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Résumeé

Les véhicules électriques (VE) font I’objet d’une attention grandissante en tant que stratégie importante
de réduction des emissions de CO- liées au transport. Sur le plan technologique, les batteries lithium-
ion (Li-ion) dominent quasi-exclusivement le marché du stockage d’énergie des VE. La cathode de ces
batteries est couramment constituée d’oxydes lamellaires riches en nickel, de formule LiNixCoyMn,O;
(NCM), intéressants pour leur haute capacité et bas codt. Leur haute teneur en nickel permet d’atteindre
les densités énergétiques élevées que requiert 1’industrie automobile pour les longs parcours en
contrepartie d’une stabilité réduite impactant en retour la durée de vie des batteries. Il est ainsi crucial
de comprendre les mécanismes de dégradation des oxydes NCM riches en nickel afin d’optimiser les
performances des ces batteries. Cette thése vise a développer une méthodologie robuste pour 1’étude de
systémes électrochimiques, tels que les oxydes NCM, par microscopie électronique en transmission
(MET) en phase liquide, afin de suivre a I’échelle nanométrique leur évolution lors de cycles de

charge/décharge.

Cette these étudie dans un premier temps le transfert de techniques électrochimiques d’importance pour
les batteries Li-ion a une micro-cellule adaptée a 1’étude par MET in situ en phase liquide, tels que
I’¢lectrodéposition et le cyclage charge/décharge. En particulier, la configuration et la préparation des
électrodes, ainsi que les conditions de cyclage, sont optimisés pour obtenir un systeme représentatif
d’une batterie conventionnelle. Cette micro-cellule est ensuite utilisée pour examiner 1’évolution de
particules primaires NCM par microscopie électronique en transmission a balayage (METB), couplée
a une analyse en spectroscopie de rayons X a dispersion d’énergie (EDS), en réponse a un cyclage
¢lectrochimique. Une gamme d’oxydes a teneur en nickel varié¢e est étudiée sous différentes conditions
de cyclage, révélant des mécanismes de dégradation divers. Ces résultats offrent une perspective sur le
contréle et le choix des parametres électrochimiques pour I’étude de batteries en microscopie
électronique in situ en phase liquide. Par ailleurs, les informations structurelles et chimiques obtenues

sur les mécanismes de dégradations des oxydes NCM permettrons de guider le développement de



matériaux de pointe pour les cathodes de batteries Li-ion, offrant & la fois une grande capacité et une

stabilité accrue.

Mots-clés: les batteries lithium-ion; NCM riches en nickel, microscopie électronique en transmission
en phase liquid, cellule électrochimique in situ, microscopie électronique en transmission a balayage,

spectroscopie de rayons X a dispersion d’énergie.



Abstract

Electric vehicles (EVs) have gained widespread attention in recent years as the dominant strategy for
curbing CO; emissions through transport electrification. Lithium-ion batteries (LIBs) are currently the
most suitable and almost exclusively employed energy storage device for powering EVs. Nickel-rich
layered oxides of the general formula LiNixCoyMn,O, (NCM) are widely used as the cathode in LIBs
due to their high capacity and low cost. However, the increasing nickel content reduces the stability for
the higher energy density that is particularly required for meeting the mileage demand. Hence,
understanding the degradation mechanisms of Ni-rich NCM is of great importance for optimizing the

performance of battery systems.

This thesis aims to develop methodologies for reproducible and reliable testing of battery systems using
transmission electron microscopy (TEM) in the liquid phase in order to probe, at the nanoscale, the

evolution of the cathode materials as they respond to the electrochemical charge/discharge cycling.

In detail, this thesis first establishes lithium-ion battery electrochemical processes in a microcell, such
as electroplating and charge/discharge analysis. The setup is optimized through the electrode
configuration and preparation, while the cycling conditions are adapted for achieving similar
electrochemical performance as compared to the conventional bulk cell. With the optimized cell,
primary NCM particles are probed using in situ electrochemical cells coupled with a scanning
transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS). The
electrochemically induced evolution of NCM that is analyzed using liquid cell TEM uncovers the
various degradation mechanisms for the same material under different cycling conditions and for
specimens with different Ni content that are cycled under the same conditions. The results offer insights
for controlling the electrochemical parameters in the liquid cell for battery studies. Ultimately, the
structural and chemical information on the degradation of NCM cathodes can guide our way for

designing more advanced NCM cathodes with desirable capacity and enhanced stability simultaneously.



Keywords: lithium-ion battery, Ni-rich NCM cathode, liquid-phase transmission electron microscopy,
in situ electrochemical cell, scanning transmission electron microscopy, energy-dispersive Xx-ray

spectroscopy.
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Chapter 1: Introduction

Vehicle electrification has attracted enormous attention in recent years as it is the main decarbonization
pathway for road-based transportation. The expectation is that by 2028 up to 200 million electric
vehicles (EVs) will be on the road[1], [2]. Therefore, the corresponding requirements on the batteries
used as the power suppliers in automotive applications are becoming stricter. Improving the battery
performance consists of enhancing the energy density (Wh/l) and specific energy (Wh/kg) as well as

their safety, cost, and charging speed.

Lithium-ion batteries (LIBS) possess great energy and power performance compared to other battery
technologies[3]. Since being commercialized in the 1990s, the specific energy of LIBs has improved
from approximately 90 Wh/kg to over 250 Wh/kg, which allows automobiles to drive satisfactory
distances under typical driving patterns. Meanwhile, the dropping cost of battery packs at 250
USD/kWh, with the room of falling to 70 USD/kKWh by 2030 or 2040, is pushing EV beyond niche
applications while enlarging their acceptance and market share[4], [5]. The next decade's battery

demand is estimated to be more than 10 times the existing condition[6].

However, a gap remains in the recent LIBs performance to the electric vehicles market's future
requirements, according to the expectation summarized by the European Council for Automotive R &
D (EUCAR), as presented in Table 1-1. The specific energy and energy density of batteries is expected
to be at least double its current value. Faster charging is also requested for optimizing the refueling time
without sacrificing their service life. One of the main obstacles is the energy density of the cell and the
stability during service. In order to reach the given target value, adjustments on electrode materials,
electrolyte, and their interfaces need to be made. Thus, understanding, controlling, and designing the
function of electrodes, electrolyte, and their interfaces are the key to developing ultra-performing, smart,
and sustainable batteries. One of the current trends on improving lithium-ion batteries is combining Ni-

rich layered oxide cathodes with less flammable electrolytes and perhaps upgraded anodes[7].
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Table 1-1: Battery requirements for future Battery Electric Vehicle (BEV) applications [8].

