIBs. Unfortunately, recent investigations have
demonstrated that such mechanical intrusion methods are not entirely representative of true
spontaneous ISCs due to the destructive and post-mortem nature of characterization, which
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climinates much of the in situ deformation information.['® !

] Although a non-mechanical
approach to initiate an ISC has been reported by Christopher ef al. by using different melting
point metals and metal alloys,!"” the challenge of a detailed characterization of an ISC by
sophisticated characterization tool in a non-destructive way remains.

To this end, various investigations employing light microscopy,''® nuclear magnetic resonance
21, 22]

[19]

(NMR) and 'Li magnetic resonance imaging®” (MRI), scanning electron microscopy
(SEM) and transmission electron microscopy®> ** (TEM) have been carried out to characterize
the complicated LmS growth, which is regarded to lead to the ultimate ISC event. However, these
reports mainly focus on the growth of LmSs and ignore the accompanying morphological
evolution of the separators as well as the correlation between growing LmS and cell failure.
Hitherto, no experiments have been reported in the battery community that aims at investigating
the mechanisms of ISCs leading to (internal) cell degradation. Whilst different strategies have
been proposed to avoid ISC-induced battery failures,>>% it remains of fundamental interest to
directly visualize the ISC caused by growing LmSs in order to fundamentally understand the
failure mechanism of LIBs and thereafter be able to improve their properties for current and
future usage.

Recently, synchrotron X-ray imaging has evolved into a powerful characterization tool in
1331 and has enabled battery researchers to obtain unprecedented insights into the
underlying degradation mechanisms of LIBs non-destructively.”* **) Among these, Eastwood et
al. have characterized the 3D microstructure of electrodeposited LmSs by synchrotron in-line
phase contrast X-ray tomography, demonstrating that this technique is a suitable tool for
investigating LmSs without removing the sample from its as-grown environment.”®’ Moreover,

materials science

Harry et al. have characterized the LmS and the LmS-punctured separator simultaneously, further
demonstrating that this technique is also a suitable and powerful tool for studying the LmS and
the separator simultaneously in a short circuited cell.’7 Nevertheless, Harry et al. have employed
a self-made polystyrene-block-poly (ethylene oxide) copolymer electrolyte as separator and they
conducted their characterization ex sifu. From a practical point of view though, non-destructive
investigations using widely adopted commercial separators would allow for more general
conclusions on how and why separators fail and ISC develops. Obviously, fundamental research
on actual kinematic processes of ISC associated with commercial separators is highly desired.
Currently, the most widely used commercial separators in LIBs are made of polyolefin materials
such as polyethylene (PE) and polypropylene (PP) due to their proper pore structure, good
mechanical strength and acceptable costs.>*?* In this work, the commercially available trilayer
Celgard® 2325 separator”™®* is employed and its failure mechanism leading to an internal ISC,
caused by the growing LmS, is investigated via in-line phase contrast X-ray tomography. The
separator investigated here is made of a PE layer of a low melting point (m.p. 135°C),
sandwiched between two PP layers of higher melting point (m.p. 165°C). In the case of over-
heating, the middle PE layer will shut down the cell automatically by blocking ionic pathways
upon melting, while the two PP layers can still provide mechanical strength to prevent physical
contact of the electrodes. This proposed shutdown function is meant to dispel safety concerns
related to ISCs in LIBs.
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Here, we present a non-destructive characterization of an ISC in a Li/Li symmetrical cell for the
first time. We demonstrate that: 1) most of the electrochemically deposited LmSs are
electrochemically inert during ensuing Li stripping, 2) electrochemical stripping and plating
during discharge and charge are highly inhomogeneous, 3) delamination into three native layers
and partial melting of the trilayer Celgard®™ 2325 separator can develop in a real ISC event, 4)
decomposition of the solid electrolyte interface (SEI) covering LmSs and partial melting and re-
solidifying of porous LmSs can also occur due to localized excessive Joule heating resulting from
the ISC. These unexpected findings, which are not accessible by conventional electrochemical
and morphological characterizations, shed new light on the kinematic process of ISC and could
open up new design principles and opportunities to fundamentally improve the safety and
reliability of current- and next-generation LIBs.

Cell preparation, imaging setup and data acquisition

A proof-of-concept cell that is compatible with synchrotron X-ray tomography is designed and
fabricated, as shown in Figure 1 along with a schematic illustration of the synchrotron setup at
the BAMline, BESSY II in Berlin, Germany."*"**! The electrochemical validation of the presently
designed cell can be found in our previous reports.*> ** SEM images of the surface and cross-
section of the employed trilayer Celgard® 2325 separator are shown in Figure 2. From Figure 2a,
the distinct slit-pore structure that results from extrusion and unidirectional stretching during the
dry process manufacture method is clearly observed.*® The three-layer structure of the PP/PE/PP
sandwich with a total thickness of ~25 pm is shown in Figure 2b."***) Symmetrical cells made
of Li metal electrodes, the trilayered separator and the standard electrolyte (1 M LiPF¢ in
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (EC/EMC=50/50 (vol/vol)) were
assembled. Two Li symmetrical cells were investigated here, one being the pristine state (without
any cycling, hereafter named Li/Li-1) and the other one being short circuited after 13.4 h charge
(evidenced by a sudden voltage drop shown in Figure 2d, hereafter named Li/Li-2). Both cells
were mounted on the set-up for characterization without prior disassembly. Every tomography
was recorded by a detector system with 0.438 um pixel size with 2200 projections covering 180°
rotation angle. The field of view (FoV) was (1.7 x 1.2) mm? (length x height). Detailed cycling
parameters and the procedure of normalization, tomography reconstruction and 3D presentation

are given in Experimental Methods. > *¢!
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Figure 1. a) Photograph of the fabricated proof-of-concept cell. b) Corresponding schematic
representation of the cell consisting of a polyamide-imide housing (brown), two screw electrodes and
retaining screws each on top (light grey), two sealing rings (yellow), a porous separator (white)
sandwiched between two electrodes (blue and green). ¢) Schematic representation of the experimental
setup of the tomography station at the BAM/ine at BESSY II, Helmholtz-Zentrum Berlin, Germany.
Figure 1 is adapted from ref**!, with permission from the American Chemical Society.

Morphological characterization of Li/Li-1 cell and electrochemical characterization of
Li/Li-2 cell

A cross-sectional X-ray tomographic slice of the uncycled Li/Li-1 cell is shown in Figure 2c, in
which the two Li electrodes and the separator are clearly discernable due to the light and dark
boundaries between them arising from in-line phase contrast.”®*”! The interface between the Li
electrode and the separator of Li/Li-1 cell is flat and gapless. The Li/Li-2 cell was
galvanostatically “cycled” until an internal short circuit occurred. The voltage curve of the Li/Li-
2 cell measured at a current density of 0.3 mA cm™ for 18 h of discharge and then for 13.4 h of
charge is shown in Figure 2d (discharge corresponds to Li stripping from the Li anode, charge
corresponds to Li plating onto the Li anode. The anode and cathode are defined during the 1*
discharge and are also used during the 1* charge). As indicated by two black arrows, there is a
steep voltage dip at the beginning of Li metal deposition during both discharge and charge. The
observed overpotential here is typical of a nucleation mechanism, which signifies the initiation of
the growth of Li nuclei.” *) During the charge process, the sudden voltage drop pointed by the
red arrow in Figure 2d indicates that ISC has occurred. The cross section of the short-circuited
Li/Li-2 cell displays a significantly different morphology compared to that of the Li/Li-1 cell. A

_43 -



2.2 Break-down of the separator

panoramic view of this situation is shown in Figure 3 (Figure 3b is a reconstructed raw data
tomogram allowing for a comparison with Figures 3c-h showing data after filtering and
segmentation). Enlarged details are shown in Figure 4 showing both reconstructed raw data as
well as segmented data. The complete three-dimensional visualization of the internal structure of
the Li/Li-1 and Li/Li-2 cells is shown in a supporting movie.
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Figure 2. a) Plane view and b) Cross-sectional view of the investigated trilayer Celgard”™ 2325 separator
as obtained by scanning electron microscopy (SEM). ¢) Reconstructed in-line X-ray phase contrast
tomography slice of the pristine Li/Li-1 cell. d) Electrochemical characterization of the investigated Li/Li-
2 cell (the black arrows point an abrupt voltage dip; the red arrow points a sudden internal short circuit).

Scale bars in a), b), and c¢) are 1 um, 5 um, and 125 um long, respectively. Figure 2b is adopted from
Ref."®, with permission from the American Chemical Society.

Preliminary inspection of morphological structures inside Li/Li-2 cell

Based on our previous investigation of morphological evolution of electrochemically
plated/stripped LmSs in Li/Li symmetrical cells,*” kinetic ISC formation induced by growing
LmSs in Li/Li-2 cell is elaborately studied. Figures 3 and 4 show various horizontal and cross-
sectional slices of the short-circuited Li/Li-2 cell. The initially flat electrode/separator interfaces

have turned into distinctively rugged interfaces with a large cavity within the Li anode and
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numerous electrochemically deposited LmSs on the surface of the Li cathode as shown in Figure
3b-e and Figure 4a,f (middle area of dark and light yellow LmS and deformed separator of gray).
During the 1% discharge, the total electron transfer (calculated from the external circuit) is
0.986 C (with the assumption that the total charge transfer of Li" inside the Li/Li-2 sample during
the 1% discharge occurs within the FoV, the same assumption for the 1% charge), this results in
Meathode = 10° mol of Li that is stripped from the anode (generating a large cavity) and
subsequently plated onto the surface of the Li cathode (developing numerous LmSs).
Simultaneously, the separator is stretched and pushed into the cavity formed within the anode by
the growing LmSs. These phenomena are clearly shown in Figure 3 and Figure 4. Furthermore,
as can be clearly observed from Figure 3c¢,d (pink arrows) and Figure 4e (light blue lines),
cleavage of the separator into its three native layers takes place, which contributes to a decreased
chord length of the separator, see Figure 5b (orange line). The significant deformation and
unexpected cleavage of the separator implies that enormous mechanical stresses are generated by
the growing LmSs. According to the manufacturer,”® *! the Celgard” separator has a high
mechanical strength (in terms of tensile strength along both the machine direction (MD,
1900 kg/cmz) and the transverse direction (TD, 135 kg/cmz)) and puncture strength
(300 g/cmz).[3 °1 This observation suggests that the current mechanical property of the separator
cannot withstand the enormous mechanical stress caused by the growing LmSs and thus has to be
further improved. During the 1% charge, the total charge transfer after the immediate short circuit
1s 0.788 C, 1i.e. about Mypode = 0.82x10° mol of Li is stripped from the cathode and then plated
onto the surface of the Li anode.

Notably, two observations regarding the previously formed LmSs (on the surface of the Li
cathode, beneath the separator) and newly formed LmSs (on the surface of the Li anode, above
the separator) are noted: 1) most of the previously formed LmS undergoes no electrochemical
dissolution (evidenced by the remaining LmSs, beneath the separator in the middle of the FoV,
dark yellow and light yellow shown in Figure 3b-e and Figure 4a,f). It is the original Li bulk
cathode to compensate for the depletion of Li ions in the electrolyte used to conduct charge
transfer (as evidenced by the nascently formed cavities within the Li cathode as shown by the
white diamonds in Figure 3c-e and enlarged Figure 4d); 2) It is the peripheral region of the Li
anode onto which newly LmS is preferentially electrochemically deposited (above the separator,
shown by the white triangles in Figure 3c-e and enlarged Figure 4d), in correspondence to the
regions of nascently formed cavities within the Li cathode (as marked by white diamonds in
Figure 3c-e and Figure 4d). The inhomogeneous Li stripping/plating during the 1* cycle is clearly
shown in Figure 3h where LmSs in the middle surrounded by the separator are generated during
the 1% discharge by deposition onto the surface of the Li cathode; in the regions outside the
separator, the LmSs are generated during the 1* charge by deposition onto the surface of the Li
anode. By further calculating the volume fraction of LmSs (deposited on the cathode during the
1** discharge and deposited on the anode during the 1% charge) as a function of radius r with
respect to the central point located along z direction as shown in Figure 5a, one obtains volume
fractions (blue straight line and dashed line) distribution as shown in Figure 5b. Obviously, the
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cathode LmSs are concentrated in the middle while the anode LmSs are distributed in the
peripheral region. From Figure 5b (orange line), one can also observe the calculated chord length
of the separator (orange line): the separator located in the middle (small r) has delaminated into
layers with small average thickness as deduced from the low average chord length. The reason
lies that the separator in the middle undergoes cleavage (see above) and partial melting (see
below for more detailed explanation), while the separator in the peripheral region (large r) is
nearly intact. The observed fluctuations between ~25um to ~30 um result from its
morphological distortion.
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Figure 3. a) 3D visualization of the short circuited Li/Li-2 cell. Letters b-e denote selected cross-sectional
planes; letters f-h selected horizontal planes. These planes of Figure b)-h) are all defined in a). b)
Reconstructed raw data to which neither phase filter nor segmentation is applied, serves as comparison for
the segmented figures c¢)-h). In the enlarged green rectangle, black arrows point at a fiber that may be the
remnant of a Li dendrite or a molten separator, white arrows point at an irregular boundary resulting
probably from a fused lithium dendrite. In c)-f), light blue arrows point at the partially molten separator;
purple arrows point at dangling separator fibers; pink arrows point at the cleavage of the separator. The
purple dotted line separates the resolidified Li and the porous LmSs. The interesting region in figure f) is
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enlarged as indicated by white dotted rectangle in inset figure. In g), the pink, black and green dotted lines
denote the contour of the anodic Li, the separator or the LmSs, respectively. In h), the electrochemically
deposited LmSs clearly appears heterogeneous. All scale bars are 250 um long.

Comparison of the amount of LmS between morphological and electrochemical
characterizations

It has been reported that the electrochemically formed LmSs are still chemically active and that
they can easily react with the electrolyte to form a solid electrolyte interface (SEI) coverage.™”
As a result, the SEI formed on the surface of LmSs during the 1% discharge electrically insulates
most of the LmSs, thereby deactivating them electrochemically during the 1% charge."! Further
confirmation of the electrochemical inertness of newly formed LmSs during ensuing
electrochemical reaction is conducted by comparing the volume ratio of LmSs (plated onto the
cathode and LmSs plated onto the anode, both calculated from X-ray tomography), with that of
the amount of quantity ratio of LmSs (calculated from the external electron transfer during the 1*
discharge and charge). The calculation of the volume ratio of the amount of LmSs via the
reconstructed tomography dataset was done by counting the number of voxels belonging to the
LmSs deposited onto the cathode (Vcamode) and the LmSs deposited onto the anode (Vanode). The
reconstructed volume ratio Viathode : Vanode = 10:5.5 is obtained. The ratio calculated from the
electrochemical characterization with Mathode : Manode being 10:8. The tendency of the apparent
deviation between these two ratios is expected and the reason stems from the limited FoV (see
above). Nevertheless, the comparison between these two ratios confirms that most of the
electrochemically formed LmSs during 1* discharge become electrochemically inactive during 1*
charge, forming the well-know “dead LmSs”."" This is the first time that the amount of
electrochemically deposited LmSs calculated from morphological characterizations is directly
correlated with the amount of external electron transfer measured electrochemically. Concerning
the locations of preferential Li dissolution and LmS deposition during cycling, it has been
suggested that such locations are electrochemically more active!” or possess a high local ionic
conductivity.*!! Li/Li cells employing differently shaped”* **! Li electrodes are planned to be
further investigated in the future.
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Figure 4. a) Exemplary tomogram of the short circuited Li/Li-2 cell. b)-e) Zoom in into regions defined in
a). b) The original Li anode is electrochemically dissolved and partially filled by the separator and LmSs.
The partially molten separator forming dangling fibers can also be seen (light blue and purple arrows). c)
Exemplary slice shows electrochemically plated LmSs formed during the first discharge. Deposited
porous LmS and compact solid LmS can be observed (separated by a purple dotted line). d) Newly formed
cavities (diamonds) and LmSs (triangles) during the first charge. ) Cleavage and partial melting of the
separator. Figures 4a-e are reconstructed raw data without phase filtering and segmentation. f) Three-
dimensional visualization of the segmented data set. The scale bar in a) is 150 pm and scale bars in b)-e)
are 75 um long.

Close-up inspection of morphological structures inside Li/Li-2 cell

Apart from these findings, a close-up inspection of Figure 3 and Figure 4 further demonstrates: 3),
there are two different phases of electrodeposited LmSs, one being porous LmS and the other
being solid and compact LmS (both are shown in Figure 3b-e and Figure 4c,f by light yellow and
dark yellow, respectively, separated by purple dotted line); 4) Some of the originally intact
separator has completely disappeared (light blue arrows in Figure 3c-e and enlarged Figure 4b).
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At other positions the separator has molten into filamentary fibers that dangle into the solid and
the compact LmS phase (purple arrows in Figure 3c-e and enlarged Figure 4b). This also
contributes to the decreased average chord length of the separator in the middle region, see
Figure 5b (orange line). The currently observed porous LmS phase agrees well with previous
characterizations”® and the highlighted pore structures are attributed by Eastwood ef al. to the
high-surface area lithium (HSAL) compound that is composed of decomposed lithium salt
precipitates.*® We assume that these HSAL compound are porous LmSs composed of SEI
formed during electrochemical plating of Li and numerous voids within."” If one compares the
porous LmS (light yellow) with the solid and compact LmS (dark yellow) one can conclude that
the SEI and the voids in the porous LmS have been completely dissolved or depleted. Richard
and Dahn have indeed identified an exothermic peak due to SEI decomposition at ~100 °C in
accelerating rate calorimetry (ARC) studies of the thermal stability of LIBs.”¥ Furthermore,
Maleki et al. have also confirmed the exothermic SEI decomposition peak at ~100 °C by
differential scanning calorimetry (DSC).’®! The currently observed disappearance of SEI and
voids in porous LmS may be attributed to high temperature melting. Regarding the disappearance
and the meltdown of the separator, Cai et al.®® and Malekei et al®” have independently
observed separator melting around the ISC location inside LIBs by post-mortem light microscopy.
They concluded that the thermal energy induced by an ISC is sufficient to locally increase the
temperature of a cell by 200 K, which can easily melt the PE (m.p. 135 °C), PP (m.p. 165 °C) and
Li (m.p. 180 °C).8] Considering the decomposition of SEI and the melting of the separator
together with the electrochemical characterization (a sudden voltage drop in Figure 2d), it can be
safely concluded that an ISC occurs during charge. This is the first experimental demonstration of
the melting of the separator and the porous LmS phase in a non-destructive and three-
dimensional way.
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Figure 5. a) 3D demonstration of the calculated LmS volume fraction (VF) deposited on both the cathode
(here invisible, beneath the gray separator) and the anode (light yellow, above the separator). The r and z
directions are also shown. b) Calculated LmS volume fraction (VF) deposited on both the Li cathode (blue
solid line) and Li anode (blue dashed line) as a function of r; the calculated chord length of the separator
in the z direction as a function of r is also shown by the orange line (the chord length of the separator in
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the central region is small due to partial separator cleavage and melting, is large in the peripheral region
because the separator is intact there).

Discussion based on inspection of short-circuited Li/Li-2 cell

By checking intensively the separator break-down region, it is notable to find that one fiber
remnant is located inside the delaminated separator, pointing to the cathode LmS with
surrounding separator molten away. This phenomenon is marked by black arrows in the green
rectangle in Figure 3b. In the green rectangle, the irregular boundaries, pointed by white arrows,
is also shown. The diameter of this fiber is about 2 um. We suspect that the irregular boundaries
probably result from the fusing of some Li dendrites and that the remnant fiber is closely related
to the ISC (due to the similar X-ray absorption this fiber cannot be assigned to the separator or to
Li with certainty). During charging most of the LmSs are electrochemically deposited
preferentially in the outer region, but one dendrite is electrochemically generated in this specific
area (lithium is probably supplied from the electrolyte). During its growth it can easily penetrate
through the pores of this part of the separator since the separator has already been significantly
stretched and its mechanical robustness has already been weakened by the LmS growing during
discharge.®® Once this dendrite eventually perforates the separator and bridges the Li anode and
cathode the entire cell current (0.015 mA) concentrates only on ~2 pm diameter piercing-through
dendrite, which results in a significantly high current density of about 470 A cm™ and
pronounced localized Joule heating around the ISC location. According to previous calculation,™”
within less than ~0.1 s the induced Joule heat will lead to the decomposition of the SEI and the
melting of both the separator and porous LmS phase. Most of the energy is dissipated by the
endothermic porous LmS and separator melting events and within ~0.4 s, the temperature drops
sharply.[59] The above-observed results agree well with previous simulations.”- - ¢! Additionally,
the direct internal view of the electrochemically short circuited Li/Li-2 cell suggests that the
shutdown mechanism provided by the sandwich structure can hardly provide any protection from
a real ISC, i.e. the considerable force accompanied by the growing LmSs and the ISC-induced
high Joule heating easily destroy the trilayer separator which is made by laminating PP and PE
layers together by adhesion or welding.*”"% The decomposition of the SEI and the melting of
the porous LmS to a more compact resolidified LmS will release lots of the mechanical stress that
acted on the separator (the conformal gaps between the contours of LmSs, separator and Li anode,
as marked by green dot line, black dot line and pink dot line in Figure 3g, act as tracers of the
movement of the separator under stress relief). In the investigated Li/Li-2 cell, most of the Joule
heat is dissipated by the endothermic separator melting!®! after the penetrating Li dendrite has
been fused.'® However, in real commercial LIBs containing normal cathode materials such as
LiCoO,, LiMn,04 and LiFePOy etc. and anode materials such as lithiated carbon, an ISC-induced
Joule heating will initiate the exothermic decomposition of some of the active materials including
the release of oxygen and flammable gas.[(’z] Such reactions can further increase the inner
temperature to above 200 °C and lead to the exothermic decomposition or ignition of the
flammable electrolyte.'* ! Ultimately, without an effective heat dissipation or propagation

-51 -



2.2 Break-down of the separator

within LIBs, the lithium-dendrite induced ISC can eventually result in serious incidents. Table 1
summary some particular parameters of commercial LIB components.** % ¢7]

Table 1. Specific property parameters of selected commercial LIB components.

Tensile strength | Puncture strength | Melting Decomposition
(kg cm™?) (g cm™) temperature (°C) | temperature (°C)
Celgard®™ 2325 1900/135 300 135/165 (PE/PP) | -
PP/PE/PP (MD/TD)
separator
SEI (solid - - - 90-120°
electrolyte
interface)
Electrolyte - - - 130-230°
Lithium - - 180 -
Carbon (fully - - - 100-130
charged)
LiCoO; (fully - - - 178-250
charged)

a, electrolyte decomposition temperature varies among different electrolyte, this temperature range is
based on PC/EC/DMC (1/1/3)+LiPF¢ (1IM)**[PC: C,H4O5; EC: C3H,405; DMC: C3Hq05]

b, SEI decomposition temperature depends on the electrolyte used, more information can be found
elsewhere.!'¥

Conclusion

In summary, for the first time the underlying internal cell deformation and degradation caused by
an ISC is experimentally visualized by using synchrotron X-ray phase contrast tomography. From
the battery engineer’s point of view, the present study suggests three potential ways to further
enhance the safety and reliability of current- and/or next-generation LIBs: i) LmSs that are
electrochemically plated on the surface of Li electrodes should be perfectly manipulated and/or
even completely avoided. There have been reports about the direct controlled plating of LmSs on
the surface of Li electrodes”™ ®®! and the direct engineering of Li electrodes.[” ii) New kinds of
separators with considerably improved mechanical and puncture strength as well as higher
thermal stability (m.p. above 165°C) are highly desired. Promising candidates are ceramic
separators which combine the characteristics of flexible polymers and excellent thermal
stability.’" ! iii) Novel electrolytes with enhanced thermal stability and non-flammability are
desired. Although adding fire retardant (FR) additives to lower the flammability of the liquid
electrolytes can, to some extent, reduce the liquid organic electrolyte flammability,"'*! yet the
recently emerging solid state electrolytes, which function as both electrolyte and separator, may
be the most promising option for current- and/or next-generation LIBs with enhanced safety and
reliability.[6’ 72741 From the battery tester’s point of view, the present investigation may open up
new opportunities for future standard battery testing procedures. Conventional mechanical
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evaluation techniques have been predominantly criticized by the fact that they only show how the
cells behave under an abuse condition instead of truly replicating the conditions of a filed
failure.l"” The firstly successful direct visualization of an ISC conducted by synchrotron X-ray
imaging may help updating existing testing standards and creating new ones for next-generation
LIB technology.

EXPERIMENTAL METHODS

Lithium and Celgard®2325 separator were purchased from MTI Corp. USA. The electrolyte is
IM LiPFg in a volume-ratio mixture (1:1) of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) and was purchased from Sigma Aldrich. The housing of the proof-of-concept beamline
battery was made of polyamide-imide (Torlon) provided by Drake Plastics Europe.

The lithium electrodes in both Li/Li cells (2.5 mm diameter) were punched out from a 1-mm
thick lithium plate. Both cells were assembled in an argon-filled glovebox with humidity and
oxygen levels below 0.1 ppm. The trilayer Celgard®2325 separator (3.5 mm in diameter and
~25 um thick) was placed between the Li/Li electrodes. All cells were assembled manually
without exerting force. Finally, both cells were filled with the standard liquid electrolyte and
were sealed off before taking them out of the glovebox.

Galvanostatic charge and discharge of the Li/Li-2 battery was carried out using an IviumStat
from Ivium Technologies, Netherlands. The cells were discharged for 18 h and charged for 13.4 h
at a current density of 0.3 mA-cm™.

Synchrotron X-ray tomography was carried out at the BAMline at BESSY II of the Helmholtz-
Centre Berlin, Germany. The synchrotron beam was monochromatized to 20 keV using a double
multilayer monochromator with an energy resolution of about 1.5 %. The detector system
comprised a 60-um thick CdWO, scintillator, a microscopic optic and a pco4000 camera
equipped with a 4008x2672 pixels CCD chip that is kept out of the direct beam by using a
mirror. For tomography measurements of both cells, 2200 projections with each 2.5 s exposure
time within a 180° battery rotation were recorded.

The raw tomography data was filtered, normalized and reconstructed using code programmed in
IDL 8.2. Three-dimensional segmentations of the separators were made using a grid of manually
marked points that were fitted with a biharmonic equation using MATLAB. For the segmentation
of LmSs, the statistical region merger tool implemented in Fiji'’>) was used followed by manual
removal of the bulk lithium background.
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Abstract

Gas generation within lithium ion batteries (LIBs) gives rise to safety concerns that question their
applicability. By employing synchrotron X-ray imaging, the gas and channel evolution occurring
in an operating LIB have been directly visualized in their inherent 3D state as a function of
discharge and charge. Using the spatial 3D distribution of gas bubbles and channels, the active
particles that dictate the performance of a functional LIB were identified and visualized in 3D.
Delithiation and lithiation are interpreted as the process of activating particles continuously in a
step-by-step way. The present work not only demonstrates the generation and evolution of gas
within LIB in 3D, but also reveals the distribution of active particles for the first time. These
fundamentally findings presented here shed light on a range of processes that could not
previously be characterized in 3D and can provide practical guidance for the design of next-
generation LIBs with improved safety.
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INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have penetrated profoundly into products such as
portable electronic devices, electric vehicles or other large-sized power sources.'” However,
safety concerns still limit the full practical utilization of these batteries.® Especially gas evolution
is a formidable technological and fundamental challenge’ since gas generated in hermetically
sealed batteries can lead to detrimental effects: on the one hand, gas generation during storage
results in a diminished shelf life and eventually a markedly reduced cycle lifetime.® On the other
hand, gas evolution during cycling leads to electrolyte displacement,” which causes a decrease of
Li-ion diffusion and/or Li-ion conduction in the electrolyte and ultimately contributes to a
tremendous increase of battery resistance.'® In both cases, the internal pressure build-up may also
induce battery bulging, mechanical stress inside the electrodes and even severe gas leakage,'" all
of which are detrimental to longevity and reliability of energy storage battery systems. Therefore,
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understanding the gas evolution mechanisms are of great importance from a practical point of
view.

To date, many experimental investigations have been carried out in extensive detail and, as a
result, our knowledge of the gas evolution mechanism has substantially deepened. For instance, it
is already known that the gas evolution, which is intimately related with solid electrolyte
interphase (SEI) formation in the electrochemical battery,'? originates from reductive and
oxidative electrolyte decomposition reactions due to the fact that the electrochemical potential of
both electrode materials is far beyond the thermodynamic stability window of the commonly used
organic electrolytes."? Actually, significant evolution of gaseous products such as CO,, CO, O,,
H,, CHy4, C,H4, C,Hg, C3Hg and C3Hg from the decomposition of carbonate solvents and lithium
during battery operation has been detected by various characterization techniques.'*?'
addition, utilizing isotope analysis, Onuk et al. have unambiguously identified the origin of gases
evolving in LIBs.*> Furthermore, by adopting in situ transmission electron microscopy (TEM)>
and neutron radiography (NR),> !

In

the generation of gaseous bubbles channels formed by the gas
have recently been visualized. These studies have enhanced our understanding of gas evolution
but, unfortunately, the applied radiographic imaging techniques yield two-dimensional (2D)
information and do not help us in further comprehending gas evolution kinetics in its inherently
three-dimensional (3D) state and in quantitatively analyzing its complex evolution. Moreover, no
study of the spatial gas distribution in relation to the electrochemically active particle
population in electrodes has been conducted so far, even though it is the active particles that
directly determine battery performance and cycle life.*

Due to the high fluxes generated by synchrotron sources, synchrotron X-ray imaging has
evolved into a powerful characterization tool in the field of materials science.**>® Especially
synchrotron X-ray tomography has enabled researchers to obtain unprecedented insights into
LIBs from the level of individual particles to the scale of entire electrodes.’”* Most recently,
Ebner et al., have directly observed and quantified electrochemical and mechanical degradation
in a SnO anode.”’

Using a non-destructive 3D X-ray imagining technique, herein we investigate in 3Ds the gas
evolution scenario in a LIB based on a silicon (Si) electrode since Si is considered one of the
most promising anode materials for next-generation power sources.*>* This is the first study that
also visualizes the distribution of electrochemically active electrode particles with respect to the
spatial gas development and interprets delithiation and lithiation as a process of activating
particles in a step-by-step way. This work sets a refined example for the 3D gas evolution
investigation and the spatially evolved active particle distribution, providing in-depth knowledge
for the electrode engineers and numerical simulation experts.

EXPERIMENTAL SECTION

Materials. Active silicon particles were received from Elkem AS, Norway. Conductive carbon
black, Polyvinylidene fluoride (PVDF) binder, Celgard separator and lithium were purchased
from MTI Cor. USA. N-methyl pyrrolidone solvent (NMP) and 1M LiPFgin a volume-ratio (1:1)
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mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma
Aldrich. The housing of the proof-of-concept beamline battery is made of polyamide-imide
(Torlon), from McMaster-Carr.

Materials characterization. Scanning electron microscopy (SEM) images were taken using a
Zeiss ultraplus microscope. The particle size distribution of Si particles was measured by laser
diffraction using a Malvern Mastersizer 2000 analyzer.

Battery preparation. The electrode is made of electrode slurries with weight ratios of
Si:carbon black:binder of 80:10:10 in NMP. The slurry was cast directly onto the head of the
bottom screw shown in Figure 1. To remove the NMP, the cast slurry was dried in an oven at 60
°C overnight. Before and after casting, the screw was weighed to determine the mass of the
electrode materials. The proof-of-concept battery (shown in Figure 1a) designed for beamline use
was assembled in an argon filled glovebox with humidity and oxygen levels below 0.1 ppm.
Metallic lithium was placed onto the head of the top screw in Figure 1a acting as both a counter
and reference electrode. A polymer separator soaked with the electrolyte was placed between the
lithium electrode and the Si electrode. Current leads are connected to a potentiostat for
electrochemical tests.

Electrochemical measurements. Cyclic voltametry (CV) and galvanostatic charge/discharge
of the battery were carried out using an IviumStat voltameter. A fresh battery after assembly was
measured for CV curves from 0 V to 2.5 V at a scan rate of 1 mV/s. During galvanostatic cycling
at the beamline, the assembled battery was measured at 1.75 Ag™ based on the mass of active
silicon. Different discharge and charge current rates will be used to further investigate the
correlation between the current rate and the gas releasing and channel formation behavior.

Settings of tomography and radiography. Synchrotron X-ray tomography and radiography
were recorded at the BAMline at the storage ring BESSY II of the Helmholtz-Zentrum Berlin,
Germany. The synchrotron beam was monochromatized to 20 KeV using a double multilayer
monochromator with an energy resolution of about 1.5 %. The detector system comprised a 60-
um thick CdWOy scintillator, a microscopic optic and a pco4000 camera with a 4008%2672
pixel> CCD chip that is kept out of the direct beam by using a mirror. For tomography, 2200
projections during a 180° battery rotation each with 4 s exposure time were recorded before/after
discharge/charge. The battery was radiographically imaged during discharge and charge with 4 s
exposure time. 4 s exposure time was required because of the relative low photon flux provided
by the BAMline compared to other imaging stations. It has to be noted that in order to
characterize the morphological change of the whole Si based electrode (3.2 mm X% 0.4 mm, length
x width), we have used an optic and camera combination with a corresponding field of view of
3.3 mm x 2.2 mm. And the resultant voxel resolution is ~0.876 um. However, -10 er camera
system with higher resolution of ~0.438 um will be used in future investigations.

Data processing. Filtering, binarization and segmentation was performed in ImageJ] and Avizo
Fire. Data visualization was done using VGStudio MAX and Avizo Fire. Analysis of the particles
is conducted by ImagelJ. The procedure is presented in Supporting Information.

RESULTS AND DISCUSSION
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An electrochemical cell that can fully represent a working battery and at the same time is
compatible with synchrotron X-ray imaging is crucial for the characterization of gas evolving
during operation. For this purpose, we developed an electrochemical cell that is X-ray transparent
so that imaging can be conducted in operando to directly study gas evolution during dis/charge
processes, allowing us to correlate the gas evolution with electrochemical activity. Figure 1
displays a photograph and the corresponding schematic illustration of the battery as well as a
schematic representation of the synchrotron X-ray tomography setup. **
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Figure 1. The customized electrochemical battery and the employed X-ray tomography setup: a)
Photograph of the battery investigated. b) Corresponding schematic representation of the battery cell
consisting of a polyamide-imide housing (brown), two screw electrodes and a retaining screws each on top
(light grey), two sealing rings (yellow), a lithium metal electrode (blue), a porous separator (white) and the
Si-based anode (green). ¢) Schematic representation of the experimental setup of the tomography station at
the BAMl/ine at BESSY II, Helmholtz-Zentrum Berlin, Germany

After assembly of the battery, cyclic voltametry (CV) was performed to verify the reduction
and oxidation characteristics of silicon. Figure 2a shows CV curves of the battery scanned at a
rate of 1 mVs™ in the potential window of 0-2.5 V. The cathodic current increase from 1.4 V to
0.7V in the CV curves is related to small-scale reduction of electrolyte and/or surface
contaminations such as trace water.” The small hump around 0.5 V is attributed to a strong
reductive decomposition of the electrolyte associated to the release of large amounts of gases,*
while the peak above 0 V is related to Li alloying with Si. During delithiation, the anodic peak
observed slightly above 0.5V is for de-alloying of Li-Si phase and the broad anodic peak at
1.0 V is related to the oxidation of electrolyte and/or compounds previously reduced during the
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cathodic process. The results are in good agreement with previously reported Si/carbon

. 43.4 . . . ..
composites, ™ *” thus confirming the electrochemical reactions inside the battery.
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Figure 2. Electrochemical characterization of the investigated battery: a) CV curves of the first three
cycles of the battery at a scan rate of 1 mVs™. b) The first discharge, the first charge and the second
discharge voltage-time profiles of the battery at 1.75 Ag™ rate.

After this, we conducted X-ray radiography while simultaneously galvanostatically discharging
or charging the cell at a rate of 1.75Ag™" as shown in Figure 2b. The discharge and charge curves
are also in good agreement with previous results for Si electrodes.” In addition, another battery
was galvanostatically discharged/charged at a small current of 0.01Ag™ for more than 20 h as
shown in Supporting Information (SI) Figure S1, showing typical characteristic features of Si.
Thus, the battery design used for tomographic measurements exhibits an authentic
electrochemical behavior.

High-resolution synchrotron X-ray tomographic imaging grants us the ability to probe the
internal structure and the distribution of elements in the electrode nondestructively.*’ First, the
pristine battery without being exposed to any discharge or charge is characterized. The typical
procedure of tomographic data acquisition and processing is demonstrated in Figure 3. Figure 3a
shows a projection image of the Li electrode/separator/Si electrode assembly. While the Li
electrode and the porous plastic separator appear nearly invisible due to their low X-ray
absorption coefficients, the Si electrode is clearly visible. As the battery rotates during
tomography, a series of projections are recorded, which are later reconstructed into a three
dimensional volume. Figure 3b shows a horizontal slice image through the reconstructed volume,
which displays that the Si particles are well mixed with the carbon black. In order to further
analyze the Si particles, the grayscale slices were segmented into binary images, yielding
Figure 3c, in which the bright regions correspond to higher-absorbing material, the Si particles,
whereas the black regions are assigned to less-absorbing material such as carbon black and
polymer binder. Segmentation is performed via a combined approach of filtering and
thresholding®® and produces Figure 3d after labeling. In order to validate the X-ray tomography
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results qualitatively and quantitatively we compare scanning electron microscopy images (SEM)
(Figure 3e) with grayscale slice images as well as the particle size distribution (PSD) measured
using laser diffraction with the PSD obtained from the tomographic data (Figure 3f). The good
agreement between the experimentally and numerically obtained results indicates that the
segmentation applied accurately captures the electrode material properties. Finally, a full-view
3D representation of the segmented particles is shown in Figure 3g and in the Supporting Movie
1 (SM 1) (More details can be found in the SI.)