. . State of the art- Target 2030
BEV parameters Unit Condition 2019 Range >600km
Specific energy Wh/kg @ 1/3C charge and discharge at 25°C ~250 450
Energy density Wh/I @ 1/3C charge and discharge at 25°C ~500 1000
Szl iz - Wikg 180s, SOC* 100%-10%, 25°C 750 1000
discharge
Power density- o
discharge Wi 180s, SOC 100%-10%, 25°C 1500 2200
Charging rate C (1/h) SOC 0%-80% 3 3.5
Cost €/kWh 220 70
o Years & Lifetime of a car Lifetime of a car
LS km DOD** 90% 150.000 km 150.000 km

* SOC: State of charge
**DOD: Depth of discharge

Fundamental studies of the degradation processes in LIBs, induced by the electrochemical stimuli, are
mainly carried out by static and post-mortem methods. For example, concerning the degradation
mechanisms of cathodes, many ex situ studies make use of electrode materials harvested from coin cells
that have been cycled for days to months or even years[9], [10]. Despite the insights provided from
such data, the real-time dynamic evolution during battery operation by techniques capable of resolving
the structural and compositional modification corresponding to the electrochemical stimuli could
provide unprecedented insights that could further help design and develop high performing LIBs[11].
Liquid-phase transmission electron microscopy (TEM) is a promising technique for such purposes.
However, its implementation has certain challenges. For example, the electrochemical microcell/system
has to be miniaturized in such a way that the electrochemistry can be reproduced and that it matches
the conditions found in the bulk case. Therefore, in this PhD thesis, | attempt to develop a reliable and
comprehensive micro-battery setup for liquid-phase TEM and we apply it to the understanding of the

degradation mechanisms of Ni-rich layered oxides cathodes.
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Specifically, Chapter 2 provides a literature review where the basic working mechanism of lithium-
ion batteries and the functionality of each component is introduced. The development of cathode
materials from the structural and compositional aspects and the fundamental considerations regarding
their degradation are discussed. Conventional electrochemical and microscopic techniques for electrode
material analysis are reviewed. The different in situ characterization methods for studying cathodes are

presented, especially in the liquid phase.

Chapter 3 is dedicated to establishing a background on the experimental instruments and the techniques
used in the thesis. The electrochemical cell explicitly designed for the TEM study of samples in a liquid
environment is described. System optimization through improving chip configuration, functionalization,
and electrochemical connections is elucidated for obtaining the most comparable results with the
corresponding ones at the micro-scale. The various electron microscopy imaging modes are also

discussed.

Chapter 4 introduces procedures and reliable options for establishing a reproducible method for
stabilizing the reference electrode in the liquid cell. The alloyed electrode holds a stable potential over
the electrochemical measurements of the working electrode without self-damaging or disturbing the

micro-battery cycling.

Chapter 5 demonstrates the progress towards electrode material loading on the electrochemical chip
and cycling as a micro battery system. The reliability of the electrochemical performance of the system
is evaluated. Cathode material evolution with respect to structural and compositional changes
corresponding to the stimuli from in situ electrochemical cycling is investigated by post-mortem

electron microscopy.

Chapter 6 presents elemental maps of the evolution of Ni-rich layered oxide cathodes within the
electrochemical cell under accelerated cycling conditions. Various degradation mechanisms for

cathodes with different compositional content under the same cycling conditions are reported. The
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degradation was found to be caused either by intraparticle phase transformation or ionic isolation caused

by interface reaction between the electrode and electrolyte.

Chapter 7 summarizes the advancements in designing a reproducible micro battery system in the liquid
cell for TEM studies and concludes on the degradation mechanisms that have been discovered based
on electrode material and cycling conditions. Additionally, future prospects of degradation studies of
cathodes as well as their potential cycling within the electrochemical cell setup for liquid-phase TEM

are suggested.
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2.1. Principle of operation of lithium-ion batteries

A typical lithium-ion battery (LIB) is an electrochemical cell that consists of a positive (cathode) and a
negative (anode) electrode that are separated by a solid separator and are immersed in a liquid
electrolyte. The cathode composite consists of active materials as well as binder and conductive
additives for improving the adhesion to the current collector and the interconnection between adjacent
active particles[12], [13]. The conductive additives are typically carbon-based networks used to
enhance electron transport in the electrode and, therefore, improve the electrode’s conductivity[14]. An
intercalation cathode behaves as a host network, which should be able to release Li-ions during the
charging process and dope Li-ions during the discharging. As illustrated in Figure 2-1, during charging,
lithium ions are deintercalated from the cathode and shuffle in the electrolyte through the separator
towards the anode. At the same time, electrons generated by oxidization in the cathode pass through the
external circuit in the same direction, performing the external work. Discharging reverses the direction,
and the ions flow from the anode to the cathode. Consequently, developments to improve the overall
performance include novel stable cathode materials[15]-[17], durable anode materials[18]-[21], new
electrolytes[22], [23], and electrolyte additives that suppress side reactions between the electrode
materials and the electrolytes[24]. Herein, the focus is placed on the cathode material and its

degradation mechanisms during electrochemical cycling.

LOAD
POTENTIAL

Lithium
Transition metal
Oxygen
Carbon

Anode Separator Cathode

(Graphite) (Limo,)

Figure 2-1: Schematic drawing of a lithium-ion battery.
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2.2. Cathodes in lithium-ion batteries

Layered transition metal oxides are the most used cathodes in commercial Li-ion batteries. The success
of this family of oxides for LIBs is due to their layered structure, which is isostructural to the a-NaFeO;
structure belonging to R3m space group. More specifically, in this crystal structure, transition metal
(TM) ions and lithium ions are located in octahedral sites and occupy alternating layers in a cubic close-
packed array of oxygen ions[25], [26]. The unit cell of LiCoO, (LCO), for example, is formed by three
slabs of edge-sharing CoOs octahedra separated by interstitial layers of Li-ions (Fig. 2-2a)[27]. The
individual Li-ions and CoOs octahedra stacks provide a two-dimensional structure that facilitates high
Li-ion mobility. Even though the LiCoO; can generate a theoretical specific capacity of 272 mAh/g at
a potential of 4.2 V vs. Li/Li*, the reversible ability is limited to 140 mAh/g, with only 88% retention
after 50 cycles. This poor resistant performance is reported to result from delithiation induced by bulk
structure degradation (i.e., extracting more than 50% Li during charging transforms the structure from
hexagonal to monoclinic) and the harmful side reaction on the surface[28]. The spinel oxides (Fig. 2-
2b) with the chemical formula LiM»O; is another category of LIBs[29]. It was proposed in the early
1980s aiming at cheaper and safer batteries. However, these spinel oxides have a low practical capacity
(<150 mAh/g) that, upon cycling, it fades severely. Additionally, the high potential that is provided by
Ni2*/Ni** redox couple facilitates the decomposition of the electrolyte, forming the solid electrolyte
interface (SEI) on the cathode surface. Another much-studied cathode is the olivine phosphate oxide
LiFePO. (LFP) (Fig. 2-2c), which is treated as a strong competitor to the layered oxide family owing
to its low cost, low toxicity, high charge and discharge rate, low capacity fade, and increased safety[30].
For applications that require high-power operation and safety under over-charge conditions, LFP is the
best candidate. However, its flat discharge plateau at 3.4 V and its low capacity of 170 mAh/g make

LiFePO, insufficient for supporting electric vehicle operation[3].
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Figure 2-2: Crystal structures of three types of cathode materials. (a) layered structure, (b) spinel structure, and
(c) olivine structure.