Stainless Steel Screw

Lithium Electrode
Separator

Silicon Electrode

Stainless Steel Screw

. a o - 200
—+— Laser diffraction |§*

-Equameler(um)‘-‘ 18
Iy

Count(n)

Figure 3. a) X-ray projection image of the assembled Li electrode/separator/Si electrode stack within the
battery. The scale bar is 200 um long. b) Example of a reconstructed grayscale slice image. ¢) Same slice
after binarization. d) Slice after separation and labeling. ) Scanning electron micrographs (SEM) of the
mixed Si and carbon. Scale bars in b) — e) are 50 um long. f) Particle size distribution (PSD) obtained
from the labeled particles (red) compared to values measured by laser diffraction (black). g) 3D
visualization of all Si particles with labeled regions R0, R1 and R2. The scale bar is 100 um long.

Gas evolution is directly observed in 3D after each discharge or charge step and the
reconstructed gas evolution is straightforwardly correlated to the electrochemical process. During
data processing, we can easily separate the gas evolved of the channel from the solid materials
due to the near zero absorption of gas. After the first discharge process, we captured the internal
morphological change by tomographic imaging. In Figure S2, different 3D views of the
composite of Si electrode and gas or channel are displayed. Figure 4a shows a cropped region
after the first discharge, labeled as RO in Figure 3g, in which Si particles are shown in gray and
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gas or channel in green. We then charge the battery and obtain the first charged state tomogram.
The corresponding 3D renderings are displayed in Figure S2b and SM 2b and the corresponding
cropped region is shown in Figure 4b. In the final step, we discharge the battery again and
acquire the second discharged state tomogram shown in Figure S2¢, SM 2¢ and Figure 4c. In
addition, during the discharge and charge process, we simultaneously capture the gas movement
inside the battery in 2D by in situ X-ray radiography. The results are shown in Figure 5 and
SM 3.

Figure 4. 3D visualization of gas evolution in a cutout at position RO in the battery after each discharge or
charge process (see Figure 3g). a) After the first discharge. b) After the first charge. ¢) After the second
discharge. In all pictures, from left to right is from the periphery to the central part of the electrode. The
left column shows the Si particles (gray) and the gas or channel (green) in a composite image. In the right
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column, one half of the particles is rendered transparent to show the gas part. The scale bar is 100 pm long
in all the pictures.

Figure 5. A series of projections showing the movement of gas as imaged by X-ray radiography. a) First
discharge step. b) First charge step. ¢) Second discharge step. The scale bar is 100 pm long in all the
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pictures. Ellipses mark areas of gas generation, arrows point at areas where gas bubbles have moved to.
Columns a) and c) are in the middle, column b) near the edge of the electrode. See more in SI and SM 3.

During cycling, lithium ions will pass through the separator, reduce or oxidize the electrolyte
on the surface of the electrode, form a solid electrolyte interface (SEI) layer containing a large
amount of generated gas, and finally lithiate or delithiate the electrode®. In Figure S2, Figure 4,
and Figure 5 as well as in the in operando 2D movie SM 3, it is clearly shown that a pronounced
gas generation and accumulation takes place within the electrode during the first discharge step,
which is consistent with previous experimental results.'> >
observed that are in contradiction to what had been assumed previously. One is the non-uniform
distribution of gas generation sites. During electrolyte reduction/oxidization by active lithium, on
the one hand, the reductive/oxidative decomposed products form the SEI layer with organic

HOWCVCI’, some phenomena WwWCEre

carbonate outer surface and an inner inorganic salt* fully covering the electrode. On the other
hand, notable amounts of gas are released. The polymer SEI layer remains on the surfaces of the
electrodes and to some extent shapes into the wall of the channels through which the newly
generated gas readily migrates out and finally merges with the accumulated gas, which eventually
displaces the electrolyte and then takes the form of a skeleton structure within the electrode as
clearly shown in Figure S2a and Figure 4a. Actually, because of the higher flow of
electrochemically reactive Li ions it is plausible to find larger gas agglomerations close to the
separator and wide channels grow into the electrode from the separator, which is consistent with
the literature."® However, there are also a large number of gas bubbles or channels that are
generated in the periphery of the electrode. The reason for this may stem from the high Li ion
concentration in the electrolyte, which surrounds the electrode.”’ Another reason may stem from
the Si electrode morphology that can modify the distribution of the electric field in the electrode.
As shown in Figure 3a and g, the surface of the Si electrode is not flat, with the circumferential
edge slightly higher than the center. Actually, it has been simulated that the electric filed has its
highest value in the electrolyte at the tip of lithium dendrites.”> In our case, the non-flat Si
electrode morphology may result in an inhomogeneous electric field, with higher intensity in the
circumferential edge than the center area. As a result, the lithium ions, driven by the different
electric field, will preferentially react with the electrode materials in the periphery region. In the
region near the current collector, the development of gas bubbles or channels is also observed,
most likely because the Li ions are transported via the contacted particles™ or by interstitials or
vacancies in the SEL.>* In a series of radiographic images during the first discharge process, see
Figure 5a and SM 3a, we can clearly observe the gas movement. Figure 5b and SM 3b along with
Figure 5¢ and SM 3¢ show the first charge and the second discharge process, respectively. They
also clearly reveal unexpected dynamics of gas evolution and channel development during the
electrochemical process. Note that radiographic images might give misleading information on the
direction of gas movement because of the ignored third dimension. In contrast, the full view of
gas evolution in 3D provided by tomography allows us access the three dimensional channel
structures.
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Another unexpected phenomenon is the continuous production of gas in successive cycles.
Contrary to the widespread belief that lithium ions diffuse uniformly from the separator to the
current collector and form a lithiation front extending through the entire electrode,” the bubbles
evolve successively from the circumferential surface into the bulk of the inner electrode and form
a branched system of gas bubbles and channels. It follows from the observed gas evolution after
delithiation or lithiation — as clearly shown in Figure S2b-c and Figure 4b-c —that lithium ions
preferentially enter the electrode in an inwardly radial passage. The direct full-view visualization
of the three-dimensional gas evolution presented here suggests diffusion pathways of lithium ions
inside the anode material that are non-uniformly distributed.

In fact, recently more and more attentions are being devoted to the investigation of the
electrochemically active particles in relation to the overall electrode current and/or the degree of
current homogeneity.”**> °® For example, a discrepancy is observed between electrochemical
measurements that represent the overall state of the cell and spectroscopic data that represent a
local state.””™® A recent experiment by Delmas et al. showed the coexistence of fully lithiated and
fully delithiated individual LiFePO, cathode particles by X-ray diffraction after full lithiation.”
Sugar ef al. and Brunetti et al. further concluded that at any given time during cycling, only a
small fraction of the total ensemble of particles is actively charged or discharged.”” ® Li et al.
conducted an in-depth characterization and observed that only 5% to 8% of particles are actively
intercalating during lithiation, while during delithiation the active population ranges from 8 to
32%.%* They further confirm that the current is heterogeneously distributed in the electrode, that
is to say, only a small number of active particles carries most of the current regardless of the total
electrode current. Taking into account that lithiation of Si will not occur until the native silicon
oxide is at least partially reduced by Li ions* and the gas evolution behavior presented here, we
assume that diffusion of Li ions takes place as follows: during lithiation, Li ions that pass though
the separator and/or the native Li ions in the native lithium salt electrolyte will first diffuse to the
potentially active electrode particles, reduce the electrolyte and/or lithium salts with the obtain of
electrons from the electrode and successively reduce the native silicon oxide, thus forming the
SEI layer with inorganic inner species and organics outer species, releasing gas, and finally
lithiate the active particles of the electrode, leaving non-active local regions intact.'” Vice versa
during delithiation. Using this picture, we can convincingly correlate gas evolution and channel
formation with the active or potentially active particles during electrochemical delithiation and
lithiation. More specifically, where gas is generated, where the active particles are, where the
electrochemical current is concentrated. This finding is fundamental. For the first time, the
spatially distributed electrochemically active particles in an operated LIB are directly visualized
via the gas evolution.

For a more convenient visualization of the distributed population of active particles and/or
potentially active particles, we separated them from the remaining particles. The results are
shown in Figure 6b and Table 1. After each delithiation and lithiation step, the active particle
population increases concurrently with the electrochemical process. From above analysis, we
interpret delithiation and lithiation as a process of progressively activating potentially active
particles.
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Table 1. Relative gas or channel volume fraction and number of active particles (both in %) as a function
of the cycle state in region 1 and region 2 (see Figure 3g).

ction™\ State First discharge First charge Second discharge
Name
Region 1 20 31 39
Gas/Channel
Region 2 14 20 39
Gas/Channel
Region 1 Active 29 46 64
Particles
Region 2 Active 18 29 57
Particles
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Figure 6. 3D visualization of regionlas defined in Fig. 3g. a) gas or channel. b) active particles. From top
to bottom: after first discharge, after first charge, after second discharge. The scale bar is 100 pm long in
all the pictures.

To further quantify the relationship between both gas or channel volume changes and the
population of active particles with electrochemical reactions, we calculated the volume fraction
of gas or channel volume and the fraction of active particles after each charge and discharge
process. Two independent regions — labeled R1 and R2 in Figur 3g — are extracted for
quantitative analysis. The evolution of the gas or channel volume in region R1 is presented in
Table 1 and in Figure 6a. After the first discharge step, the fraction of gas or channel volume is
only 20% compared to 31% after the first charge step. After the second discharge step, the gas or
channel volume fraction is ~39%. Along with these changes of gas or channel volume fraction,
the increase of the fraction of active particles is evident in Figure 6b and Table 1, from 29% in
the first discharged state to 46% in the first charged state and 64% in the second discharged state.
Both trends imply the aforementioned delithiation/lithiation activation mechanism that progresses
in each cycle. The analysis of R2 yields a similar result, increasing confidence in the applicability
of the mechanism to the entire electrode.

The experiment conducted here connects the gas bubble or channel evolution with the
evolution of effectively or potentially active particles in a functional LIB. This opens new
perspectives in optimizing the overall performance of a battery. From the viewpoint of electrode
engineering, it is important to find optimal battery operating conditions or to develop new
materials with reduced gas formation. There are already some reports of adding electrolyte
additives® ' and using new electrolytes'” to control gas generation and increase Li ion transport
rates to enhance the LIBs’s reversible performance. It is also crucial to optimize the electrode
architecture to significantly increase the population of active particles to sustain the overall
galvanostatic current and at the same time to improve the homogeneity of the distribution of
active particles to prevent the extent of shocks and fractures induced by high local currents.**
From the perspective of numerical simulation, it is important to identify the impact of SEI
formation with the associated gas release within the electrode on the transport properties of Li
ions and cycling performance of LIBs during discharge and charge'? to further speed up the
optimization of electrode structures. Altogether, the three dimensional microscale investigations
of gas in the present study contribute to the understanding of the complex discharge and charge
processes.

CONCLUSIONS

Novel insights into the spatial distribution and kinetics of gas evolution are unraveled by 3D
synchrotron X-ray imaging for the first time. The knowledge obtained here enriches our
understanding of the electrochemical activity in a real functional LIB. The gas evolution and
channel formation occurring in a functional LIB have been directly visualized in a full-3D view

after discharge and charge. Gas channels successively evolve from the surface of the anode
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material into the bulk of the electrode and form a branched system of gas bubbles and channels.
The observed gas evolution points at an activation of individual particles progressing from cycle
to cycle. These novel findings presented here also highlight the unique synchrotron X-ray
characterization tool for revealing underlying mechanisms of LIBs and shed light on a whole
range of processes that could not previously be characterized in 3D. Indeed, our results and the
value of information we obtained should speed up the optimization of the architecture and/or
material of the current LIBs to design more stable electrodes to further enhance their performance
for next-generation demand.
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Methods
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Captions for the Supporting Movies

Methods

Battery Preparation:

A normally functioning battery is crucial for the synchrotron X-ray imaging technique. The
widely used coin cell is not convenient for the X-ray because it blocks beam from
characterization. During the rotation in the characterization, the battery has to be fully X-ray

transparent to allow the imaging procedure. In addition, properly sealing is critical to ensure that
the cell can work normally and meanwhile be stable during the characterization process. To
satisfy the technological needs, we develop a polymeric tube proof-of-concept battery, as shown
in Figure la. On the one hand, the polyamide-imide tube housing ensures high X-ray
transmission. On the other hand, the proof-of-concept battery also has good sealing ability so that
the electrochemical battery remains functional for months. To further improve X-ray
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transmission though the battery, we machine a groove around the entire circumference of the tube
housing.

A conventional electrode is made from the electrode slurries with weight ratios of Si:carbon
black:binder of 80:10:10 in NMP. The slurry was cast directly onto the top of one of the screws.
To remove the NMP, the casted screws were dried in an oven at 60 °C overnight. Before and after
casting process, the screw was weighed to determine the weight of the electrode materials.
Metallic lithium was placed on the top of another screw, as the counter and reference electrode. A
polymer separator soaked with the electrolyte was placed between the lithium electrode and Si
electrode. The beamline proof-of-concept battery was assembled in an argon filled glovebox with
humidity and oxygen levels below 0.1 ppm.

Our developed proof-of-concept battery also allows performing various electrochemical
characterizations and analysis such as cyclic voltagram and dis/charge profile. Furthermore, the
beamline battery can undergo considerable stability during the characterization process.
Electrochemical Measurements:

Cyclic voltammetry (CV) and galvanostatic charge/discharge of the battery were carried out
with IviumStat. A fresh battery after assembly was measured for CV curves from 2.5 V to 0 V at
a scan rate of 1 mV/s. In the beamline, the battery is mounted on the centering and rotation table
through the small screw on top of the electrode screw, thus confirming the full stability of the
battery during the characterization process. Thin unclad copper wires are wrapped around the
small screws connecting each electrode and are secured between the two small screws. The wires
are then connected to the IviumStat potentiostat, as shown in Figure 1c. The wire lengths are also
long enough to enable the cell to rotate in the beamline without any obstructions. During X-ray
imaging process, electrochemical testing is performed by remotely controlling the potentiostat
within the beamline hutch. The schematic illustration of the battery in XBAM/ine in BESSY is
briefly described in Figure 1.

Tomography Settings and Data Acquisition:

The X-ray tomography and radiography imaging are conducted in the XBAM!/ine in BESSY,
Berlin, Germany. XBAM!/ine is a dedicated tomography beamline, of which the usable X-ray
spectrum is 5-100 KeV. In this experiment, monochromatic synchrotron radiation at 20 KeV
(selected using a [W/Si];po multi-layer monochromator), a 20 um CdWO, scintillator and an
optical 10X objective in conjuction with a pco4000 camera (with a 4008 x 2672 pixel* CCD chip)
are selected' . The ultimate resolution is 0.876 pm. For each tomography, 2200 projections over
an angular range of 180° battery rotation with 4 s exposure time are recorded. As for the
radiographies, the battery was directly imaged during the charge/discharge process with 4 s
exposure time.

Data Processing

Data process & 3D visualization method:
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The obtained raw data are firstly flat- and darkfield corrected and rearranged into sinograms. A
median filter with a kernel size of 3 x3%3 voxels was applied to the original image for noise
reduction. After that, the Si/SixLi and the other regions (carbon black and polymer binder) are
labeled by simple threshold segmentation (Image J 1.491). The histogram of the reconstruction
images consist of two peaks for these Si/SixLi and the other regions and therefore the threshold
value can be chosen as the minimum value between two peaks. The reconstructed volume is
registered using commercial software Avizo Fire, version 8.0 and for 3D presentation. We also
adopted commercial software VGStudio Max, version 2.2 for 3D visualization.

Analysis of (potentially) active particles:

After labeling process via Avizo Fire, a lot of properties of particles can be obtained through
the bulilt-in measurements. Herein, the diameter of each particle is obtained by the built-in
equivalent diameter: EqDiameter:

~_ [4XArea
EqD—’ —

To successfully separate the particles connected with the gas/channel from these particles that
don’t connect with void/channel, we use the commercial software Image J. The idea is this:
suppose particle A is connected with void a, if we Maximize the diameter of void a, then the
particle A will overlap with void a and we can use the Minimum operation between particle A
and void a to get the overlap zone A'. So far, we have only small part A' of the particles that are
connected with the voids. After that, we increase the gray value of A' and add it with all the
particles. In the last step, we use the 3D Hysteresis Thresholding to discern the particles that has
A' from those that do not have, namely the particles that are not connected with voids. Through

this procedure, we can successfully separate the particles that are connected with voids from
those that are not.

SI Figures
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Figure S1. The first discharge, the first charge and the second discharge voltage-time profiles of a
beamline battery at 0.01Ag™.

(a) (b) (c)

Figure S2. 3D visualization of the evolution of developed gas in the battery: a) After first discharge. b)
After first charge. c¢) After second discharge. In all sections, from the top to the bottom, the row shows the
3D visualization, the plane view, the cross section view of the Si and gas/void composite and the solitary
gas/void 3D rendering. The scale bar is 100pm in all pictures.
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Figure S3. a) 3D visualization of the evolution of gas/channel on the left. b) and the active particle
population, on the right in Region2: from top to bottom is the result of, after first discharge; after first
charge; after second discharge. The scale bar is 100um in all pictures.

Captions for the Supporting Movies

http://pubs.acs.org/doi/abs/10.1021/acsami.6b00708

SM1:
Three Dimension Visualization of Reconstructed Silicon Electrode

SM2:
SM2a-Three Dimension Visualization of Reconstructed Firstly Discharged Si Electrode

SM2b-Three Dimension Visualization of Reconstructed Firstly Charged Si Electrode
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SM2c-Three Dimension Visualization of Reconstructed Secondly Discharged Si Electrode
SM3a:
SM3a-1-First-Discharge-Movie Region_ Left
SM3a-2-First-Discharge-Movie Region Right
SM3b:
SM3b-1-First-Charge-Movie Region Left
SM3b-2-First-Charge-Movie Region Right
SM3c:
SM3c-1-Second-Discharge-Movie Region Left
SM3c-2-Second-Discharge-Movie Region Right
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Abstract

Two proof-of-concept batteries were designed and prepared for X-ray microtomography and
radiography characterizations to investigate the degradation mechanisms of silicon (Si) based half
cells during the first cycle. It is highlighted here for the first time that, apart from the significant
volume expansion-induced pulverization, the electrochemical ‘“deactivation” mechanism
contributes significantly to the capacity loss during the first charge process. In addition, the
unexpected electrochemically inactive Si particles are also believed to substantially decrease the
energy density due to the inefficient utilization of loaded active material. These unexpected
findings, which cannot be deduced from macroscopic electrochemical characterizations, expand
the inherent explanations for performance deterioration of Si-anode material based lithium ion
batteries (LIBs) and emphasize the vital value of microscopic techniques in revealing the
correlation between macroscopic electrode structure and the overall electrochemical performance.
Key words

lithium ion battery, silicon particles,; degradation mechanisms; X-ray micro tomography, X-ray micro
radiography

Introduction

Following their commercial introduction in the early 1990s, lithium ion batteries (LIBs) have
penetrated ubiquitously into the market for energy storage systems, e.g. laptops and mobile
phones [1, 2]. More recently, advanced LIBs with a larger specific energy, higher power density
and longer cycle life have been considered for powering clean electric vehicles (EVs) and plug-in
hybrid vehicles (PHVs), as well as for the storage and distribution of energy from sustainable
sources, such as solar and wind energy [3-6]. The key to fabricate such next-generation LIB is to

exploit high-performance electrode materials. From the material’s point of view, silicon (Si) is a
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promising candidate for the anode of LIBs because it possesses the highest theoretical capacity of
3579 mAh/g when lithiated to Li,;Sis, that is about 10 times larger than the currently
commercialized carbonaceous anode, which features 372 mAh/g for LiC¢ [7-9]. This promising
potential of the high specific capacity has spurred considerable investigations of Si thin films [10],
carbon mixed [11, 12] and metal coated [13] Si composites, along with various Si nanostructures,
such as nanoparticles [14], nanowires [15], nanospheres [16] and nanotubes [17] that could serve
as building blocks for high-performance anodes. Despite these extensive efforts, Si-based anode
LIBs still inevitably suffer from substantial capacity decay during lithium insertion and extraction
and thus they are now below the requirements for practical applications.

To shed light on the underlying degradation mechanisms, a range of investigation techniques
such as scanning electron microscopy (SEM) [18], transmission electron microscopy (TEM) [19],
X-ray diffraction (XRD) [20], nuclear magnetic resonance (NMR) [21] and Raman spectroscopy
[22] have been adopted. As a result, our knowledge of the intrinsic behaviour of Si upon lithium
insertion and extraction has been significantly enhanced [23] and various possible explanations
for the performance deterioration have been proposed. For instance, it has been discovered that,
apart from the loss of the lithium inventory and electrolyte/binder decomposition [24], the
preferential volume expansion along Si [110] directions is as large as ~300% during lithium
insertion and this extraordinary volume change has been proposed as the primary factor
contributing to the fatal capacity decay [25]. Nevertheless, prior analytical tools are inherently
limited. For example, most of the measurements abovementioned explore the degradation
mechanisms on the atomic or single nanoparticle level, overlooking the interplays amongst a
multitude of particles and the interactions between the active material and the conductive/binder
agent. What is more, a particular battery design, such as open structure and specialized electrolyte
that does not adequately simulate the real battery operating conditions is widely employed. On
the other hand, most conventional tools only specialize in revealing the structural and
compositional information without imaging capability, lacking effective spatially resolved
information about the degradation mechanisms. In parallel, some investigations are carried out ex
situ, 1.e. post-mortem, as opposed to in situ characterizations of dynamic processes. Considering
that a realistic composite electrode includes an assembly of ensembles of active particles, an
organic polymeric binder and a conducting agent, the ability to probe the dynamic deterioration
mechanisms on a multi-particle electrode level is of technological and practical importance.
Therefore, it is crucial and emergent that fundamental research techniques are highly needed to
further promote the exploration of electrode degradation.

Recently, X-ray imaging based on either laboratory X-ray or synchrotron X-ray sources has
rapidly evolved into a powerful characterization tool in materials science [26-42]. Specifically,
X-ray imaging has enabled researchers to obtain unprecedented insights into LIBs non-
destructively on a length scale ranging from particles to entire electrodes and has contributed
markedly to our understanding [29-33]. The pioneering research of employing synchrotron X-ray
tomography by Ebner et al. features a direct observation and quantification of electrochemical
and mechanical degradation in a SnO anode [34]. Meanwhile, Gonzalez et al. have visualized the
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expansion of large Si particles during the first lithiation step in three-dimensions (3D) by means
of tomography based on a laboratory X-ray source [35].

Herein, by employing both laboratory X-ray tomography and radiography, we re-inspect the
underlying mechanism of performance degradation of Si based half cells from the perspective of
entire electrodes, which implies spanning the length scales from individual active particles to the
macroscopic electrode ensemble. On the one hand, X-ray microtomography grants us the ability
to track the structural evolution induced by volume changes in three dimensions. On the other
hand, in operando micro X-ray radiography enables us to directly observe the changes of the
active particles and an entire electrode during lithium insertion and extraction. By the
combinatorial X-ray tomography and radiography, for the first time we highlight that, apart from
the huge volume expansion/contraction of Si particles during cycles, the striking inhomogeneous
lithiation/delithiation mechanism amongst ensemble active particles observed in an electrode,
which cannot be easily detected in conventional electrochemical measurements and, the
unprecedented electrochemical “deactivation” of original electrochemical active particles are
another two key factors contributing to the substantial performance degradation. This study
expands the inherent explanations for performance deterioration of Si-anode material based LIBs,
and the new sights would open new design principles and opportunities for high-capacity
electrode materials for next-generation energy storage systems.

Experimental Section

Materials:

Silicon was received from Elkem AS, Norway. Polyvinylidene difluoride (PVDF) binder, carbon
black, Celgard separator, CR2032 coin cells and lithium were purchased from MTI Cor. USA. N-
methyl pyrrolidone solvent (NMP) and IM LiPFg in a volume-ratio (1:1) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma Aldrich. Titanium
foil is from ANKURO Int. GmbH, Germany. The housing of proof-of-concept beamline battery
is made of polyamide-imide (Torlon), from McMaster-Carr company.

Characterization:

Scanning electron microscopy (SEM) image were taken using a Zeiss ultraplus microscope. The
electrochemical characterizations were conducted by using an Ivium CompactStat station,
Iviumtechnology.

Battery Preparation:

The composite electrode is made of slurries with weight ratios of Si:carbon black:binder of
75:15:10 in NMP. For the tomo-cell, the slurry was first sandwiched between two glasses and put
into an oven at 60 C to dry and form a block, which was then cut into small pieces with a razor
blade and put directly onto the top of the screws. The resultant Si composite electrode was a
small piece of 1.7 x 1.7 x 0.2 mm (length x width x height). Before the Si composite was
assembled into the tomo-cell, it was weighed by a digital balance and the amount of Si particles
was determined from the origian mass ration. The Si composite electrode mass in the tomo-cell
was around 0.9 mg. For the radio-cell, the slurry was casted onto the Spum thick titanium (Ti) foil.
The area of the slurry was around 4 x 3 mm (length x width). To remove the NMP, the casted Ti
foil was also dried in an oven at 60 °C. Before and after the casting process, Ti foil was weighted
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to determine the weight of the electrode materials. The Si composite in the radio-cell was around
1 mg. These two proof-of-concept batteries were assembled in an argon filled glovebox with
humidity and oxygen levels below 0.1 ppm. During battery assembly, these two cells were only
hand-assembled without exerting extra pressures. For the tomo-cell, metallic lithium (2.5 mm
diameter, 1 mm thick) was placed on top of the other screw, and served as a counter and
reference electrode. For the radio-cell, a lollipop shape copper foil without inner region (out
diameter is 10 mm and inner diameter is 6 mm) was used as a current collector and the Ti foil
was placed on top of it. Metallic lithium (6 mm diameter, 1 mm thick) was used as the opposite
electrode. A polymer separator was placed between the lithium electrode and the Si electrode in
both cells. After filling these two cells with sufficient electrolyte, they were sealed off and then
taken out of the glovebox. For a further comparison of the electrochemical activity of Si
composite electrode in the two proof-of-concept cells, commercial CR2032 coin-cell with the
same Si electrode was assembled and tested.

Micro X-ray Tomography & Radiography Characterizations:

X-ray tomography was conducted on the tomo-cell in the original state and after the voltage had
dropped to 0.03V, 0.02V, 0.01V and OV during discharge. During the discharge process, the
current was set to be 0.04 mA. The five tomographies are implied by alphabet a, b, ¢, d and e in
Fig. 4, Fig. 5 and Fig. 6. The particular parameters for the X-ray tomography are as follows: the
energy is 60 kV, the current is 166 pA, the source detector distance (SDD) is 500 mm, the source
object distance (SOD) is 58 mm. Given the resulting magnification, each detector pixel therefore
represented 5.76 um/voxel in the sample. The exposure time is 2.1 s. During the 360° rotation,
800 projections were recorded. During the charge process, the current was switched to 0.01mA
and the tomography was conducted after the voltage had risento 0.5 V, 0.7V, 1V, 1.5V and 2 V.
The five tomographies are implied by alphabet f, g, h, 1, and j in Fig. 4, Fig. 5 and Fig. 6. The
locations of the particles shown in Fig. 3, Fig. 4 and Fig. 5 are marked in SI Fig. 4. More
information is given in the Supporting Information (SI).

For the X-ray radiography measurements, characterization was conducted in situ during the
whole discharge/charge process of the radio-cell. During the discharge process, the current was
0.07 mA for 0-18h and then was switched to 0.04 mA for the rest of discharge process. During
the charge process, the current was set to be 0.015mA for 6.5 h and then was changed to 0.01 mA
until the voltage was 2 V. The radio-cell was facing the X-ray source during the characterization.
Data Processing:

To keep the validity of the measurements, only a median filter (1x1x1) was performed in ImageJ.
3D particle visualization was performed by VGStudio MAX. Analysis of the particles is
conducted by Imaje J. More information is given in the SI.

Results and Discussion

X-ray microtomography and radiography was conducted with a laboratory X-ray CT system [43].
To be fully compatible with X-ray imaging and at the same time to completely represent working
LIBs, we have designed and manufactured two dedicated proof-of-concept electrochemical cells:
a cell for tomography (tomo-cell) and a cell for radiography (radio-cell). Fig. 1 displays
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photographs and the corresponding schematic illustrations of the two proof-of-concept batteries
as well as a schematic representation of the X-ray micro CT setup [44].

(b)

| | ()

Fig. 1. Images of the proof-of-concept batteries: a) tomo-cell and b) radio-cell. c¢) Corresponding
schematic representation of the tomo-cell. d) and g) Corresponding schematic representations of the radio-
cell. e) Enlarged region of interest comprising from top to bottom: lithium (blue), separator (grey) and
electrode material (green). g) Schematic illustration of the radio-cell, from top to bottom are, the upper
housing (brown), sealing ring (yellow), lithium plate (blue) with copper wire, separator (white),
Si/carbon/binder composite (green), titanium foil current collector (gray), lollipop-shaped copper current
collector (copper), the lower housing (brown). f) Schematic representation of the X-ray micro CT setup.
From left to right: X-ray source (red), cone X-ray beam (yellow), sample representing either of the two
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cells (green) and rotation table (grey), detector (blue). The waves in c) and d) represent the direction of X-
rays.

After assembling the two proof-of-concept batteries, cyclic voltammetry (CV) was performed to
verify the reduction and oxidation characteristics of Si. The insets of Fig. 2 show the CV curves
of the two batteries scanned at rate of 1 mV s in the potential window of 0-2.5 V. Although
there are parasitic redox peaks (arrows in CV figure) associated with contamination and/or
electrolyte decomposition [45, 46], the clearly visible cathodic peak above 0 V and an anodic
peak at 0.5 V are related to the Li alloying and de-alloying with Si, respectively. The results are
in good agreement with previously reported Si/Carbon composites [9, 47], thus confirming the
electrochemical reactions inside our proof-of-concept batteries.

Then we conduct the X-ray imaging investigations by galvanostatically discharge/charge these
two electrochemical batteries: for tomography, the discharge/charge process was stopped during
the tomographic data acquisition and continued afterwards (i.e. the measurement is quasi in situ).
For radiography, the measurement is continuously conducted simultaneously during the
discharge/charge process of the radio-cell (i.e. imaging is truly in situ). The discharge/charge
curves of both cells, showing the typical characteristic feature of Si are displayed in Fig. 2 and
they are in good agreement with previous results [9]. Note that for the tomographic imaging, a
newly assembled battery is used, while for radiographic imaging, the battery is first used to
obtain the CV scans and then directly used for in situ radiography measurement (read more in
Supporting Information (SI)). For a further comparison of the electrochemical activity of Si
materials in the two proof-of-concept cells, commercial coin-cell assembled with the same Si
electrode was conducted and the resultant discharge/charge curve is shown in SI Fig. 1. It is
found that these three cells have a low coulomb efficiency during the first charge and the reason
may stem from the significant particle pulverization of the large Si particles currently used [19].
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Fig. 2. Electrochemical characterization of the tomo-cell and radio-cell: a) the first discharge-charge curve
of the tomo-cell, the inset shows the CV curves; b) same as a) for the radio-cell.

Micro-computed X-ray imaging is an emerging analytical technique that measures variations in
X-ray attenuation of samples and it is particularly well suited to track changes from particles
morphological evolution to electrode architecture changes over time as characterizations can be

conducted in situ and non-destructively [48].

Consequently, previously unprecedented

degradation mechanisms are highlighted here for the first time. In the present work, a distribution
of micron sized Si particles ranging from 125 to 180 pm in diameter are used for both tomo-cell
and radio-cell because of the renewed interest in using micron sized particles as commercial LIBs
[49]. To begin with, 3D visualization of Si particles evolution within an operating LIB during the
first discharge/charge process is presented by micro X-ray tomography. First, the pristine state of
the freshly prepared tomo-cell is tomographically recorded with 800 projections covering an
angular range of 360° with 2.1 s exposure time. Then the battery is galvanostatically discharged
to 0.03V [35]. At this point, the discharge process is stopped and the nd tomography is conducted.
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After this, the discharge is continued and followed by a 31 tomography. Altogether 10
tomograms during the first discharge/charge process are made (5 during the discharge and 5
during the charge). All the tomograms conducted during the first discharge/charge process are
implied by red spots in Fig. 2a and all the parameters are the same. Fig. 3a and Fig. 3b show
projection images of the Li electrode|separator|Si electrode assembly within the proof-of-concept
batteries. While the Li electrode and the porous plastic separator appear nearly invisible due to
their low X-ray absorption coefficients, the Si electrode is clearly visible. Fig. 3¢ shows a
grayscale slice after reconstruction of the tomo-cell and Fig. 3d an enlarged part of the radio-cell.
In order to qualitatively validate our X-ray imaging techniques, scanning electron micrographs
(SEM), as shown in Fig. 3e, are given to compare with the reconstructed raw grayscale slice
images and the radiography images. The unambiguous agreement indicates that the X-ray
imaging technique accurately captures the morphology of Si electrode.

Stainless Steel

Stainless Steel

Fig. 3 X-ray imaging results of the assembled Li electrode|separator|Si electrode: a) X-ray projection
image of the tomo-cell, the scale bar is 1 mm. b) 2D radiography of the radio-cell, the scale bar is 2 mm. ¢)
Example of a reconstructed slice image of the tomo-cell. d) Cutout of a radiographic image of the radio-
cell. e) Scanning electron micrograph of the mixed Si electrode material. The scale bar in c-e) are all
200pm.

We now track in detail the morphological changes during lithium insertion and extraction of one
randomly chosen particle, illustrating other electroactive particles evolution as a function of
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discharge/charge. Fig. 4 shows a series of cross-sectional slices taken from tomographies of the
Si particle in different stages of discharge/charge. The corresponding 3D rendering of this
particle is displayed in SI Fig. 1. Histograms of the attenuation coefficients in sub volumes
containing the particle are displayed as a function of discharge/charge process see Fig. 4k and Fig.
41. The leftmost peak corresponds to the weakly absorbing carbon black, binder and electrolyte
surrounding the particle. Feature changes to the rightmost peak are directly related to the
evolution of the active Si particle. Prior to the electrochemical reduction, the attenuation
coefficient histogram for the particle consists of one peak located gray level of 6000. During
lithium insertion, see Fig. 4k, along with the magnitude of this peak progressively decreases and
moves to the left, the particle evolves gradually into a weakly X-ray attenuating material. This
implies that the particle has completely transformed from the high-density Si phase to a low-
density LixSi phase (1<x<4.4). Meanwhile, a notable volume expansion to around 200%
(compared with pristine state) is observed in the fully lithiated state. These results are in good
agreement with previous results [19, 35]. During lithium extraction, see Fig. 41, along with the
attenuation peak increases and shifts towards the original direction, we observe a homogeneous
increase in attenuation coefficient. However, it is worth noting that, neither the peak position nor
the peak shape of Si is restored to the original state by the end of the first charge process. This
may stem from incomplete delithiation and/or significant trapping of lithium by the electrolyte
decomposed byproducts [50], which is considered as one of the reasons of the performance decay
during the first cycle.
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Frequency (a.u.)

0 2000 4000 6000 SO 000 4000 6000 8000
Attenuation (a.u.) Attenuation (a.u.)

Fig. 4. Evolution of an electrochemically active Si particle: a)-e), tomographic slices through the particle
during the first discharge step (see arrow direction); f)-j), tomograms of the first charge process (see arrow
direction). k) and 1), attenuation coefficient histograms of the specific particle as a function of discharge
and charge (dashed red line is the pristine state). Outline of the pristine state (red outline in a)) and
outlines of the discharged state (yellow outline in e)) and charged state (green outline in j)) are shown for
visual comparison. The scale bar in a) is 100 um long and is the same in all the images.
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Fig. 5. Evolution of electrochemical deactivation of a Si particle: a)-e), tomographic slices during the first
discharge step (see arrow direction); f)-j), tomographic slices during the first charge step (see arrow
direction). k) and 1), attenuation coefficient histograms during discharge and charge, respectively. Outline
of the pristine state (red outline in a)) and outlines of the discharged state (yellow outline in e)) and
charged state (green outline in j)) are shown for visual comparison. The scale bar is 100 um long and
applies to all the images.