Specifically for the layered oxide cathodes, approaches for improving the stability of the LiCoO, have
led to the implementation of alternative transition metals. Firstly, the more cost-efficient LixNiO, was
investigated. However, it is not favorable as a proper cathode due to the tendency of Ni%* (0.69 A) ions
to migrate into the Li* (0.76 A) sites, blocking the diffusion path of Li during cycling and its weaker
thermal stability as Ni** is more readily reduced than Co**[31], [32]. Therefore, rather than using single
TM ions (LiCoO; or LiNiOz), Ohzuku et al. in 2001 proposed binary (LiCo12Ni1202) and ternary
(LiCo1sNiysMny302) systems, containing more TM ions for optimizing stability and capacity [15]. A
potential of 3 V - 4 V vs. Li/Li* can be generated from balancing the Li* charge through the redox
reactions of transition metals. This assists in maximizing the energy density under the constraint of the
stable electrolyte window[33]. More specifically, as summarized in Figure 2-3a, Mn has been
introduced for stabilizing the structure, especially at a highly delithiated state, even at high temperatures.
Ni has been added for improving the capacity since the Ni?*/Ni* redox couple has higher standard
potential (1.59 V) than that of Co?*/Co® (1.42 V) and Mn**/Mn®" (0.95 V). In addition, the potential
Li/Ni disorder can be mitigated by a reduction of the Co content from 8% to 4%[34]-[37]. As a result,
Ni-rich layered transition metal oxide cathodes tend to be the most promising candidates for high
capacity density LIBs for EVs. However, as presented in Figure 2-3b, it is generally understood that
increasing the Ni content increases the energy density but incurs severe capacity fading during
cycling[38]. The electrochemical performance degradation is due to the declining of the capacity and

9
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working voltage, while safety issues arise from thermal runaway under harsh cycling conditions,
including overcharging, overheating, and electric shorting. Therefore, the balance between the intrinsic
capacity and voltage of the cathode is the main target that can lead to significant progress on the energy
density. As presented in Figure 2-3c, Li(Nio.6C002Mng2)O2 (NCM622) has been found to have the best
combination of relatively high specific energy of 180 mAh/g and good tolerance to the high voltage
cycling and thermal abuse condition [39]-[41]. However, under highly demanding cell configuration
and operating conditions, NCM811 with higher area capacity/charge voltage (4.8 mAh/cm?/4.6 V) tends

to be the promising choice serving as cathode for lithium-ion batteries with higher energy density[36].
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Figure 2-3: (a) Ternary diagram of transition metal ions contained in Li-ion batteries specified by their
performance. (b) Profile of differential capacity vs. the potential for NCM with various Ni content. Reproduced
with permission from [38]. (c) Schematic correlation of performance and safety with Ni content. Reproduced with
permission from [39]. © 2013 Elsevier BV.

2.3. Degradation mechanisms of cathodes

Unfortunately, the capacity loss that comes with raising the intrinsic capacity by increasing the Ni
content in NCM cathodes remains the main challenge for obtaining the favorable energy density
requested by EVs applications. The capacity loss of the battery consists of two parts: reversible loss and
irreversible loss. The disruption of the system equilibrium causes the reversible capacity loss due to the
high current density charge/discharge condition that brings incompatible ionic motion within electrodes

and across the electrolyte/electrode interface with the ionic current density on the system. In contrast,

10
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irreversible capacity loss can be caused by component degradation and irreversible parasitic reactions.
Understanding the degradation mechanisms of Ni-rich NCM cathodes is crucial for making a step
forward for high capacity and high voltage LIBs for EVs. The origins of performance degradation were
reported to include Ni/Li cation disorder[42]-[46], microcrack generation within particles[47]-[49],
oxygen evolution[38], [50], irreversible phase transition[51]-[55], and transition metal dissolution[56],
[57], as summarized in Figure 2-4. Particularly, the thermally induced phase transition of NCM particles
from layered (MO>) to spinel (M30.) and rocksalt (MO) structures is accompanied by oxygen release.
The released oxygen can, in reverse, lead to thermal runaway of the battery, especially at the overcharge
state, when both the Ni and O redox couples contribute to the capacity[38], [52], [58], [59]. The higher
the Ni content, the easier the degradation through various pathways, and this leads to a decrease of the
upper cut-off potential for stable cycling of NCM cathodes[38]. Creating a controllable cathode-
electrolyte interface has been proposed for preventing degradation [60]. For example, coatings can
either change the surface chemistry or provide physical protection passivation films on the surface of
the particles[61]. In addition, a progressive concentration gradient with decreasing Ni content from core

to shell has been proposed[62].

11
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a  surface decomposition

Transition

Layered =+ spinel/rocksalt ;. metal

transformation dissolution

Electrolyte
decomposition

Bulk transformation to spinel

Mechanical degradation

Dislocation

Figure 2-4: Degradation mechanisms in layered lithium oxides. (a) Schematic of degradation through surface
decomposition and reconstruction. (b) NCM layered structure reconstruction from the surface and FFT results of
the surface reconstruction layer (Fm3m[110] zone axis) and the NCM bulky layered structure (R3m[100] zone
axis). Adapted from [52]. © 2014, Nature Publishing Group, a division of Macmillan Publishers Limited. (c)
Schematic of degradation by bulk transformation into spinel. (d) STEM image of the grain boundary of the
microcracks formed on a single cycled NCA particle. High-magnification STEM images (Al, B1, and C1) and
diffraction patterns (A2, B2, and C2) illustrate the transformation from layered to rocksalt near the microcrack
and correspond to the regions marked A, B, and C in the left panel. Adapted with permission from [63]. © 2011
The Electrochemical Society (e) Schematic degradation by microcrack formation. (f) Cross-sectional STEM
images for NCM811 before (left) and after (right) 600 cycles. Reproduced with permission from [49]. Schematics
are adapted from [64]. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The achievable discharge potential of the cell also constrains the battery energy density. Herein, the
constant chemical potential difference between the anode (pa) and the cathode (puc) and the limited
electrochemical window of the electrolyte are the main restrictions for the development of high voltage
cathodes[65]. As illustrated in Figure 2-5, the electrochemical window of the electrolyte is determined
by the energy gap from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). Ideally, the chemical energy of the electrode should be within the range set
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by the electrolyte. Otherwise, the electrolyte will be reduced on the anode or oxidized on the cathode,
forming a passivating solid electrolyte interface (SEI), which is called cathode electrolyte interface (CEI)
specifically on the cathode[66]. On the one hand, the SEI film can reduce the overpotential and
polarization on the electrode by facilitating the diffusion of Li-ions through the uniform electric field.
While on the other hand, it may increase the internal resistance of the battery and consume the Li-ions
from the cathode, leading to capacity loss[67]. Thus, the physically strong and flexible SEI layer should
form under fast kinetics before the onset of intercalation reactions[68]. SEI stabilization has been
addressed either by creating an artificial interphase coating to reduce the lithium trapping or introducing

additives to the electrolyte [69], [70].