Surprisingly, we have also detected an unprecedented phenomenon that many electroactive Si
particles become electrochemically inactive during the first delithiation process. This
electrochemically deactivation progress is illustrated in Fig. 5, in which, the electroactive particle
originally effectively participates in the discharge process, from Fig. 5a to Fig. Se, but turns to be
inactive during the subsequent charge process, contributing to the capacity loss during the first
charge process, as we can clearly see the unchanged shape of the particle, from Fig. 5f to Fig. 5;,
and the stationary attenuation profile during delithiation, Fig. 51. Another unexpected
phenomenon is that several Si particles never undergo lithiation/delithiation during the
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discharge/charge process, i.e., they are electrochemically inactive during the whole macroscopic
battery level lithium insertion and extraction process, as shown in Fig. 6. On the whole, from an
entire electrode-scale point of view, as displayed in SI Fig. 4, we can unambiguously observe that
some electrochemically active Si particles undergo a continuous phase transformation during
macroscopic battery level discharge/charge, some electrochemically active Si particles undergo
an electrochemical deactivation process after the lithium insertion and some non-electroactive Si
particles are completely inactive during the first cycle even as the voltage drops to zero against
Li'/Li. In addition, we also observe that some Si particles emerge and/or disappear in the same
slice as a function of discharge/charge process. These distinctive phenomena clearly imply that
apart from the large volume expansion during lithiation/delithiation, there are many other factors
that contribute to the ultimate performance deterioration in Si-based LIBs.

Frequency (a.u.)
Frequency (a.u.)

2000 4000 6000 8000 2000 4000 6000 8000
Attenuation (a.u.) Attenuation (a.u.)

Fig. 6. Evolution of the electrochemically non-active Si particles: a)-e), tomographic slices of the first
discharge process (see arrow direction); f)-j), tomographic slices of the first charge process (see arrow
direction). k) and 1), attenuation coefficient histograms as a function of discharge and charge, respectively;
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Outline of the pristine state (red in a)) is duplicated to the discharged state e) and charged state j) for
visual comparison. The scale bar is 100 pm.

Moreover, in operando 2D X-ray microradiography provides more sophisticated temporal
information within the LIB. As shown in Fig. 7, we can clearly observe the expansion/contraction
of the whole electrode material (dotted blue contours from D01 to C10), the expansion and
contraction of the electrochemically active particles (green panel), the deactivation phenomenon
of originally electroactive Si particles (red panel) and a few Si particles that are not
electrochemically active throughout the whole discharge/charge process (yellow outlines from
DO1 to C10). Furthermore, the “core-shell” model reaction is clearly observed during the
discharge/charge process (see the evolution of particle from Fig. 7a to 7j) [8]. The significant
volume expansion-induced pulverization (see the green panel) may lead to electric disconnection
of active particles from current collectors [25]. These results are in good agreement with the 3D
X-ray microtomography and the whole in operando discharge/charge process is presented in a
movie in SL.
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Fig. 7. In situ radiographic characterization of the radio-cell: D01 to C10 represent stages in the first
discharge (D) and charge (C) step. The region encircled in blue is the original area that covers the

-903 -



2.4 Degradation of lithium ion batteries based on 100 uym-sized Si particles

electrode material, increasing numbers refer to elapsing time. The region in green boxes represents the
evolution of an electrochemical active Si particle from a to t (the copper lead is seen at the bottom left of
each frame). The region in red boxes displays the evolution of electrochemical deactivation from a’ to t’.
The region encircled in yellow contains many electrochemically inactive particles. The scale bar in D01 is
1 mm long, that in the small boxes 100 pm. More information is provided in SI.

Fundamentally speaking, LIBs operate through the reversible insertion into or removal of lithium
from electroactive host materials, respectively [51]. The ability of the materials to accommodate
the changes associated with the chemical phase transformations that accompany the variations in
lithium concentration determines the electrode’s utility and battery performance. From an
electrochemical point of view, lithium insertion or extraction process entails Li" and e
simultaneously [52]. Contrary to proposed idealised electrochemical models and simulation that
[53] electrochemically driven phase conversion is homogeneous and isotropic, such conditions
are hardly satisfied in a real commercial LIB due to the complex electrode structures (ensemble
of active materials, conductive agents and binders) and the complicated morphology and
conditions with respect to porosity, tortuosity, conductivity and percolation ability for the
electrolyte [54]. In fact, increasingly more attention is being paid to the investigation of local
electrochemical reactions and their relationship with electrochemical performance on a
macroscopic and electrode performance [55, 56]. For example, experimentally a discrepancy is
observed between electrochemical measurements that represent the overall state of a cell and
spectroscopic data that reflect the local state [57, 58]. In addition, the heterogeneous local depth
of discharge (DOD) and the non-uniform local current distribution have been directly
demonstrated by Zhang et al. [59, 60] and Ng et al. [61] respectively, by customizing multiple
working electrode LIBs. Similarly, significant inhomogeneity of local DOD in different locations
of a commercial LIB have been directly detected by Cai ef al. [62] and Paxton ef al. [63] through
neutron diffraction and energy-dispersive X-ray diffraction. Moreover, by using pm-resolved
Raman spectroscopy, Nanda et al [64] presented visually the local “spectroscopic”
electrochemical variations on an LIB electrode. Finally, recent modeling investigations by Zhao
et al. [65] show a direct correlation between energy density and the non-uniformity in local
current distribution, demonstrating a potential gain as high as 40% in energy density through an
improved current distribution. Apparently, these locally non-uniform electrochemical reactions,
current distributions, ionic/electric conductivity within electrodes will impact on battery
performance in a variety of ways, including reduced energy and power, underutilization of
capacity, localized heat generation and overcharge or over-discharge of active materials [56, 66].

As in our case, it are these electrochemically active Si particles which are ionically and
electronically accessed by the electrolyte and connected to the conducting network that directly
dictate battery performance. In other words, the total electrode discharging/charging current
concentrates only on the electrochemically active Si particles, as clearly shown in Fig. 4, SI Fig.
4 and Fig. 7. These electrochemically active Si particles undergo lithium insertion and extraction
to store and release energy, evidenced by the X-ray attenuation coefficient change. During
lithium uptake and release, these electroactive Si particles undergo notable volume expansion
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accompanied by the generation of substantial compressive and tensile stresses [67]. The
mechanical forces generated will drive local displacement and rearrangement of other Si particles
within the composite electrode, leading to the phenomena that some Si particles emerge and some
disappear in one and the same slice, as shown in SI Fig. 4 and Fig. 7. On the other hand, the
observed “deactivation” mechanism of originally electrochemically active Si particles probably
has three sources: First, an electric contact disconnection. Under the influence of the mechanical
forces generated, a lot of displacement/rearrangement of the particles occurs with numerous
losses or variations in the contacts. Taking into account that in a stack of particles the electrons
are transferred between particles by hopping or tunneling with the contact resistivity depending
exponentially on the gap between the contacts, and that a gap of 8-10 nm makes a contact
electronically insulating [68], it is plausible to say that the deactivation mechanism is attributed to
electric disconnection. The second possibility is the insulating crystalline Li,O oxide layer. By
using in situ TEM, He et al. report that upon initial Si lithiation, the formed crystalline Li,O, the
product of Li reaction with the native silicon oxide layer, will partially insulate the particles
during subsequent delithiation cycle [69]. The third possible reason is the unshrinkable
conductive matrix. Weker et al. proposed that upon the delithiation, when the particles begin to
contract, the conductive matrix does not necessarily shrink back to fill the space created by the
contracting particles, thus leading to the deactivation of, in their case, germanium particles [70].
Right now we cannot identify a single dominant factor. However, special focus in the future work
should be placed to eliminate this phenomenon due to the resultant substantial capacity losses. It
is also worth noting that the unexpected electrochemically inactive Si particles within the
electrode. From the fact that they are electrochemically inactive from the beginning, it is assumed
these Si particles are disconnected into locations of ionically or electronically insulating islands
during the electrode preparation, for example binder redistribution during drying, calendaring,
cutting and compacting [52]. To get a further quantitative analysis of the influence of different
types of Si particles on the obtained discharge/charge capacity, we investigated 78 particles in the
same slice in tomo-cell with diameters larger than 50 um, as shown in SI Fig. 6. It was found that
13% (10) of the Si particles were electrochemically in-active through the first cycle, 87% (68) of
the Si particles experienced the first lithiation process and only 24% (19) of the Si particles
experienced the first delithiation process. Assuming the theoretical capacity of Si is 3500 mAh/g,
the obtained firstly discharged capacity (3000 mAh/g that is around 85% of the theoretical
capacity ) and the obtained firstly charged capacity (500 mAh/g that is around 14% of the
theoretical capacity) agree with the results from the quantitative analysis (fraction of 87% and 24%
(within error consideration)). More information can be found in SL

The unexpected electrochemical “deactivation” mechanism and the presence of many
electrochemical inactive Si particles are alarming because they cannot be easily characterized by
conventional macroscopic electroanalytical characterization techniques and should draw
attentions from electrode engineers and simulation experts. From an electrode engineer’s point of
view, the electrode architecture engineering optimization is crucially important. On the one hand,
in addition to focusing only on individual particle features to develop next-generation LIBs, more
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and more efforts should be put in optimizing the entire electrode architecture, which can involve
all active material particles ionically and electronically connecting to electrolyte and electric
conducting network to maximize the utilization of active materials. On the other hand, new
conductive/binder agents are highly needed. The matrix of carbon/binder is supposed to sustain
the active material’s expansion/contraction during cycles as well as to provide an efficient
dynamic electric/ionic conducting pathway even under significant electrode transformation.
Currently, some exploratory research of developing self-healing polymer [49] and electric and
ionic conductive polymer [71] is underway. From a simulation expert’s point of view, in order to
develop an electrochemical model that can be used to gain insight into internal processes, to
predict performance and operation and optimize cell design, the homogeneous and flawless
idealized microstructure characteristics should be compromised with the real complex composite
electrodes.

Conclusions

In summary, we re-explore the mechanisms of dynamic deterioration of Si anode LIBs on an
electrode scale by employing X-ray imaging tomography and radiography and for the first time
highlight that, apart from the significant volume expansion-induced pulverization and electric
disconnection from current collectors, electrochemical “deactivation” contributes significantly to
the capacity loss during the first charge process. In addition, the presence of a notable number of
electrochemically inactive Si particles is also believed to substantially decrease energy density
due to the inefficient utilization of loaded active materials. These unexpected findings, which
cannot be obtained by macroscopic electrochemical characterizations and conventional
structural/compositional characterizations, provide us with novel insights into the mechanisms of
performance degradation of Si anode LIBs. From practical point of view, commercially oriented
researches into the local microscopic electrochemical reactions could be motivated and aroused
as it governs directly the energy density and capacity retention of a real LIB. And more attention
should be paid to the further investigation of the correlation between macroscopic
electrochemical performance and local behavior of active materials, to guide the selection and
optimization of electrode materials and the manufacture of the electrode.
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This section includes:

Data Acquisition and Processing
SI Fig. 1, SI Fig. 2, SI Fig.3, SI Fig. 4, SI Fig. 5 and SI Fig.6
Caption for the Supplementary Movie

Data Acquisition and Processing:

The obtained tomography raw data are first flat-field and dark-field corrected and rearranged into
sinograms. A median filter with a kernel size of 1 X1 voxels is applied to the original image for
noise reduction while maintaining the validity of the dataset. The reconstruction software
Octopus (8.8.2-64 bit) is used to reconstruct the obtained dataset. Because of the huge electrode
expansion or contraction during discharge or charge, the reconstructed 2D slices shown in Fig. 4,
Fig. 5 and Fig. 6 do not necessarily represent exactly the same plane from one tomography to
another. However, we compare with one slice to another to find the closest slices for each particle.

For the particles shown in Fig. 4, it is located 46 pm from the bottom stainless screw current
collector and is marked by green circle in SI Fig. 5. For the particles shown in Fig. 5, the distance
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is 40 um from the bottom stainless screw current collector and is marked by yellow rectangular in
SI Fig. 5. For the particles shown in Fig. 6, the distance is 80 pm from the bottom stainless screw
current collector and is marked in red round rectangle in SI Fig. 5. Note that all the locations are
measured in the pristine state.

For the calculated volume expansion, we assume that the Si particles are round and measure their
diameter in the pristine state and then compare with that of discharged state. The formula is:

_4 D3
V= 77(2)
D is the diameter measured through Image J.

For 3D particle presentation, the software VGStudio MAX 2.2 is employed. Different threshold
grey values are employed to best depict the particle shape.

The obtained radiographic raw data are only flat-field and dark-field corrected. To minimise the
dataset, we used Grouped Z Project to compress every 20 images into one image. The frame rate
of the movie is 20 fps.

The figures shown in Fig.7 represent states as a function of the following discharge or charge

times:
State Time State Time State time
DO1 Oh a Oh a’ Oh
D02 6 h b 3.35h b’ 6.78 h
D03 99h c 4.85h c’ 8.25h
D04 13.6 h d 6.35h d’ 9.76 h
D05 17.4 h e 7.85h e’ 11.28 h
D06 22.8h f 9.76 h f 12.85h
g 11.28 h g 1435h
Co1 23.4h h 12.8 h h’ 15.85h
C02 272 h i 14.7 h N 18.12 h
Co03 31h ] 234h 7 23.4h
Co4 32h k 269 h k’ 254h
1 252 h I’ 259
m 263 h m’ 263 h
n 26.8 h n’ 26.8 h
0 272h o’ 272 h
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p 27.7h P’ 27.7h
282h q 282h
r 28.65h r 28.65h
s 29.1h 3 29.1h
t 29.5h t 29.5h

For the quantitative analysis of the influence of different types of Si particle on the obtained
discharge/charge capacity, we have chosen 78 particles in the same slice in tomo-cell with
diameter larger than 50 um, the locations of the chosen particles are shown in SI Fig. 6. It should
be noted that, during the discharge/charge process, the locations of some Si particles
(electrochemically active through the first cycle, electrochemically active during the first
lithiation but turn into electrochemically in-active during the first delithiation process and
electrochemically in-active particles through the first cycle) will change continuously due to
lithium insertion into/ extraction from the Si electrode. We only choose the particles that
experienced minor movement during the discharge/charge process (they stayed almost in the
same slice) and the Si particles that experienced significant movement (they were not in the same
slice) were out of consideration. It should be also noted that, we only choose the Si particles
whose diameter were larger than 50 um due to the limited resolution of the laboratory X-ray
source. Considering the limited resolution of our laboratory X-ray source, we have not taken Si
particles with diameter lower than 50 pm into account. Due to the same reason, we cannot
quantify the lithiation or delithiaiton sate of individual particles. That is to say, the individual
lithium storage and release ability of electrochemically active Si particles during the first
discharge and first charge process cannot be calculated. Nevertheless, by calculating the fraction
of Si particles of electrochemically in-active, electrochemically active and electrochemical
deactivated, we get a similar result by calculating the discharged/charged capacity.
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SI Fig. 1 Electrochemical characterization of the coin cell with the same Si electrode: the first voltage-
capacity profile. The mass of the loaded Si was 4 mg and the discharge/charge current was 0.075 Ag™.
Note that the Si composite was cast directly to the coin cell casing without using copper current collector.

(b)

SI Fig. 2. 3D evolution of the electrochemically active Si particle as shown in Fig. 4. a)-e), during the first
discharge process; f)-j), during the first charge process; the scale bar is 50 um long.
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0)
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SI Fig. 3. 3D evolution of the electrochemical deactivation of Si particles as shown in Fig. 5. a)-e), during
the first discharge process; f)-j), during the first charge process; the scale bar is 50 um long.
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SI Fig. 4. 3D evolution of the electrochemically inactive Si particles shown in Fig. 6. a)-e), during the first
discharge process; f)-j), during the first charge process; the scale bar is 50 um long.
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2.4 Degradation of lithium ion batteries based on ~100 pym-sized Si particles

SI Fig. 5. Evolution of Si particles in a larger area of the electrode: A)-E), during the first discharge
process; F)-J), during the first charge process; green circle shows regions of electrochemically active
particles; yellow rectangular shows regions of electrochemically deactivated particles; red round rectangle
shows regions of inactive particles; blue round rectangle shows regions of particle displacement. The slice
location is 61 um from the bottom stainless screw current collector in the pristine state.

SI Fig. 6. Locations of the chosen 78 Si particles for quantitative analysis. Red numbers denote the Si
particles that are electrochemically in-active through the first cycle (from 1 to 10). Blue numbers denote
the Si particles that experience the first lithiation but turn into electrochemically in-active during the first

delithiation (from 1 to 49). Green numbers denote the Si particles that are electrochemically active
through the first cycle (from 1 to 19).

- 106 -


http://dict.cn/round%20rectangle

2.4 Degradation of lithium ion batteries based on 100 uym-sized Si particles

Caption for the Supplementary Movie:

http://www.sciencedirect.com/science/article/pi1/S0378775316305109

In situ 2D radiography of radio-cell during the first cycle

Note that during the in sifu radiography measurement we have stopped the micro
CT once to cool down the X-ray source for around 30 minutes.
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2.5 Fracture behavior of ~20 um Si particles

Reprinted with permission from DOI: 10.1002/celc.201600219. © 2016 WILEY-VCH Verlag GmbH &
Co. KGaA,Weinheim.
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Abstract

Silicon (S1) has been proposed as one of the most promising anode materials for next-generation
lithium ion batteries (LIBs). However, unsatisfactory discharge capacity/energy density and
inevitable performance worsening prevent their commercialization. Herein, an in-depth
investigation on the same Si composite electrode before and after the first discharge by
employing in situ synchrotron X-ray tomography is presented. It is found that 1) on the electrode
level, the Si particles located in the central part of the electrode preferentially experience crack
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formation; i1) on the individual particle level, heterogeneous electrochemical lithiation behaviour
is observed; iii) cavities are formed during the electrode preparation and battery operation.
Moreover, the correlation between the electrochemical activities of Si particles and their
individual electrical contact to the electron conducting network is investigated. For the first time
it is quantified that Si particles will experience lithiation only under the condition that at least
40% of their surface is electrically connected. These novel insights are possible explanations for
low discharge capacity/energy of Si electrode LIBs, and would open new design principles and
opportunities for high-capacity electrode materials for next-generation energy storage systems.

Lithiation

Abstract Graphic

Keywords lithium ion batteries, silicon particles, lithiation mechanisms, degradation mechanisms,
Synchrotron X-ray tomography

1. Introduction

Next-generation lithium ion batteries (LIBs) with improved specific power and energy density
have been proposed for a variety of demanding applications from electric vehicles to large-scale
grid storage facilities.'"! Worldwide efforts are therefore underway to find novel electrode
materials that will be considered as alternative options to replace the currently commercialized
cathode and anode materials.'” On this search for high-capacity anode materials, silicon (Si) has
been identified as one of the most promising candidates to substitute graphite ) In contrast to
graphite, where fully lithiated graphite stores one Li-ion per six carbon atoms through
intercalation, fully lithiated Si-anodes can theoretically store four Li-ions per Si atom by
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chemical bonding. This leads to larger theoretical capacities up to 3579 mAhg™”, which is about
10 times larger than that of graphite anodes, 372 mAh g'. ! However, Si anodes exhibit an
unsatisfactory discharge capacity/energy density when discharged using high currents. They
additionally show irreversible capacity fading during cycling. Previous studies, employing
various characterization tools such as scanning electron microscope (SEM) !, transmission
electron microscope (TEM) ¥ and X-ray tomography !, have suggested that the inevitable
capacity decay is associated intimately with the dramatic volume change of ~300% during
cycling, with preferential de/lithiation pathway along the [110] direction of crystalline Si.*) In
addition, it was found that a two-phase boundary between a crystalline Si core and an amorphous
Li-Si shell induces stress within the anode particles, resulting in significant particle fracture and
pulverisation. (7!

Apart from boundary-induced fracture mechanisms, other factors also contribute to the decrease
in energy density and the irreversible capacity fading. The central issue is related to the
weakening or even complete loss of electrical contact between Si particles and the conductive
network, consisting of carbon binder domain (CBD) and current collector."” Insufficient contact
to the conductive network leads to partial electrochemical inactivation of these active materials,
resulting in a reduced utilization of loaded material and unsatisfactory dis/charge capacity
retention. Unfortunately, extensive characterizations of the evolution of a complete Si based
electrode within an operational LIB have not been conducted due to i) the incompatibility
between conventional investigation tools and commercial LIBs " and ii) the inability to
characterize ensembles of active particles contained within a realistic multi-particle electrode. !
Furthermore, no experimental framework of investigating the lower energy/capacity caused from
insufficient contact between active materials and CBD has been reported, although it shows that
the rate performance of a LIB electrode composite can be markedly improved by providing
alternative electron paths.[lz]

Here, we report the imaging of the same Si based electrode in pristine and the firstly discharged
state in three-dimensions using in situ synchrotron X-ray tomography. Using high fluxes from
synchrotron sources, ') this characterization technique allows us to obtain large and
representative datasets to track the evolution of the entire Si electrode on the electrode level
(millimetres) and on the level of individual particles (~5um) simultaneously. Studies on the
de/lithiation of Si and other Li-alloying metals (e.g. Sn and Ge) using X-ray
tomography/microscopy were conducted in the past ' in which  volume
expansions/contractions, the relation between X-ray absorption and lithiation as well as fracturing
mechanisms were investigated. Specifically, Taiwo et al. suggested that mechanical stress
generated from the significant volume changes can decrease the contact of single Si particles to
the conducting network. !'®

By employing in-situ synchrotron X-ray tomography, we observed what Taiwo et al. suggested
and expanded this theory by a further quantitative analysis. Other important findings were 1) on
the electrode level, the Si particles located in the central part of the electrode preferentially
experienced crack formation compared with the Si particles located in the peripheral region. And
i1) on the individual particle level, heterogeneous electrochemical lithiation behaviour was
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observed compared with the widely employed macro-homogeneuos model for battery simulation.
7] Finally, we quantified the fracturing of Si particles and related particles that remain
unfractured with a loss of electrical/ionic contact to either the electron conductive network
(current collector or to the carbon binder domain (CBD)) or the Li ion conductive electrolyte.
Possible reasons for the contact loss have also been proposed. The current study fundamentally
expands the inherent explanations for low discharge capacity/energy of Si electrode LIBs, and
would open new design principles and opportunities for high-capacity electrode materials for
next-generation energy storage systems.

2. Results
2.1 Morphology of the Pristine Electrode and Electrochemical Characterization

X-ray tomography is based on measuring variations in X-ray attenuation coefficients in a rotating
sample and three-dimensional (3D) reconstructions of samples with high spatial resolution can be
obtained by using high-flux synchrotron X-ray facilities.!'™ Since all phases present (Si particles,
CBD and cavity) exhibited excellent contrast due to different X-ray attenuation coefficients,
morphological changes of particles, local CBD destruction and cavity formation could be studied
in detail in 3D.

In the present study, a proof-of-concept battery, fully compatible with a synchrotron X-ray
tomography setup (Figure 1a and b) and simultaneously representative of commercial LIBs, was
used. We focused on morphological changes in the entire Si composite electrode before and after
the first discharge. The experimental setup is shown in Figure 1a. The custom made cell allows
imaging all inner components within the proof-of-concept battery (Figure 1b). Before starting the
in-situ X-ray tomography we conducted scanning electron microscope (SEM) characterization of
the prepared Si composite electrode surface for a reliable interpretation of the X-ray tomography
data. An exemplary image is shown in Figure S1: It can clearly be seen, that the Si particles are
well mixed with the CBD, which agrees with the tomography data (Figure 1c, inset), where the
spherical Si particles can clearly be discriminated from the CBD filled pore space. The nano
pores in the CBD cannot be resolved using synchrotron X-ray tomography with a pixel size of
438 nm. "% Therefore, in the following CBD denotes a mixture of small, electrolyte filled
pores and carbon black particles glued together with binder.

In a first step, we performed cyclic voltammetry to verify the reduction and oxidation
characteristics of the Si particles (Figure S2). The observed anodic/cathodic peaks are in good
agreement with those of previously reported silicon/carbon/binder (Si/C) composites 2.
Subsequently, a tomography in the pristine state (without any cycling) was made for reference. It
is shown in Figure 1c: The battery contains a Si/C composite electrode, a separator (24 um thick)
and a lithium metal electrode (as counter and reference electrode). It can clearly be seen that the
currently investigated Si/C composite electrode consists of an ensemble of active particles hold
together by the electron conducting CBD, as in most realistic electrodes.
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Figure 1 a) Schematic illustration of experimental setup at the BAMline at the electron storage ring
BESSY II in Berlin, Germany. b) Battery cell holder design. c) Cell with lithium metal (bottom), separator
(24 pm, centre) and a silicon/carbon/binder electrode (top). The lithium flux during discharge is indicated
by arrows. An exemplary part of the electrode is shown in the inset. The scale bar represents 50 um. d)
First discharge curve of the battery at 0.13 Ag”, where the schematic sketch of an intact Si particle
represents the pristine state and the cracked Li/Si particle represents the discharged state.

After the tomography in the pristine state, the battery was discharged at 0.13 Ag™ (~0.03 C)
based only on the mass of the loaded Si. The corresponding discharge curve is shown in Figure
1d. The obtained specific capacity was around 1700 mAhg™', which is lower than the theoretical
specific capacity of Si (3579 mAhg™). In order to find explanations for the low specific capacity
of the Si electrode, another tomography of the same electrode was conducted.

2.1 Morphology of the Discharged Electrode
2.1.1 Heterogeneous Lithiation on the Electrode Level

The firstly discharged state tomography is shown in Figure 2a, b and c. Compared with the
pristine state tomography (Figure 1c¢), it can be unambiguously discerned that Si particles located
in the central part of the electrode preferentially undergo crack formation, denoted by a blue
circle in Figure 2b.
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Figure 2 a) Three-dimensional representation of the discharged Si/C composite electrode in through-plane
direction. The scale bar represents 50 pm. b) Top-view of the half-cropped reconstruction, showing the
region where Si particles fractured preferentially (blue circle). ¢) Zoom in on the border of the region with
preferred fracturing. The scale bar represents 10 pm. d) Schematic illustration showing the 1D Li ions
flow paths in the inner part of the Si/C composite electrode.

In contrast, particles located in the peripheral regions are kept intact during the whole discharge
process (hereafter, we denote the fractured Si particles as electrochemically active particles or
lithiated particles; the unfractured Si particles as electrochemically inactive particles or un-
lithiated particles). This finding was further checked by employing two-dimensional particle size
distributions, shown in Figure S3. In the region with preferred fracturing (blue circle Figure 2b),
the particle size is systematically smaller, confirming the suggestion from the visual analysis of
the tomographic dataset. The observed inhomogeneity of lithiation on the entire electrode level
corresponds well with previous reports, 2 in which, Cai er al. observed an significant
inhomogeneous deterioration in a commercial LIB by using in situ neutron diffraction. They
found that near the edges of the battery, both the graphite anode and the spinel-based cathode
showed a decreased capacity while near the central area, both electrodes functioned properly.
They propose some potential factors, such as the electrolyte solution loss, separator pore clogging
and non-uniform temperature can contribute to this phenomenon. In our case, we propose that an
inhomogeneous Li ion flux resulting from an inhomogeneous pressure subjected on Si/C
composite electrode cause the inhomogeneous lithiation on the electrode level. As schematically
shown in Figure 2d, owning to a convex shape of the Si/C electrode, an inhomogeneous pressure
(a larger pressure in the inner part of the electrode compared with a smaller pressure at the outer
parts) can be generated when screwing the Si/C electrode and Li electrode together using the two
current collector pins (Figure 1b). This is further evidenced by the curvature of the separator
between the two electrodes (Figure 1c and 2a). Assuming a homogeneous and electrically well
conducting CBD ], the lithiation process only occurs in regions with strongly promoted Li
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conduction pathways.*¥ Considering that the flow of Li ions, driven by the electrochemical
potential between the Li electrode and Si electrode, is faster in the central part (shorter distances)
than that of the outer part of Si/C electrode (longer distances), the currently observed well-
defined one dimensional (1D) Li ions pathway (indicated by arrow in Figure 2d) agrees well with
previous reports.'**! Therefore it is reasonable that Si particles located along the 1D Li ions
pathway experience significant crack formation (lithiation) while others, located outside the
pathway, are kept intact. A direct detrimental effect of the inhomogeneous lithiation on the
electrode level is that the discharge current subjected on the complete battery (0.13 Ag™)
concentrates only on the central part of the Si/C electrode, resulting in 1) high localized current
density and current hotspots that could induce fracture and accelerate capacity fading *! and ii)
significant under-utilization of active materials that could decrease the capacity/energy density.
[26] We therefore conclude that it is crucial to design sophisticated electrode architecture that
guarantees uniform Li ion flow pathways over the whole electrode.

2.1.2 Particle Sizes and Volume Fractions

To further investigate causes leading to low capacity/energy density, a rectangular region of
interest (ROI) located within the 1D Li-ion flow pathway was chosen, as defined in Figure S3
and the results are shown in Figure 3. First, we quantified the fracturing of particles in this
particular ROI for which we calculated the particle size distribution for the pristine and
discharged electrode. As a result, we found a significant thinning of the distribution after
discharging the battery, which reflects a general fracturing of particles. The results agree well
with previous report. ' In our case, the fracturing of particles leads to a decreased mean particle
diameter from 7 um to 3 um (Figure 3a).
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Figure 3 a) Particle size distribution of the pristine (beige) and discharged electrode (blue). b) 3D
representation of a large particle, pristine and fractured. c, d) Reconstructed slices of the pristine electrode
(c) and the same position after discharge (d) of a small part of the region of interest. The arrows indicate
intact particles with good contact to the conducting network (yellow) and bad contact (red). The scale bar
is 40 pm long. The white triangle is shown for orientation.

The height of the first bar in the particle size distribution of the discharged electrode in Figure 3a
indicates that the size of a certain amount of fractured particles is below the estimated resolution
limit of ~1 um (~2 times the pixel size of 438 nm). To confirm this, we calculated the Si volume
per electrode area. The calculation yielded 31.5 um?/um? in the pristine state and 24.0 pm?*/um?
in the discharged state, which is a difference of 24%. This difference corresponds very well with
another group’s value of 25%, which implies a reasonable segmentation. !'® The difference
before and after the first discharge indicates that approximately a quarter of the original Si after
the first lithiation has fractured into pieces smaller than 1 um in diameter. In Figure 3b a particle
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before and after discharge is shown for illustration, indicating the fracturing into multiple smaller
parts while keeping the originally spherical shape.

2.1.3 Size and Distribution of Cavities

Apart from particle fracture, other phenomena in the ROI are demonstrated in Figure 3¢ and d.
Here, the same in-plane region of the electrode is shown in the pristine (Figure 3c¢) and
discharged state (Figure 3d). The white triangle shows that there is little in-plane distortion, even
though most of the particles exhibit strong fracturing. The limited volume expansion during the
first discharge process suggests limited lithium uptake/storage ability of Si particles. 2
Moreover, it can be observed that some Si particles still undergo no lithiation (no crack formation,
indicated by yellow arrows in Figure 3d) even though they are located within the 1D Li ions flow
pathway, with CBD surrounding them. Actually, the observed inhomogeneous lithiation
behaviour among individual particles is in agreement with previous reports that uncharged FePOy4
phases are often surrounded by charged LiFePO, phases *! and that the statistical measure of
local “spectroscopic” state-of-charge (SOC) state in an LIB is heterogeneous. (28] Tt has been
suggested that in a realistic commercial LIB electrode, conditions for a homogeneous
electrochemical reaction are hardly satisfied since any fluctuations on the electrolyte exposure,
electrical contact or crystal defects can result in an inhomogeneous reaction. 9] In the present
study we quantitatively investigated the correlation between the electrochemical activities of Si
particles and the influence of their contact to both the ionically conducting electrolyte and the
electrically conducting network.

Another worthy observation is that particles in the dark regions in Figure 3d show no or weak
fracturing (indicated by red arrows). As a matter of fact, due to the different X-ray absorption
coefficients of Si particles, CBD and large pores, we could identify the dark regions as cavities in
the CBD. It is already known that gas evolution, which is intimately related with the solid
electrolyte interphase (SEI) formation and the electrolyte decomposition, can locally destroy
CBD and induce electrolyte displacement. %! Goers et al. have observed gas formed channels
during cycling within a LIB by neutron radiography (NR).

In the following, we analyse the cavities in 3D in terms of size, distribution and their influences
on Si particle lithiation. Results are shown in Figure 4. First, we present the quantitative analysis
of the cavities. The mean diameter of the cavities within the complete Si/C electrode was found
to be ~5 um. However, diameters of up to ~18 pm were measured as shown in the size
distribution in Figure 4a.
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Figure 4 a) Cavity size distribution in the discharged state. b) Fraction of cavity area per electrode area in
the through-plane direction, starting at the separator. ¢) Exemplary tomogram showing inhomogeneously
distributed cavities. One of them is shown in the inset. The scale bars represent 25 um (inset) and 200 pm.
d) Three-dimensional representation of the cavity network. The largest connected cluster is shown in blue
and the second largest in red. Remaining cavity clusters are shown in green.

We also found that cavities were mostly located in the vicinity of the separator (Figure 4b) and
were not homogeneously distributed throughout the electrode as depicted in Figure 4c
(exemplary tomogram) and Figure 4d (3D distributions of cavities). It has to be noted that in
Figure 4d, the colours represent connected cavity clusters: the largest connected cavity comprises
63 vol. % of the total cavity volume (Figure 4d, blue) and spans the whole length of the ROI; the
next largest cavity region comprises 17 vol. % (Figure 4d, red).

2.1.1 A Correlation between Particle Fracture and Cavities

Furthermore a quantitative analysis of the influence of cavities on the fracturing of particles in
close contact to them was conducted. The results are shown in Figure 5.
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Figure 5 a) Relative volume of fractures within silicon particles versus connected surface area, calculated
using two different segmentation methods (diamonds and squares)). b, c¢) Structurally intact and poorly
connected particles: b) within the large cavity network ( shown diameter was 16 pm) and c) with localized
CBD destruction around it ( shown diameter was 9 pm). d) Partially connected particle with a few
fractures (~48% connected surface area, diameter was 14 um). e, f) Well connected Si particle ¢) with
fractures aside of the cavity network ( 90% connected surface area, diameter of 27 um) and f) inside of the
cavity network ( 77% connected surface area and a diameter of 14 um). The white dotted line in a) is a
guide to the eye.

Four types of particles were found: i) Particles well connected to the CBD that exhibited large
fractures (Figure 5 e, f), ii) particles with only partial contact to the CBD but with fractures
(Figure 5 d), 1i1) particles with only partial contact to the CBD but without fractures (Figure 5 b)
and iv) particles almost fully surrounded by a cavity (Figure 5 c). It needs to be noted that the
cavity around the particles in iv) is not part of the large cavity network but is strongly localized
around single particles. Actually, this kind of particle (type iv) is representative of a class of Si
particles that often undergo no crack formation within the 1D Li ions flow pathway (see Figure
3d). The reason for these strongly localized cavities lies probably in the electrode preparation
process, e.g. in the material mixture and/or in the drying process. ** Further information on type
iv particles can be found in the supplementary information.

For a representative quantification of the correlation between particle fracturing and contact loss
to both the electrical and ionic network, we investigated 21 different particles in the vicinity or
within cavities (both gas generated cavities and localized cavities). Relative volume of fractures
within the particles, serving as an indicator for lithiation, versus the electrically/ionically
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connected surface area of the particles is shown in Figure 5a. We found that, above a threshold of
40%, the degree of fractures intensifies with increasing connected surface area. Since the
determination of contact areas is highly critical, all particles and cavities were segmented
predominantly manually using two different methods (diamonds and squares), which are
described in detail in the Methods section. Despite the scatter of the data a clear trend is observed:
the relation between fracturing and electrical/ionic contact of Si particles in the battery shows a
threshold. That is, a connected surface area below 40% leads to no electrochemical activity of Si
particles. To the authors’ knowledge, this is the first investigation on the correlation between the
electrochemical activities of Si particles and the influence of their contact area to the conducting
electronic/ionic network in the battery.

From an electrochemical point of view, lithium insertion into Si particles during the lithiation
process entails Li-ions (from the electrolyte or Li electrode) and electrons (from CBD,
conductive network or adjacent active particles) simultaneously. !'*! The dependence of the
electrochemical performance of LIBs on the contact between active materials and the
electrically/ionically conducting network is an important electrode design consideration. B
Actually, it has been suggested that the electron transference between difference phases is
through hopping or tunnelling mechanism with contact resistivity depending exponentially on the
gap between the contacts. A gap of 8-10 nm is large enough to make a contact electrically
insulating. B3] Thus, the cavities (either from electrode preparation or battery operation)
surrounding Si particles will block the flow of electrons into the active particles during the
lithiation process to some extent, resulting in the observed electrochemically in-active
(unfractured) particles. After an in-depth quantitative analysis, it is discovered for the first time
that, Si particles will experience lithiation only under the condition that at least 40% of its surface
is electronically/ionically connected.