Energy

L pem, |
TUMO

Eq Voc

Oxidant Electrolyte Reductant

Figure 2-5: Schematic of the energy levels involved in a Li-ion electrochemical cell. The dashed orange and green
rectangles correspond to the chemical potential of Li in the negative electrode and positive electrode, and the blue
line gives the voltage window of the electrolyte.

Thereupon, the understanding of the chemical and structural evolution of electrode materials and the
formation mechanism of the interphase between electrode and electrolyte under normal cycling
conditions are of great importance to better understand the limitations of the current lithium-ion
batteries. However, evaluating the complex path of cathode degradation in real-time remains

challenging due to their sensitivity towards moisture and oxygen environments. Moreover,
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electrochemical control over the potential dependent reactions on the specimens is agreed to be critical

in order to prevent alterations of the measured electrochemical signal.

2.4. Methodologies of evaluating the performance and microstructure of cathodes

Several diagnostic tools for elucidating degradation mechanisms of cathodes in LIBs during operation
have been applied[71]. Generally, the conventional electrochemical evaluation serves as an assessment
of the battery working conditions. Instantaneous information is given as the state of charge (SOC),
guantifying the usable energy at the present cycle, and state of health (SOH), indicating the remaining
performance of the battery. These two parameters are often estimated using the open-circuit voltage
(OCWV)[72]. The dynamic performance of a battery in charge/discharge and the subsequent capacity
decay can only be distinguished by measurements of voltage under constant charge/discharge current
inputs, which is also called the galvanostatic charge/discharge test[72]. As aging is commonly evaluated
in terms of not only capacity fade but also impedance rise under different conditions, electrochemical
impedance spectroscopy (EIS) is used for evaluating the transport and electrochemical process involved
during LIB cycling[73], [74]. The evolution of resistances, capacitances, and characteristic frequencies
of the various effects can be tracked and the charge transfer effects within the electrode and across the
interphase layer can be identified[75], [76]. The impedance of a cell is influenced by the contribution
of both positive and negative electrodes, and its values at different SOCs can be monitored from the
half-cell system. Precise analysis of the evolution of electrodes can be obtained by separate
measurements on positive and negative electrodes. The charge transfer at the positive electrodes and
Li* transport across the SEI layer with increasing thickness is presumed as the reason for performance

decay during cycling[76], [77].

In addition to the electrochemical analysis, the microstructural analysis can provide fundamental
insights into the degradation mechanism of electrode materials. For example, the structural

rearrangement has been discovered by crystallographic analysis of cycled cathodes at different lithiation
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states in the same voltage range using X-ray diffraction (XRD)[78]. The combination of XRD with light
microscopy and cross-section scanning electron microscopy (SEM) has helped to link the disintegration
of secondary particles caused by an intergranular fracture with the mechanical stress at the interfaces
between the primary crystallites[79]. The generation of such mechanical stress has been attributed to
the Ni-Li anti-site defects and mismatch of grains with disparate crystal phases[80], [81]. Surface
reconstruction by the phase transition from R3m to Fm3m and the formation of the surface reaction
layer (SRL) that is identified as a complex amorphous organic matrix have been explored by X-ray
absorption spectroscopy (XAS) coupled with atomic-scale scanning transmission electron microscope
(STEM) and electron energy loss spectroscopy (EELS)[52]. Furthermore, the difficulty of phase
mapping relevant to the Li distribution within cathode materials has been overcome by taking advantage
of the improved sensitivity of low-loss signals from energy-filtered (EF)TEM[82], [83]. The oxidation
state evolution of the transition metal ions can be obtained by electron paramagnetic resonance
(EPR)[84], and quantitative species identification can be achieved through nuclear magnetic resonance

(NMR) spectroscopy[85].

2.5. Insitu/operando characterization of cathodes

Over the years, more and more sophisticated diagnostic tools have been developed that can be operated
in situ and in operando during battery cycling[51], [86], [87]. Adjusting the cycling conditions of
electrodes and monitoring the reactions are indispensable in sustaining the determining parameters for
maximizing their potential performance and ensuring safe operation. A combination of diverse in situ
electrochemical analysis can be used to observe detrimental phenomena, including charge transfer
resistance increase, irreversibility of electrode phase transitions, and the SEI formations under different

upper cut-off voltages[88].

As illustrated in Figure 2-6a, various in situ techniques covering multiple length scales from cells to

electrodes and particles to interfaces and lattices have contributed to obtaining essential knowledge of
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structure, morphology, composition, and state of metals in the electrodes (Fig. 2-6b). In situ neutron
characterization provides a platform for tracking the material evolution while cycling at a bulk scale
with a spatial resolution of millimeters. Neutron's high penetration power and relatively high sensitivity
to Li isotopes enable the detection of electrode material under conditions for slow reaction kinetics or
with a repeated data accumulation process. These measurements are representative of the bulk rather
than from the surface region[89]-[91]. Distinctive pathways for lithiation and delithiation have been
reported by Wang et al. using in situ neutron diffraction on a large format pouch battery cell[92]. As a
commercial cathode material, the structural evolution of LiFePO4 (LFP) has also been investigated in
real-time with the aid of the in situ neutron powder-diffraction (NPD) by Sharma et al.[93], while the
role of the kinetic transformation pathway was underscored by Malik et al.[93]. Taminato has
discovered the inhomogeneous lithium distribution through the diffraction profiles of the electrode

during discharging taken from in situ neutron diffraction, Figure. 2-6¢[94].

In addition to quantifying the entire electrode, tracking ionic/electronic transport in single-crystalline
particles by synchrotron X-ray methodologies has provided an assessment of battery materials at a more
fundamental level. With this technique, the ultrafine variation caused by Li-ions in and out of the
electrode materials during the charge/discharge cycle process has been evaluated[95]. Zhang et al. have
employed microbeam XRD for direct observation on the phase evolution of LiFePO4 nanoparticles
during cycling[96]. Lim et al. have used operando synchrotron-based liquid phase scanning
transmission x-ray microscopy (STXM) to reveal the coupling of lithium composition and surface
reaction rates for the control of the kinetics and uniformity during electrochemical ion insertion in
LiFePOs particles[97]. In situ time-resolved XRD and mass spectroscopy (TR-XRD/MS) has elucidated
the oxidation state change of TM cations (i.e., Ni, Co, and Mn) and the subsequent migration that causes
thermal decomposition of NCM cathodes[51]. The results suggested that the origin of the fading
phenomenon is a bulk issue rather than only a surface degradation. Other techniques such as Raman
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, X-ray absorption spectroscopy (XAS)

have also been applied to probe the surface and interfacial evolution of electrodes[98]. It is noted that

16



Chapter 2: Literature review

one can benefit from more considerable penetration power, shorter measurement times, and better
signal-to-noise ratios during in situ/operando studies from synchrotron-based X-ray spectroscopy[99].
For example, the Difference Fourier map presented in Figure 2-6d has revealed an irreversible
transition-metal motion within the host structure after cycling by using long duration in situ synchrotron

X-ray powder diffraction measurements[100].