3. Conclusion

In summary, we performed an in-situ analysis of a Si/C electrode in its pristine and firstly
discharged states. Firstly, we found that the Si particles in the centre of the electrode
preferentially undergo crack formation while particles located in the peripheral regions are kept
intact during the whole first discharge process. We propose that the one-dimensional Li ions flow
behaviour and a non-uniform contact pressure subjected on the Si/C electrodes could be the
reason. Secondly, we revealed the presence of large non-uniformly distributed cavities (either
from electrode preparation or battery operation) within the discharged Si/C electrodes. We further
quantified their size and distribution within the electrode in three-dimensions. In addition, an in-
depth quantitative analysis was conducted to investigate the dependence of the electrochemical
activities of active materials and their contact surfaces to the electrically/ionically conducting
network. We found that silicon particles experience fracture only when their contact area to the
conducting network is at least 40% of their total surface area. These results show that synchrotron
X-ray tomography is a powerful characterization tool to quantitatively investigate the dependence
of the electrochemical performance of LIBs on the electrical contact between active materials and
conducting network. The novel insights into possible causes for the lower capacity/energy density
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of LIBs are crucial because they cannot be easily obtained by conventional macroscopic
electroanalytical characterization techniques. Our findings provide potential guidelines to further
enhance the performance of LIBs. On the one hand, future electrode engineering should
concentrate on optimizing the whole electrode architecture, which can involve all active material
particles ionically and electronically connecting to electrolyte and electric conducting network to
maximize the utilization of active materials. Particularly, an efficient electrically conducting
CBD network and an ionically well-conducting pore space are highly desirable to eliminate the
observed electrochemically in-active material. On the other hand, our analysis shows that it is
important to develop new electrolytes with reduced gas formation to eliminate gas induced
cavities.

4. Experimental Section

Materials: Silicon was received from Elkem AS, Norway. Conductive carbon black,
Polyvinylidene difluoride (PVDF) binder, Celgard separator and lithium were purchased from
MTI Cor. USA. N-methyl pyrrolidone solvent (NMP) and 1M LiPF¢ in a volume-ratio mixture
(1:1) of ethylene carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma
Aldrich. The housing of the proof-of-concept beamline battery is made of polyamide-imide
(Torlon) from the McMaster-Carr company.

Battery Preparation: The electrode was made of electrode slurries with weight ratios of Si:carbon
black:binder of 70:20:10 in NMP. As binder, PVDF was used. Subsequently, the slurry was cast
onto an aluminium foil. To remove the NMP, the cast aluminium foils were dried in an oven at
60 °C overnight. After drying, the completed composite electrode was diced into smaller pieces of
around 1.7mm x 1.7mm x 0.2 mm (lengthxwidthxheight) with a razor blade. Before the Si
composite was assembled into the battery, it was weighed and the amount of Si particles was
determined from the original mass ratio. The mass of the Si composite electrode was 0.17 mg.
The proof-of-concept battery was assembled in an argon-filled glovebox with humidity and
oxygen levels below 0.1 ppm. Metallic lithium was placed on the top of a screw, acting as a
counter and reference electrode. The polymer separator was placed between the lithium electrode
and the Si electrode. Finally, the housing tube was filled with the liquid electrolyte. Current leads
were connected to a potentiostat for electrochemical tests.

Electrochemical Measurement: Cyclic voltammetry (CV) and galvanostatic charge/discharge of
the battery were carried out with an IviumStat form Ivium Technologies, Netherlerlands. A
freshly assembled battery was measured from 2.5 V to 0 V at a scan rate of 1 mVs™ to obtain CV
curves. During galvanostatic cycling at the beamline, the assembled battery was measured at a
discharge current of 0.13 Ag™ based only on the mass of Si active material.

Settings of Tomography Measurements: Synchrotron X-ray tomography was carried out at the
BAMline at BESSY II of the Helmholtz-Centre Berlin, Germany. The synchrotron beam was
monochromatized to 20 keV using a double multilayer monochromator with an energy resolution
of about 1.5 %. The detector system comprised a 60-um thick CdWOy scintillator, a microscopic
optic and a pco4000 camera with a 4008x2672 pixel”> CCD chip that is kept out of the direct

- 120 -



2.5 Fracture behavior of 20 pm Si particles

beam by using a mirror. For tomography, 2200 projections during a 180° battery rotation, each
with 4 s exposure time were recorded before or after discharge.

Data Processing: The Si/C/B domains were segmented using the software FIJI and applying a
median filter and Otsu’s method for binarization, followed by a slight opening ***”. The cavity
domain was segmented using the statistical region-merging tool and followed by individual
thresholds for subsets. They were chosen by visual judgement. Pore and particle size distributions
were calculated using the Delerue method, implemented in the software packages GeoDict (3D
global) and Matlab (3D local). The phase distributions (2D and 3D) were calculated using self-
programmed Matlab functions. Segmentation of contact areas was conducted using manual
segmentation, and two different approaches. Manual segmentation of particles and a global
threshold from visual judgement was used to segment the contact area between Si particles and
CBD. A dilation of the particle followed, resulting in an overlap of particle and cavity. To avoid
edge effects, the segmented particle was eroded once and subsequently the thresholds for the
segmentation of fractures were chosen from visual judgment (Method 1). Based on these datasets,
the particle-cavity contact area was manually corrected in every main direction, followed by a
slight 3D median filter (Method 2).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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2.5.1 Supporting Information

Synchrotron X-ray tomographic study of a Silicon electrode before and after discharge and
the effect of cavities on particle fracturing

Lukas Zielke*', Fu Sunb, Henning Marké'tterb, Andreé Hilgerb, Riko Moroni®,
Roland Zengerle™ ©, Simon Thiele® 4 John Banhart’ and Ingo Manke”

Fig. S1 False color scanning electron micrograph of the mixed Si/Carbon/binder composite electrode in
the pristine state. The rose particles are the silicon particles and the pore-filling material is the carbon
binder mixture. The scale bar represents S0um. The image was scanned with a voltage of 2kV.
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Fig. S2 The cyclic voltammetry (CV) curves scanned at 1 mV s™ in the potential window of 0-2.5V of the
assembled proof-of-concept beamline battery
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Fig. S3 a) Exemplary segmented in-plane image showing particles of the discharged electrode. The
particles are generally larger in the outer region since they kept their original shape (b) and fractured to
smaller sizes in the inner region (c). Scale bars in b and ¢ are 10 pm long.

On the search for sufficient morphological parameters determining if single particles with
strongly localized cavities around them fractured or not, we calculated characteristic sizes of
multiple particles (volume:surface area). The calculated characteristic sizes were calculated in the
pristine electrode reconstruction and whether the particles cracked was checked in the discharged
reconstruction. The calculation is shown in Fig. S4: the fracturing of those particles did not
depend solely on the characteristic size. Finding a parameter solely determining whether type iv
particles fracture or not bears a large potential for increasing the performance of Si composite
electrodes.

sl 0000 O OO
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Fig. S4 Influence of characteristic size (volume divided by surface area) on whether the particle with
strongly localized cavities around them fractured or not.
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Reprinted with permission from DOI: 10.1002/cssc.201600220. © 2016 WILEY-VCH Verlag GmbH &
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In situ radiographic investigation of lithiation and delithiation
mechanisms in a Sn-electrode lithium ion battery

Fu Sun,*™® Henning Markétter, ™ * Dong Zhou, ' Saad Sabe Sulaiman Alrwashdeh, > ¢!
Andre Hilger, " Nikolay Kardjilov, ™ Ingo Manke™ and John Banhart [*-"
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Abstract

The lithiation and delithiation mechanisms of multiple-Sn particles in a customized flat
radiography cell were investigated by in situ synchrotron radiography. For the first time, four
hitherto unknown de/lithiation phenomena in a Sn-electrode battery system are highlighted: 1
The de/lithiation behavior varies between different Sn particles; 2 The time required to lithiate
individual Sn particle is markedly different from the time needed to discharge the complete
battery; 3 Electrochemical deactivation of originally electrochemically active particles is reported;
4 A change of electrochemical behavior of individual particles during cycling is found and
explained by dynamic changes of de/lithiation pathways amongst particles within the electrode.
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These unexpected findings fundamentaly expand the understanding of the underlying
de/lithiation mechanisms inside commercial lithium ion batteries (LIBs) and would open new
design principles for high-performance next-generation LIBs.

in situ X-ray Radiography Cell 1000

Abstract Graphic

Key words
lithium ion battery, Sn particles, in-situ; Synchrotron X-ray, radiography

Lithium ion batteries (LIBs) are the dominant energy carrier in many applications ranging from
portable electronics to hybrid electric vehicles.'™ The development of next-generation LIBs with
superior energy and power density and long-term cycling stability necessitates a fundamental
understanding of de/lithiation mechanisms inside battery systems. Currently, direct visualization
into de/lithiation process has been largely provided by in situ transmission electron microscopy
(TEM) investigations.” ® However, Zhong et al. argue that the “end/point contact” architecture
of active materials used in the in situ TEM technique may deviate from the commercial “flooding
geometry” contacts and they find the multiple-stripe lithiation mechanism in a flooding geometry
by investigating SnO, nanowires.”! Furthermore, Gu et al. suggest that the open-cell
configuration and the ionic/Li,O electrolyte are also inherently different from real commercial
batteries and they have developed a sealed operando TEM electrochemical cell and found that
the lithiation of Si nanowire immersed in the liquid electrolyte progresses in the core-shell
fashion.”! Previous work carried out based on the in situ TEM have provided insightful
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information into the structural and chemical evolution of electrodes during de/lithiation.
Nevertheless, one typical deficiency associated with the in situ TEM studies is that they are
limited to explore the de/lithiation mechanism on atomic or single nanowire/nanoparticle level
only, missing the interplay amongst multiple particles and the interactions between active
material and conductive/binder agent composite. Realistically, a commercial LIB electrode is an
assembly of active particles, organic polymeric binder and conducting agent.”’? Thus, direct
observation of the de/lithiation process on the multiple-particle scale can provide additionally
realistic insights into the operation of LIBs and guide engineers designing the electrode
architecture in developing more advanced next-generation LIBs.

Herein a cell suitable for in situ radiography was built and the de/lithiation process of multiple-Sn
particles was investigated by synchrotron X-ray radiography. Some de/lithiation behaviors of Sn
particles obtained from this in situ radiography cell are consistent with previous results.®
However, contrary to the widespread belief that the lithium ions are proposed to diffuse
uniformly from the separator to the current collector with the formation of an electrode-level
de/lithiation front,"” we find a number of phenomena in the battery systems that cast doubts on
this belief. These unexpected findings, which cannot be obtained by the overall macroscopic
electrochemical characterizations and a single-particle de/lithiation model, fundamentally expand
our understanding of underlying de/lithiation mechanisms in practical commercial LIBs and
would open new design principles and opportunities for high-performance next-generation LIBs.
The design of the in situ 2D radiography cell (radio-cell) and the schematic illustration of the
synchrotron setup are illustrated in Figure la,c, along with a photograph of the radio-cell, Figure
1b. Figure SI of the SI (Supporting Information) shows a projection image of the Li
electrode/separator/Sn electrode assembly within the cell obtained after the synchrotron X-ray
measurements by using a laboratory micro X-ray source.''l A weight-ratio of Sn:Carbon:Binder
of 60:30:10 was used to prevent possible particle overlapping in the radiographs. More details of
the cell and the measurement procedure are described in the experimental section and SI. After
assembling the radio-cell, cyclic voltammetry (CV) was performed to verify the reduction and
oxidation characteristics of Sn, as shown in Figure S2. The clearly observed anodic/cathodic
peaks shown in SI Figure 2b are in good agreement with previously reported Sn/Carbon
composite LIBs.'" In a next step, the cell was dis/charged while conducting synchrotron X-ray

radiography. Typical dis/charge curves shown in SI Figure 2a also agree with previous results."”!
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Figure 1. (a) Schematic illustration of the radiography cell used for in situ synchrotron radiography. From
top to bottom: upper housing (orange), sealing ring (yellow), lithium plate (blue) with copper wire,
separator (light gray), Sn/carbon/binder composite (green), titanium foil current collector (gray), annular
copper current collector (copper), lower housing ( orange); (b) Photograph of the radio-cell; (c) Schematic
illustration of the experimental setup at the BAMline, BESSY II, Helmholtz-Zentrum Berlin, Germany.
The radio-cell is arranged coaxially to the beam throughout radiography.

Synchrotron X-ray imaging is an analytical technique that maps the X-ray attenuation
coefficients of samples. Since characterizations can be conducted in situ and non-destructively,!'
it 1s particularly well suited to track the morphological evolution of particles and changes of an
entire electrode as a function of discharge/charge state. The presented synchrotron X-ray
radiography was conducted at the BAMlI/ine at BESSY II, Helmholtz-Zentrum Berlin,
Germany.[ls] A beam energy of 17 keV was chosen for optimal beam transmission and image
contrast using a double multilayer monochromator with an energy resolution of about 1.5%. A
PCO4000 camera with a 4008x2672 pixel> CCD chip was used with optics resulting in a pixel
size of 0.438 pum and a field of view (FoV) of 1.7 X 1.2 mm? (widthxheight). One radiographic
image was acquired every 60 s at a relatively low X-Ray flux (synchrotron was operated in the
single bunch mode). In order to obtain large and representative data of the de/lithiation
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mechanism inside the radio-cell during dis/charge process, consecutively three different regions
as marked region 1-3 in Figure S1 were characterized.

All normalized projections acquired from the in situ radiography are shown in the Supporting
Movies (SM) and Figure S3 displays an enlarged view of the pristine state of the consecutively
characterized three regions. Different de/lithiation behaviors inside the multi-Sn particles battery
during dis/charge process are shown in Figure 2. We track in detail structural changes of one Sn
particle (green dotted circle in Figure 2A at time 00:00) during de/lithiation, representing the
class of electroactive particles’ evolution as a function of the dis/charge process. The location of
this particle is shown in Figure S3. As can be clearly seen from the 1% row of Figure 2A,
following the first lithiation (from left to right), the sharp contour of the electrochemically active
Sn particle becomes progressively blurry during which its volume increases upon further
lithiation. Finally, a sudden disintegration involving multiple cracks and fragments occurs and the
particle resembles cauliflower-type morphology. During the 1* delithiation process, as shown in
the 2" row in Figure 2A (from right to left), the volume decreases gradually. The 3" row in
Figure 2A shows the 2" lithiation process of this particle. It is worthy to note that compared with
the 1* lithiated state, there is a limited volume expansion during the 2™ lithiation, suggesting a
limited lithium uptake capability and a resultant capacity loss during the 2 discharge. Additional
evidence for Li insertion and extraction into or from the Sn particle are the changes of the
histogram of transmission values in regions containing this particle as shown in Figure 3A
(includes the 1* discharge, 1% charge and 2nd discharge). The rightmost peak corresponds to the
weakly absorbing carbon, binder and electrolyte, the leftmost peak corresponds to the Sn particles
and the changes to the middle peaks are directly related to the electrochemical evolution of Sn
particle. Following the 1% lithiation process, the peak moves progressively from left to right,
implying that the Sn particle is gradually transforming from the high-density Sn phase to a low-
density LixSn phase (1<x<4.4)."°) During the 1% delithiation process, we find that the peak shifts
gradually towards the original direction. The present demonstrations that the de/lithiation-induced
volumetric expansion/contraction by Sn lattice dislocation and plastic deformation during
dis/charge process are in good agreement with previous reports..” ') However, it is worth noting
that, neither the peak position nor the peak shape of Sn is restored to that of the original state by
the end of the 1% charge process. This may stem from the incomplete delithiation and/or a

significant amount of lithium trapped in the decomposed electrolyte byproducts.'®
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Figure 2. Demonstration of different de/lithiation behavior in the radio-cell: Panel A displays one
electrochemically active and one electrochemically inactive Sn particle (green and yellow circles,
respectively, in the figure labeled 00:00); Panel B shows that the time required to lithiate individual Sn
particle is different from the time needed to discharge the complete battery; Panel C demonstrates the
electrochemical deactivation of two Sn particles after the first cycle; Panel D shows an unexpected
lithiation pathway, namely fracture instead of volume expansion occurs during first lithiation; Panel E
shows one Sn particle becoming electrochemically active after the first cycle incubation period; Panel F
features one Sn particle that remains electrochemically inactive after the first cycle incubation period. The
locations of all the above particles are shown in Figure S3. In all figures, green rectangles mark the 1%
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discharge, red rectangles 1% charge, blue rectangles the 2™ discharge. Green dots encircle particles in the
pristine state, red dots refer to the 1% delithiated state, blue to the 2™ lithiated state. Arrows indicate
progress in time. All the scale bars shown are 50 um long.

Surprisingly, we have also observed that many Sn particles never undergo de/lithiation during the
dis/charge processes, that is to say, they are electrochemically inactive during the whole
macroscopic electrode level dis/charge process, as, for example, shown in Figure 2A where the
particle encircled in yellow does not show any visible evolution. Actually, the observation of
electrochemically inactive Sn particles corresponds to the previous report by Wang et al on
LiFeO, batteries, in which it was found that some particles remain intact during the whole
cycle." In another study on NiO electrodes by He ef al, it was found that not all the NiO
nanosheets can be reduced even as the voltage dropped to zero against Li*/Li.*” These recent
investigations of the locally microscopic inhomogeneous electrochemical reaction with respect to
the macroscopically and electrode level electrochemical performance suggest that the
electrochemically driven reactions are hardly homogeneous in a commercial LIB due to the
complex electrode structure and the complicated interactions.*’! The unexpected locally
inhomogeneous de/lithiation behavior amongst multiple-Sn particles could have two side effects.
On the one hand, the electrochemically inactive Sn particles are believed to substantially decrease
the energy density due to the inefficient utilization of loaded active materials.”) On the other
hand, the inhomogeneous electrochemical reactions suggest that the overall dis/charge current is
heterogeneously distributed in the electrode, that is to say, only the electrochemically active Sn
particles carry the current.’) More specifically, we have calculated the time required to lithiate
the electrochemically active Sn particle shown in Figure 2B in the 1* lithiation process to be
approximately 1 h. In contrast, the time required to discharge the whole cell is approximately 15
h. The present time difference differs from a previous demonstration and the reason may stem
from the different rates subjected to the electrochemical cells."’
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Figure 3. Transmission histograms of various regions shown in Figure 2. Color changes from green to red
denote the Ist discharge, changes from red to blue the 1st charging step, changes from blue to green the
2nd discharge. Letters in each graph correspond to the letters in Figure 2 and S3.