Real-time observation of the SEI evolution has also been possible using electrochemical atomic force
microscopy (EC-AFM). This technique is particularly useful for revealing the chemical and
morphological differences of complex SEI formation from the various electrolytes and cycling rates.
The observations revealed that the SEI is composed of two layers, a hard coating on the surface of the
electrode and a loosely packed precipitate on top. The density of the top layer varies with the electrolyte,

and the total thickness of SEI is inversely proportional to the scanning rate in cyclic voltammetry[87].

Finally, the observation of microscopic mechanisms in electrode materials and at their interfaces can
be achieved by in situ electron microscopy[101]. Dendrite formation during lithium plating/stripping in
ether-based electrolytes has been investigated by liquid electrochemical scanning electron microscopy
(EC)-SEM. The results revealed that the energetically favorable sites for lithium atoms could prevent
the accelerated dendrite formation, eventually leading to safer operation of batteries[102]. Requests for
ultrahigh spatial resolution (nano- to atomic-scale) can be achieved only by using the higher-energy
electron beam that can transmit through the thin sample. TEM, therefore, stands out for high
spatial/temporal resolution, superior sensitivity to inhomogeneity, and versatile capabilities. TEM
experiments are usually limited to batteries with solid electrolytes or nonvolatile liquid electrolytes in
open-cell TEM, which are not conventionally used in commercial cells. Nevertheless, real-time atomic-
scale imaging and simultaneous composition analysis can bring many valuable insights into the
(de)lithiation mechanisms[103]-[105]. As presented in Figure 2-6e, the in situ environmental
transmission electron microscopy (ETEM) has been used for revealing the reversible phase transition

and understanding the lithiation mechanism in nanowires as a cathode [106].
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Figure 2-6: (a) lllustration of battery components at different scales. From left to right, layered stacks of cathode
and anode separated by electrolyte, with a thickness of up to 100s um; composite electrode with the active material,
carbon black, and a polymer binder, with particle sizes of 10s nm to microns; lattice structures of active material
with the characteristic length of Angstroms. (b) Corresponding in operando measurement techniques for probing
structures at different length scales, as exemplified (from left to right) by neutron activation and absorption
imaging, X-ray scattering, and electron microscopy and spectroscopy. Reproduced with permission from [107]. ©
2016 Elsevier Ltd. (c) Diffraction profiles taken from in situ neutron diffraction shows the graphite phase changes
during cycling with NCM at 1C. Adapted with permission from [94].© 2016, The Author(s). (d) Difference
Fourier maps of the Li and TM plans of discharged HE-NCM taken with synchrotron XRD, a and b = 2.8791(1)
A, ¢ =14.378(2) A after the first cycle and after 103 cycles, a and b = 2.8801(1) A, ¢ = 14.375(2) A Adapted with
permission from [100]. © 2018 American Chemical Society. (e) Reversible movement of a phase transition region
(red) between Li-rich and Li-poor phases during the cycling of a single LiMn,O4 nanowire-based battery was
captured. Adapted with permission from [106] © 2014 American Chemical.

18



Chapter 2: Literature review

2.6. Liquid cell transmission electron microscopy for battery systems

The electrical biasing technique combined with in situ TEM in liquids was first demonstrated by
Frances Ross and coworkers in 2003[108]. Liquid cell TEM has been used to examine either electrode
evolution (Fig. 2-7a&b) or the modification of the interface (Fig. 2-7¢) during electrochemical cycling.
Inhomogeneous (de)lithiation among LiFePO4 particles in an electrochemical liquid cell (Figure 2-7a)
was revealed by time-sequential energy-filtered TEM (EFTEM) within a full battery cell. The operando
nanoscale imaging of electrochemically active ions in the electrode and electrolyte has aided in gaining
information on various delithiation mechanisms simultaneously for different particles under the same
conditions[109]. Precession electron diffraction with in situ electron diffraction tomography (EDT)
experiments enabled the quantitative kinematical approximation for the structural changes occurring in
cathode materials upon charging[110]. Variations in the unit cell parameters and changes in the
occupancy of the Li positions and interatomic distances were attained from such in situ transmission
electron microscopy experiments in the liquid environment (Fig. 2-7b). Additionally, Lutz et al. have
reported on the mechanism of NaO, nucleation/growth, in real-time, during discharge and charge of
Na—O; micro battery using a liquid aprotic electrolyte coupled with fast imaging[111]. The interfacial
film formation on the surface of the electrode as a result of interacting with electrolyte has been
monitored by in situ TEM within an electrochemical liquid cell. Direct observation of inhomogeneous
lithiation, lithium dendrite growth, and interface formation have been reported by Zeng et al., as
presented in Figure 2-7c [112]. Furthermore, microstructural changes and the induced stress have been
monitored using in situ BF STEM for studying nanoscale phase evolution in cathodes[113]. Finally, the
potential induced breakdown of electrolyte accompanied by the SEI formation on the surface of the

electrode material has been observed by Unocic and coworkers[114].

As evidenced, most of the liquid phase TEM studies on cathodes have been carried out on LiFePO, due
to the size restriction of the liquid chamber in the electrochemical cell. However, for the practical
application of cathode materials in electric vehicles, NCM holds a more promising prospect. Therefore,

this thesis focuses on investigating the more promising and challenging NCM cathodes and monitoring
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their evolution during battery cycling using liquid-phase transmission electron microscopy techniques.
Since more complex methods and system setup are requested for examining NCM particles in a liquid
microcell, the following chapter introduces in detail the liquid phase TEM operating principles using

electrochemical microcells
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Figure 2-7: In situ liquid cell TEM for studying LIBs. (a) Cathode phase transformation investigation by imaging
the nanoscale distribution of ions during cycling using EFTEM in a liquid flow cell. Reproduced with permission
from [109]. © 2014, American Chemical Society. (b) Tracking the crystal structural modification at the unit cell
scale using difference Fourier maps of scattering density for LiFePO, and FePO. from electron diffraction
tomography. Adapted with permission from[110]. © 2018 American Chemical Society. (c) Direct visualization
of the growth and dissolution of Li—Au alloy and lithium metal dendritic growth using liquid cell TEM. Adapted
with permission from [112]. © 2014 American Chemical Society.
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3.1. Principles of conventional transmission electron microscopy (TEM)

Typically, TEM is operated under a high vacuum to avoid scattering of the electron beam. As illustrated
in Figure 3-1, the emission from the electron source requires a vacuum environment of 107 to 10"
mbar, while the column and the area of the specimen are evacuated steadily to a vacuum of 10 to 10~
mbar. As such, specimens that can be loaded for characterization in TEM are limited to dry materials

that do not outgas significantly.
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Figure 3-1: Schematic of a vacuum system for a TEM.

In TEM, a primary electron beam is accelerated at high voltage (typically between 60-300 kV). When
the electron beam shines on the electron transparent specimen, electrons can pass through the specimen
without interacting (transmitted beam) or can scatter by interacting with the atoms in the sample (Fig.
3-2). Thus, various information about the sample can be obtained depending on the signal that is used

for imaging.
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Figure 3-2: Signals generated from the interaction of electrons with the material atoms. EDS refers to energy-
dispersive X-ray spectroscopy. EELS refers to electron energy loss spectroscopy.

The TEM imaging system has two basic operations: image mode and diffraction mode, which are
controlled by electromagnetic lenses. In the bright field (BF) mode of the TEM, as illustrated in Figure
3-3, electrons scattered in the same direction focus on the back focal plane of the objective lens, forming
a diffraction pattern. An aperture is placed in the back focal plane allowing only the direct beam to pass.

The direct beam for forming the BF TEM image is weakened by its interaction with the sample.
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Figure 3-3: BF-TEM ray diagram. The object aperture catches scattered electrons while the direct beam passes
through and contributes to a BF image.
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Different from the parallel electron beam that is used in TEM, a probe formed by a convergent beam is
scanned over the sample in scanning transmission electron microscopy (STEM). In STEM mode, the
electron detector is used for selecting the signals that contributes to the image (Fig. 3-4). The high-angle
annular dark field (HAADF) detector detects selectively the electrons that are scattered to higher angles,

from which mass-thickness (Z)-contrast imaging can be achieved.

Incident convergent electron beam

Specimen

e i
HAADF detector HAADF detector

ADF detector BF detector ADF detector

Figure 3-4: Schematic of conventional detectors in a STEM.

The highly localized signal stream from STEM enables the use of secondary electrons, scattered beam
electrons, characteristic X-rays, and electron energy loss for analytical studies. STEM-based electron
energy loss spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS) are widely used
techniques for quantitative elemental analysis. EELS analyzes the energy distribution of transmitted
electrons after they interact with the sample (Fig.3-2), providing information on elemental identity,

chemical bonding, valence, and conduction band electronic properties.

X-rays detected in EDX are generated from a two-step process. As illustrated in Figure 3-5, the energy

transferred from the electron beam to the atomic electron knocks it off, leaving a hole behind. This
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position is then filled by another electron from a higher energy shell while emitting the characteristic
X-ray. Such characteristic X-ray radiation can be used for both qualitative and quantitative analysis of
the material components within the sample. EELS exhibits better energy resolution (<1 eV) than that

in X-ray spectroscopy (about 150 eV) and it is more suitable for low atomic number elements.

Incident e-beam
Characteristic X-rays

Figure 3-5: Schematic of characteristic X-rays generation in EDS.

3.2. Electrochemical liquid-phase TEM

To enable the analysis of specimens in the liquid phase in the TEM, specialized holders were introduced
in the 1940s[115]. The breakthrough of the reliable fabrication of suspended silicon nitride (SiN)
membranes (about 50 nm in thickness) on silicon chips granted the ability to encapsulate the liquid and
isolate it from the vacuum chamber. Figure 3-6a demonstrates a liquid-electrochemistry holder tip that
is used herein. The holder tip is designed to carry a micro-volume liquid enclosure sealed with two SiN-
membrane chips by placing o-rings in between. The top electrochemical chip (Fig. 3-6b) is patterned
with three electrodes: working, reference, and counter for performing electrochemical reactions in the
liquid-cell. The bottom spacer chip determines the gap for enclosing the liquid and provides the
thickness of the cell. The biasing contacts on the tip are directly in contact with the electrodes on the

electrochemical chip and the internal microfluidic channels sit on two sides of the electrochemical cell
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allowing the introduction of the liquid into the microcell. At the center of each chip is a 50 um x 200

pum window.

The performance of liquid-phase TEM and its experimental limitations have been explored by
researchers in order to utilize its full potential for electrochemical analysis. In terms of TEM resolution,
the highest resolution for an object within a liquid is achieved when the object is at the exit side of the
sample along the electron beam[116]. The approximate value for a typical case can reach 4 nm. Electron
beam-sample interactions are a key factor in any electron microscopy experiment. For liquid samples,
a rigorous interpretation of results certainly requires an understanding of beam effects. Previous reports
indicated that a dose of 500 e/nm? is within the limit of radiation damage for in situ electrode studies
in organic electrolytes[109], [117]. Additionally, the liquid environment is determined by the gap
between the two SiN membranes that is provided by the spacer and, typically, the smaller the spacer,

the thinner the liquid layer, and thus better resolution can be achieved for imaging.
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Figure 3-6: (a) Schematic of a liquid cell TEM holder. (b) The electrochemical chip is patterned with electrodes
which can be connected with an external potentiostat.
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3.3. Liquid-cell optimization for battery cycling

Optimization of the TEM liquid-cell operation for battery cycling can be established by harmonizing
the electrochemical measurements from the liquid-cell with bulk cell measurements. Figure 3-7 shows

the different battery configurations that were used in this work.

Cathode  Spring

a 1 1
1 1
1 1
Y
A 3
1
Pl : A
57 [l 1 1
net ' ! ' '
& ' ! 1 1
ap ! : : :
Current e Separator
collector
— -
C E-beam

Top chip Sample SiNx window

\/

! .

1 1 o, A
'
'

Input tube Spacer O-rings Output tube

Figure 3-7: Schematic illustration of (a) coin cell, (b) open cell, and (c) liquid cell assembly for electrochemical
battery measurements.

The most commonly used coin cell was assembled and cycled as the reference for the electrochemical
performance of the sample. Also, an open-cell setup using the liquid-cell electrochemical chip but
without the enclosed liquid environment was used for cycling to determine the electrochemical
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performance of the chip. Finally, electrochemical experiments were carried out in a closed liquid cell
mounted on the TEM holder (Fig. 3-7¢). The electrochemical and microstructural results from the three

methods were compared in order to ensure the stability of the liquid microcell.

3.3.1. Chip configuration

The electrochemical chip is the one that is patterned with electrodes, holding the most functionality for
battery experiments in a liquid cell. Following initial designs[108], [116], diverse materials have been

patterned either as electrodes or current collectors for loading materials in various configurations[118].

Herein, in-house designs were utilized to run the micro battery experiments in the liquid cell. A larger
surface area of the working and counter electrodes is preferred to facilitate the requested electrode
material loading. In contrast, the electrodes outside the viewable area in TEM need to be minimized for
better coherence between the microscopic observation with the electrochemical measurement

monitored by the potentiostat.

The sputtered metals used for the electrodes are vital for having a reliable electrochemical measurement
during in situ experiments. To date, commercial electrochemical chips have been restricted in materials
flexibility with Au, Pt, or C electrodes with a thickness of about 20 nm[108]. Since serving as electrodes
or current collectors, the metals used ought to be inert toward the working environment that is composed
of the volatile organic electrolyte and stable within the working conditions where a high potential range
can be applied. Carbon has been abandoned for the liquid cell TEM studies on LIBs due to the
possibility of it being involved as the electrode for lithium intercalation, complicating the
electrochemical measurements of the target electrodes by potentially consuming lithium or having the
risk of dendrite formation. Therefore, Au and Pt were chosen to be patterned on our in-house chip
designs. The comparison between using Au and Pt either for the current collector or for lithiation
substrate is presented in Figure 3-8. The Au is good for alloying with Li and can be applied as a

reference for the electrochemical measurements, while Pt is stable as a current collector for running
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cyclic voltammetry. Finally, the thickness of the electrodes is important. Due to the variation of particle
size for forming a continuous thin film from Au and Pt, the electrode thickness limitation that can be

achieved on an electrochemical chip is 50 nm and 15 nm for Au and Pt, respectively.