In addition, we have also found that some Sn particles that originally participated in the
de/lithiation process in the first cycle, as shown in the first row (from left to right) and the
second-haft row (with time stamp 18:50 and 21:58) of Figure 2C, turned out to be
electrochemically inactive during the 2" lithiation process, as shown in the second-half row (with
time stamp 36:38 and 45:00) in Figure 2C. This electrochemical deactivation process is also
evident by the transmission values (barely a peak shift in the ond discharge, from light blue to
dark blue) as shown in Figure 3C. In fact, He et al. proposed that the electrochemically
deactivation upon silicon lithiation is caused by crystalline Li,O, formed as a product of Li
reaction with the native silicon oxide layer which partially electrically insulates the silicon
particles.'””?! However, as in our case, the reason may be the complex interplays between Sn
particles and adjacent carbon/binder composite agents. Actually, Toney et al have
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experimentally discovered the electrochemical deactivation of Ge particles by in operando
transmission X-ray microscopy and they also attribute the electrochemical deactivation process to
the complex interplays between Ge particles and adjacent carbon/binder agents.** As clearly
shown in Figure 2D, during the initial lithiation process, there is a cleavage formed in this Sn
particle and compared with other electrochemically active Sn particles, this Sn particle continues
to further disintegrate instead of showing a volume expansion. The underlying mechanism may
be related to a partial electrical contact between this Sn particle and its adjacent carbon/binder
composite. Fundamentally speaking, the lithiation process entails lithium ions and electrons
simultaneously,®! i.e., only when ionically and electronically connected to electrolyte and the
electrically conducting network Sn can alloy with lithium. During the lithium uptake these
electrochemically active Sn particles undergo significant volume expansion accompanied by the
generation of substantial stresses”® and the associated mechanical forces will drive local
displacement and rearrangement of adjacent carbon/binder composite. Taking into account that
the electron transfer between adjacent materials is based on a hopping or tunneling mechanism
with a contact resistivity decaying exponentially with the gap between the contacts and that a gap
of just 8-10 nm makes a contact electronically insulating,*”! it is plausible to say that the
deactivation mechanism is attributed to the electric disconnection. In Figure 3D, the barely peak
shifts of the disintegrated particle also suggests a limited lithiation.

Finally, we have observed that one Sn particle was partially electrochemically active in the first
discharge and then turned into fully electrochemically active in the second discharge. As clearly
shown in first-half row of Figure 2E, the Sn particle first undergoes a limited lithiation during the
1** lithiation step, resulting in limited volume expansion (red dot line at 16:44) and then a large
volume expansion after the 2™ lithiation process (blue dot line at 40:17). This has been further
demonstrated in Figure 3E, where a small peak shift from green to brawn during the 1* lithiation
vs. a big peak shift from purple to blue during the 2" lithiation. In contrast, as clearly shown in
Figure 2F, another Sn particle keeps electrochemically inactive through the second discharge
process and the barely shifted peaks of transmission histograms are shown in Figure 3F. Actually,
He et al. proposed an “incubation” time to define the time required from the partial “finger”
lithiation phenomenon to the fully intrinsic NiO lithiation phenomenon.*”! The incubation time
observed here varies significantly from particle to particle (e.g. one particle became active after
the first cycle, as show in Figure 2E; another particle might need more than one cycle to become
electrochemically active, as shown in Figure 2F) and the reason may again lie in the different
local environments surrounding the particles since not all Sn particles are electronically and
ionically connected to electrolyte and the current collector and/or the carbon conductive
network.”™ The resulting dynamic de/lithiation pathway amongst different particles can perfectly
explain the previous report, in which Wang et al. found a monotonic specific capacity increase
during cycling of a Sn/graphene half LIB.™*”]

In summary, the presented study suggests that much potential benefit can be derived from
experiments with electrochemical cells that can adequately simulate commercial LIBs. The firstly
highlighted four cases of de/lithiation behavior in such electrochemical cells are crucially
alarming because they can hardly be detected by conventional macroscopic electro-analytical or
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atomic single nanowire/nanoparticle characterization techniques and should draw attentions of
battery research communities. In the future, examinations of electrodes prepared with different
active material loading and the use of different current rates will be conducted to further obtain
insights into the underlying de/lithiation mechanisms under different conditions.

Experimental Section

Sn particles were purchased from Sigma Aldrich. Conductive carbon black, polyvinylidene
difluoride (PVDF), Celgard separators and lithium metal were purchased from MTI Corp. USA.
N-methyl pyrrolidone solvent (NMP) and 1M LiPFg in a volume ratio (1:1) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) were purchased from Sigma Aldrich. Titanium
(T1) foil was acquired from ANKURO Int. GmbH, Germany. The housing of the battery is made
of polyamide-imide (Torlon) from McMaster-Carr Company.

The composite electrode is made of slurries of Sn: carbon black: binder in NMP with weight
ratios of 60:30:10. The slurry was cast onto a 5-pum thick titanium foil. To remove the NMP, the
material cast on Ti foil was dried at 60 ‘C for 15 h. Before and after casting, the Ti foil was
weighed and a mass of the electrode material of 0.4 mg determined. The cell was assembled in an
argon-filled glovebox with humidity and oxygen levels below 0.1 ppm. An annular copper foil
was used as a current collector and the Ti foil placed on top. Lithium disks (6 mm diameter, 1
mm thick) were used as counter and reference electrodes. A polymer separator was placed
between the lithium electrode and the Sn electrode. After filling with electrolyte the cell was
sealed and then taken out of the glovebox to the experimental station. Different sized Sn particles
will be employed to further investigate the correlation between the de/lithiation behavior and the
size effect.

Cyclic voltammetry (CV) was performed by using an Ivium CompactStat station in a potential
range of 0-2.5 V. Synchrotron X-ray radiography measurements were conducted in situ
throughout discharge and charge of the cell. The current was calculated only on the mass of Sn.
The discharge current was set to 0.75 mA/mg and after the voltage has dropped to 0 V the current
was switched to 0.0225 mA/mg. The charging current was 0.015 mA/mg. There was a cell resting
after the 1* charge of the cell. Finally, during the second discharge the current was set to 0.0225
mA/mg.

The detector system comprised a 60-um thick CdWO, scintillator, a microscopic optic and a
pco4000 camera with a 4008x2672 pixel” CCD chip that is kept out of the direct beam by using a
mirror. Radiographic images of region 1 were acquired every 60 s with 60 s exposure time. After
this, regions 2 and 3 were consecutively measured. After measuring one particular region, 2 open
beam images were recorded in order to normalize the acquired radiographic projections. The cell
was kept discharging or charging throughout all the experiments. More information can be found
in the SIL.
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2.6.1 Supplementary Information

In situ radiographic investigation of lithiation and delithiation mechanisms in a Sn-
electrode lithium ion battery
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Data processing

Battery information

Figure S1, Figure S2 and Figure S3
Caption for the Supplementary Movie

Data processing
For the normalization (N) of X-ray radiography (R), flat field (FF, without samples) and dark
field images (DF, without beam) are used. The normalization process is expressed by:

_ R-DF
" FF — DF
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and conducted by ImageJ.

The originally obtained radiographies are 4008 x 2627 pixels in size. For the movie, we have
used Bilinear Interpolation to reduce the size. The repetition frequency of the image series is 15
fps.

Battery information

In a normal electrode, the weight ratios of active material:conductive agent:binder agent is
usually set to 80:10:10!"). In the present investigation, in order to reduce possible particle
overlapping in the radiographs, a weight ratio of Sn:Carbon:Binder of 60:30:10 was used. From
Figure S1 and Figure S3, we can see that the individual Sn particles can be clearly separated from
one to another, thus facilitating our investigations.

The cyclic voltammetry (CV) diagram of the radio-cell is shown in Figure S2b. The cathodic
peaks at around 1.0 and 0.5 V of the first scan are caused by the formation of solid electrolyte
interface (SEI)'?, and the peak at 0V is due to the Li-Sn alloying reaction!®. The anodic peaks at
around 0.25V and 0.6V are due to the de-alloying of Li-Sn and the decomposition of the
electrolyte, respectively!®’.

SI Figure 3 shows the locations of different Sn particles displayed in Figure 2. Specifically, the
electrochemically active particle is located in location A in SI Figure 3; the particle which is
shown to have different lithiation time with relation to the whole battery discharge time is located
in location B in SI Figure 3; the particles show electrochemically de-active processes after the
first cycle are located in location C in SI Figure 3; the particle shows cleavage is located in
location D in SI Figure 3; the incubation-active particle is located in location E in SI Figure 3, the
incubation-inactive particles are located in location F in SI Figure 3.
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Figure S1. A projection image of the Li electrode/separator/Sn electrode assembly within the radio-cell
characterized by a laboratory micro X-ray source after synchrotron X-ray measurement. The radio-cell is
arranged coaxially to the beam throughout radiography. Region 1 (R1) is the region that firstly measured,
after which regions R2 and R3 were acquired. The acquired images of these three images from
synchrotron X-ray were composed to one image, as shown in Figure S3. Note that due to the low X-ray
absorption of the radio-cell, housing, lithium electrode, separator and titanium foil are nearly invisible,
only the Sn particles, the annular copper current collector and the copper wire are visible.
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Figure S2. Electrochemical characterization of the battery: a) Discharge and charge curves of the cell.
Inset figure (b): cyclic voltammetry (CV) curves scanned at 1 mV s in the potential window 0-2.5V.
Purple arrows point at the cathodic peaks, green arrows point the anodic peaks.

- 141 -



2.6 Different (de)lithiation behaviors of Sn particles

-142 -



2.6 Different (de)lithiation behaviors of Sn particles

Figure S3. Locations of the particles in the electrode in the pristine state shown in Figure 2 in the main
text. A: electrochemically active particles, B: particle whose lithiation time is different from the whole
battery’s discharge time, C: deactivated particles, D: particle hat has formed a cleavage, E: active particle
after incubation, F: inactive particle after incubation.

Captions for Supplementary Movies

http://onlinelibrary.wiley.com/wol1/do0i1/10.1002/cssc.201600220/abstract

Position _1-Movie
Position_2-Movie

Position_3-Movie
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3 Summary

3 Summary

The direct observation of the evolution of electrochemically stripped/plated LmSs presented in
section 2.1 shed new lights on a range of processes that previously have not been acknowledged
or barely considered. Firstly, the proposed mechanism of LmS evolution can explain the origin of
the electrochemically generated PLI (Porous Lithium Interface) that grows towards the Li bulk
electrode. Based on our observations, both the electrochemical dissolution of the initial Li bulk
electrodes and the following electrochemical deposition of nascent LmSs contribute to the inward
growth of the PLI. Secondly, the evaluation using Coulombic efficiency to investigate the cycling
efficiency of Li in Li symmetrical cells is compromised by the electrochemically inert LmSs.
According to our observations, a significant amount of Li is stripped from the initial Li bulk
instead from the generated nascent (electrochemically inactive) LmSs to compensate for the
depletion of Li ions in the electrolyte used to be plated. Thirdly, concerns about using Li metal as
a standard counter electrode for the evaluation of the performance of new battery materials using
half-cells are raised. In fact, it has been confirmed that the PLI, which continuously grows in each
cycle, can markedly increase the inner cell resistance and is the actual origin of the onset of cell
degradation and failure. Finally, considering that the dissolution of the initial Li bulk electrodes
and the deposition of nascent LmSs (necessitated by the charge transfer within cells) remain
intrinsic and unavoidable, the present results suggest that novel fundamental strategies that
involve direct engineering of Li electrodes are desirable and necessary. For example, strategies
such as introducing surface patterns to Li electrodes to direct and control Li deposition, replacing
conventional Li foil electrodes by organic-coated Li powder or employing different substrates to
selectively deposit and then encapsulate the LmS, appear more suitable than conventional
mechanical suppression or formation of protective passivation layers.

As shown in section 2.2, trilayer Celgard® 2325 separators can deform significantly and can be
pushed into the large cavity within the Li anode by the LmSs growing from the Li cathode. In
addition, the strong mechanical stress exerted by the growing LmSs causes delamination of the
separator into its three native layers. According to the manufacturer, the Celgard® separator has a
high mechanical strength (in terms of tensile strength along both the machine direction (MD) and
the transverse direction (TD)) and puncture strength. Specifically, the trilayer Celgard® 2325
separator possesses a tensile strength along MD and TD direction of 1900 and 135 kg/cm?,
respectively, and a puncture strength of 300 g/cm™. From the direct internal view of the
electrochemically short-circuited cell, one can safely conclude that considerable force caused by
the growing LmSs was generated during their formation. Finally, it is clearly observed that the
PE layer can be melted during penetration of the LmS. Once the LmS has pierced through the
separator and induced a short circuit, the overall cell current is concentrated on the penetration
location, leading to a localized very high current density. It has been simulated that such a high
current could induce a large localized Joule heating (~108 W m™) and result in the melting of the
trilayer Celgard® 2325 separator.
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3 Summary

Section 2.3 presents a detailed study of gas evolution within an operating LIB. By employing
synchrotron X-ray imaging, the gas and channel evolution occurring in an operating LIB have
been directly visualized in their inherent 3D state as a function of discharge and charge. In
addition, using the spatial 3D distribution of gas voids and channels, the active particles that
dictate the performance of a functional LIB were identified and visualized in 3D. Meanwhile,
delithiation and lithiation are interpreted as the process of activating particles continuously in a
step-by-step way. The present work not only demonstrates the generation and evolution of gas
within LIBs in 3D, but also reveals the distribution of active particles. The current study connects
the gas bubble or channel evolution with the evolution of effectively or potentially active
particles in a functional LIB. This opens new perspectives in optimizing the overall performance
of a battery. From the viewpoint of electrode engineering, it is important to find optimal battery
operating conditions or to develop new materials with reduced gas formation. It is also crucial to
optimize the electrode architecture to significantly increase the population of active particles to
sustain overall galvanostatic current and at the same time to improve the homogeneity of
distribution of active particles to prevent extent of shocks and fractures induced by high local
currents. From the perspective of numerical simulation, it is important to identify the impact of
SEI (solid electrolyte interface) formation with the associated gas release within electrodes on the
transport properties of Li ions and cycling performance of LIBs during discharge and charge.
Altogether, the three dimensional microscale investigations of gas in the present study contribute
to the understanding of the complex discharge and charge processes.

Section 2.4 presents potential mechanisms of dynamic deterioration of Si anode LIBs on an
electrode scale by employing laboratory X-ray imaging tomography and radiography and
highlights that, apart from the significant volume expansion-induced pulverization and electric
disconnection from current collectors, electrochemical “deactivation” contributes significantly to
the capacity loss during the first charge process. In addition, the presence of a notable number of
electrochemically inactive Si particles is also believed to substantially decrease energy density
due to the inefficient utilization of loaded active materials. These observations are helpful for
future battery design. From an electrode engineer’s point of view, the optimization electrode
architecture engineering is crucially important. On the one hand, in addition to focusing only on
individual particle features, more and more efforts should be put in optimizing the entire
electrode architecture, which can involve all active material particles ionically and electronically
connecting to the electrolyte and electric conducting network to maximize the utilization of active
materials. On the other hand, new conductive/binder agents are highly needed. The matrix of
carbon/binder is supposed to sustain the active material’s expansion/contraction during cycles as
well as to provide an efficient dynamic electric/ionic conducting pathway even under significant
electrode transformation. From a simulation expert’s point of view, in order to develop an
electrochemical model that can be used to gain insight into internal processes, to predict
performance and operation and optimize cell design, the homogeneous and flawless idealized
microstructure characteristics should be compromised with the real complex composite
electrodes.
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3 Summary

Section 2.5 presents an in-depth investigation on the same Si composite electrode before and after
the first discharge by employing in situ synchrotron X-ray tomography. It is found that i) on the
electrode level, the Si particles located in the central part of the electrode preferentially
experience crack formation; ii) on the individual particle level, heterogeneous electrochemical
lithiation is observed; iii) cavities are formed during electrode preparation and battery operation.
Moreover, the correlation between the electrochemical activities of Si particles and their
individual electrical contact to the electron conducting network is investigated. It is quantified
that Si particles will experience lithiation only under the condition that at least 40% of their
surface is electrically connected. These results show that synchrotron X-ray tomography is a
powerful characterization tool to quantitatively investigate the dependence of the electrochemical
performance of LIBs on the electrical contact between active materials and conducting network.
The novel insights into possible causes for the lower capacity/energy density of LIBs are crucial
because they cannot be easily obtained by conventional macroscopic electroanalytical
characterization techniques. These results suggest an efficient electrically conducting CBD
network and an ionically well-conducting pore space and are highly useful to eliminate the
observed electrochemically in-active material.

The lithiation and delithiation mechanisms of multiple Sn particles in a customized flat
radiography cell were investigated by in situ synchrotron radiography and the results are shown
in section 2.6. Four hitherto unknown de/lithiation phenomena in a Sn-electrode battery system
are highlighted: 1 The de/lithiation behavior varies between different Sn particles; 2 The time
required to lithiate individual Sn particles is markedly different from the time needed to discharge
the complete battery; 3 Electrochemical deactivation of originally electrochemically active
particles is reported; 4 A change of electrochemical behavior of individual particles during
cycling is found and explained by dynamic changes of de/lithiation pathways amongst particles
within the electrode. The highlighted four cases of de/lithiation behavior in such electrochemical
cells can raise serious concerns because they can hardly be detected by conventional macroscopic
electro-analytical or atomic single nanowire/nanoparticle characterization techniques and should
attract attention of the battery research community. In the future, examinations of electrodes
prepared with different active material loadings and the use of different current rates will be
conducted to further obtain insights into the underlying de/lithiation mechanisms under different
conditions.
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4 Qutlook

4 Qutlook

From the electrode point of view, sulfur (S) is currently considered to be one of the most
interesting cathodes for future mobile and stationary applications due to its inherently high
energy density and its abundance. During last few years research activities either in industry or
scientific laboratories on S composite electrodes for LIBs have increased significantly. The
number of publications in this field has increased by more than one order of magnitude during
last two decades. Unfortunately, a major obstacle for battery systems based on S composite
electrodes is the inevitable electrode microstructure degradation which can seriously influence
battery performance and lifetime. Understanding and avoiding degradation phenomena in
electrochemical systems is a fundamental research influencing many systems including S-based
electrode batteries. Unfortunately, there is no adequate set of tools to quantitatively characterize
and predict degradation phenomena.

Meanwhile, using solid electrolytes in S-based electrode batteries can break the standard of
conventional S-based LIBs. It has been suggested that replacing the flammable organic liquid
electrolyte by a non-flammable solid-state electrolyte would improve device safety tremendously.
As for S-based LIBs, the electrolyte-changing shift from liquid to solid electrolytes will
fundamentally eliminate the polysulfide shuttle effect and enable a stable cycling performance.
With the emergence of solid electrolytes with ionic conductivities comparable to those of liquid
electrolyte, all-solid-state LIBs based on S are proposed to be the next breakthrough for energy
storage. However, the build-up of inner resistance between the solid state S composite electrode
and the solid state electrolyte during cycling can lead to ultimate battery degradation.
Unfortunately, no fundamental investigation regarding the relation of S-based electrode and the
evolution of the interface between the S-based electrode and the solid state electrolyte has been
reported.

Based on the investigations we have already accomplished and investigations based on X-ray
imaging the degradation mechanisms in S-based electrode LIBs (using either liquid electrolyte or
solid electrolyte) is planned. In-operando characterizations can also be conducted to directly track
the morphological evolution of S-based electrodes during lithium insertion and extraction due to
the advanced X-ray radiographic techniques available. Furthermore, X-ray tomography enables
us to obtain the evolution of entire electrodes non-destructively and in three-dimension (3D).
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