Current collecor Alloying with lithium

Figure 3-8: SEM images of the surface morphology of Au (a-c) and Pt (d-f) electrodes after cycling. They are
utilized either as the current collector for loading electrode materials (a)&(d) or as the lithiation substrate for
forming alloys (b)&(e). (c)&(f) are taken from (b)&(e) at higher magnification.

With respect to the battery operation of the liquid-cell, the geometry of the three co-planar patterned
electrodes should be representative of the bulk electrochemical measurements. The reference electrode
(RE) is typically between the working electrode (WE) and the counter electrode (CE), and different
geometries have been fabricated. Figure 3-9a shows the original three electrodes with RE between WE
and CE. In this configuration, only the WE is patterned within the window region. Figure 3-9b concerns
a design where the working electrode is surrounded by the counter electrode that is partially patterned
upon the membrane. A more homogeneous electric field distribution over the electrode surface during
electrochemical cycling is expected from the working electrode-based symmetric pattern. Moreover,
more narrow electrodes and the distance between them can enhance the electrolytes' coverage over the
whole electrode surface, providing more controllable electrochemical conditions in the experiment. A
slim reference electrode is set between the working and counter for facilitating the measurement of
individual electrodes in the full cell setup. The exposed region on the counter electrode through the

membrane is also desirable for examining the CE modification after cycling the WE.
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Figure 3-9: Two different designs for lithium-ion battery setup on the electrochemical chip. (a) has a gold electrode
to be stabilized for applying as a reference electrode, while the working and counter electrode material is loaded
on the Pt current collector. (b) has symmetric design over the electrically active region with all current collectors
made from Pt.

3.3.2. Site-specific deposition of battery electrodes
3.3.2.1. Size modification of NCM cathode materials

NCM particles are hierarchical structured secondary particles (a few um) that are assembled from
primary particles (100s nm). As the size of the loading material is restricted in the sub-micron scale in
the liquid cell, wet ball milling and ultrasonic wet-milling were chosen for crushing the NCM particles

into their primary particle size without modifying the original crystal structure.

Firstly, planetary ball milling was applied to decrease the size of particles. The direction of movement
of the sun wheel was set to be opposite to that of the grinding jars to superimpose the centrifugal forces,
making the grinding balls collide at high impact energy. Since the difference in speeds produces an
interaction between frictional and impact forces, the process was conducted stepwise for producing the
high and effective degree of size reduction. Annealing is demanded in this method for restoring the

potentially damaged crystal structure of ball-milled powder due to the violent collision.

Although the outcome from ball milling shows satisfied and controllable particle size reduction, the
disassembling of secondary particles was also tried out through probe ultrasonication technique as a
more convenient and efficient approach. Probe ultrasonication provides a practical and clean result for
particle size reduction compared to conventional ball milling due to the absence of grinding beads and

unnecessary sieving after each grinding step. Moreover, since the original secondary particles are
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disrupted into primary particles directly in the suspension, the risk of agglomeration of small particles

during electrode slurry preparation can be diminished as well.

The size distribution and crystal structure of processed particles are characterized by SEM and TEM in
order to ensure the size restriction goal as well as the consistency of the material’s crystal structure after
processing. Figure 3-10 presents the size and structure of primary particles from both methods. The
primary particles with a size less than 500 nm fulfil the requirement of membrane defined chamber in
the liquid TEM cell. The primary particle of cathode material remains as a layered structure of R3m
after milling and helps to rule out possible effects of structural modification during processing on the

electrochemical performance.

200 nm

Figure 3-10: (a) SEM image of a pristine NCM622 particle. (b-c) SEM of processed NCM622 particles from ball-
milling (b) and ultrasonic wet milling (c). (d) TEM image of a primary NCM622 processed from ultrasonic wet
milling. HRTEM (e) and the corresponding FFT (f) of the edge of the particles in (d).
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3.3.2.2. Working electrode preparation and loading

To introduce the crushed particles on the electrochemical chip, a suspension was prepared. It consisted
of processed NCM particles, binders, and additives dispersed in an organic solvent (1-methyl-2-
pyrrolidinone, NMP). The binders are introduced for keeping the electrode materials on the surface of
the current collectors while the additives aim at improving the electron transfer through the interface of
cathode material particles, hence accelerating the charge transfer process on the cathode surface and
providing extra electron-conducting pathways among the cathode material particles and between the
cathode material particles and the current collector[119]. A higher proportion of binder and additives is
required for avoiding the agglomeration caused by the higher surface area on ball-milled NCM,
enhancing the conductivity between the particles and current conductor. The ink was prepared in the
ball-milling machine at low speed to enhance the dispersion. Finally, to site-specifically load the ink

on the current corrector patterned on the electrochemical chip, a micromanipulator was used.

3.3.3. Electrochemical configuration for battery study in liquid cell
3.3.3.1. Three-electrodes connection

From an electrochemical perspective, a three-electrode method is utilized for investigating the
fundamental physics of the battery operation by decoupling the two electrodes’ responses. As illustrated
in Figure 3-11a, in a three-electrode setup, a reference electrode is introduced for measuring the anode
and the cathode separately during cycling, by which the contribution of each component in the system
can be collected simultaneously and the mechanism of battery decay caused exclusively by the electrode
material can be verified[120], [121]. Since no current can pass through the reference electrode, it
provides an ideally stable voltage, leading to more precise measurements of individual electrodes'
electrochemical potential without disturbing the cycling as a complete cell between the working and
counter electrode. In the liquid cell where only individual particles are attached to the current collector

for completing the electrochemical process, the proper selection of counter and reference also becomes
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critical for having a reasonable micro-battery system. In such a configuration, for the counter electrode,
graphite has been tried as it is commonly used in bulk cells[122]. Unfortunately, the processing of
graphite into the size that can fit in the liquid cell is not very practical, which also makes it hard to load.
The alternatives of graphite, such as lithium-metal alloys (e.g., LiZn, LiAl, and LiAg), however, are
limited by their intrinsic properties, including volume expansion, delamination, and possibility of
forming nanowires[123], [124]. Although the LiFePO4 was first invented as a more stable cathode
candidate for lithium-ion batteries, its low potential and electron mobility hinders its application in the

electric vehicle field. However, it is a promising counter electrode specifically for micro battery systems,

since the delithiated LFP is a great Li host with a high capacity (485 to 375 mAh/g) [125].

Figure 3-11: Schematic illustration of (a) three-electrodes and (b) two-electrodes cell connection for lithium-ion
battery testing during cycling.

3.3.3.2. Two-electrodes connection

Although the abovementioned setup is capable of measuring the performance of the working electrode
while mimicking its cycling condition in a full battery, it needs to be further optimized to simplify the
complex and time-consuming reference stabilization by lithiation before running the three-electrode
connection system for battery testing. An alternative reference electrode is LFP since it has a flat voltage

plateau at 3.4V vs. Li/Li* over a wide range of state of charge [3]. A well-defined reference potential
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can be obtained by LFP, and thus delithiated LFP can serve as a reference electrode for the
electrochemical chip-based micro-battery system. To prepare delithiated LFP, the LFP particles were
first dropcasted onto the counter electrode and delithiated by transferring its Li onto the blank Au
electrode by forming LixAu alloy. The delithiated LFP serves not only as a counter electrode for hosting
lithium but also as a pseudo-reference electrode maintaining the stable potential over the measurement
during cycling. Therefore, the system can be simplified to a two-electrode configuration reliable setup

(Fig. 3-11b).

3.4. ldentical location studies

Identical location transmission electron microscopy (IL-TEM) concerns imaging of the same specimen
at the same spot before and after the electrochemical treatment. The electrochemical treatment of
cathode particles is conducted in the electrolyte sealed in the liquid-cell holder, while the microscopic
characterization before and after the operation is performed in conventional TEM. Thus, the surface
modification and other structural and compositional features at the nanoscale can be identified.
Compared to electrochemical in situ liquid cell TEM, which introduces extremely demanding technical
challenges for reproducibility and data interpretation that are caused by the potential variation in the
TEM and the interaction of electron-beam with electrode material and supporting electrolyte, IL-TEM
is a non-destructive method that allows monitoring of the electrode material’s evolution without
external factors affecting the electrochemical conditions during operation. High-resolution TEM
(HRTEM), scanning TEM (STEM), and energy-dispersive X-ray spectroscopy (EDS) were combined
to identify structural and compositional changes after the electrochemical operation on the Ni-rich
cathodes. It is noted that despite the fact that spatially resolved TEM methodologies are widely applied
for elucidating the structure-property relationships for the rational design of advanced batteries, the
electron beam damage is a common phenomenon, complicating data interpretation. Feng et al. have
reported the possibility of the reduction of the transition metal ions by knocking out or evaporating

lithium and oxygen ions from the cathode material caused by electron irradiation, which may possibly
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lead to structural reconstruction [116]. As such, special attention was taken to avoid electron beam

irradiation damage for identical location studies.

3.5. Analytical electron microscopy
3.5.1. Radiation impact

The electron beam may potentially bring knock-on, ionization, and thermal effects on the analyzed
sample, leading to degradation of the material and artefacts in the analysis. It has been reported that the
critical dose limit for keeping the chemical and structural stability of LIB electrode material is about
750 e/AZ for lithium carbonate and roughly 6x10° e/A? for NCM materials, which are more resistant
to electron beam degradation[126]. Moreover, the electron dose rate, which is the beam current
normalized by the irradiated area, is also a critical parameter for evaluating the potential radiation
damage on the observing samples[127]. The regular STEM-EDS analysis condition of the transition
metal ions within NCM particles was performed with a dose of roughly 1.56x10” e/A? with an electron
probe of 0.5nA. This could introduce artifacts such as the Ni/Li disorder, oxygen release, and structural
degradation, as a result of electron beam irradiation. However, in the following, the discussion focuses
on the migration of the different transition metal ions or the elemental distribution within a particle of
size up to a few hundred nanometers, which remains at most unaffected by the electron dose rate used

for the experiments herein[128]-[130].

3.5.2. Errors in the EDS chemical mapping

For compositional analysis, chemical mapping with STEM-EDS would provide not only the location
of specific elements but also some description of their relative abundance within a particular region. In
principle, measuring X-ray spectra from EDS allows identification of the sample composition and is
typically sensitive down to levels of about 0.5 to 1 atomic percent and 0.1 weight percent. However,
obtaining accurate quantitative data from EDS is challenging due to the different X-ray fluorescence

yields and absorption rates for the different characteristic lines being analyzed[131].
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To accurate determine the number of counts in spectral peaks that is associated with each element in
the sample, it is assumed that the counts reflect the concentration of the present elements. In practice,
the quantification is a two-step process. First, the Bremsstrahlung (background or continuum) X-ray
counts are subtracted and, then, the characteristic X-ray peaks are post-processed. The number of
Bremsstrahlung X-rays varies with the mean atomic number (Kramer’s Law), while every element in
the sample has an effect on the measured characteristic X-ray intensity of each peak in the spectrum.
Therefore, various correction methods are applied for dealing with this nontrivial relationship for
guantitative microanalysis. For example, the “ZAF” correction compares the number of X-ray counts
in the peak of interest to standards with a known concentration of the element of interest. The
concentration of element of interest ¢; can be approximated by the X-ray intensity of characteristic peak

line I;, and a sensitive factor K, as presented in Eq. 3-1.
G, = KNI/ I8 (3-1)

Three factors contributing to the K parameter: “Z”, the mean atomic number; “A”, the absorption of X-

rays absorbed in the specimen, and “F”, the fluorescence of X-rays within the specimen.

Herein, the quantitative EDS analysis utilized the standard Cliff-Lorimer (K-factor) quantification,
combined with absorption correction, as implemented in the Velox software from ThermoFisher
Scientific. Instead of using a standard, the weight percent of each element, such as Ca and Cg was

related to the characteristic intensities 1a and Ig directly following Eq. 3-2.

Ca Iy

C_B = kABE (3-2)

The Cliff-Lorimer factor k4 is related only to the atomic-number correction factor “Z” as that in the
ZAF correction method. The absolute value of concentration for each element was therefore obtained
by assuming that the selected elements constitute 100% of the specimen. For instance in a binary
system: C, + Cz = 100%. [132] Using this approximation, the absorption and fluorescence terms are

neglected, which is a reasonable assumption for electron transparent specimens.
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In addition to the sample, the electron optics, specimen holders, and associated detectors are also
essential for estimating potential errors in the analysis system[133] For our chip-based system,
quantitative elemental analysis becomes more challenging due to the difficulty of accounting for
unwanted electron scattering from the SiN windows and metallic current collectors, that are serving as
substrates for target electrode materials.[134]. Thus, possible spectral artefacts involved in our
experimental setup may arise from the inaccurate atomic number correction (Z) and the absorption
correction (A) due to the varying thickness across the probed region of the sample with different
composition and density, especially when the sample contains low (Li) and high (Pt) atomic number
elements at the same time. Additionally, the relative low number of counts used due to the sensitivity
of the electrode materials to the high energy electron beam in STEM mode, may further limit the
accuracy of counting statistics. Thus, the error in the EDS quantification maps of the cathode particles
on the electrochemical chip is expected to be higher than in the case of typical EDS analysis of electron
transparent specimen (up to 2 atomic percent). Nevertheless, in this study, the relative fraction of
transition metals among the particle based on the EDS analysis is supposed to offer a semi-quantitative
indication for electrode materials modification after cycling. This methodology is therefore used as a
practical, compositional analysis technique for the trends encountered during in situ electrode cycling

of cathode materials.
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4.1. Introduction

For in situ TEM studies, the range of usable electrode materials is constrained by the scale of the cell
and by the micromechanical fabrication procedure of the components of the cell. As a result,
commercially available electrodes are currently limited to Pt, Au, Ni, Cu, or C/Pt. The use of these
materials as quasi-reference electrodes (QRE) presents two important shortcomings. First, QRES may
exhibit critical potential shifts over time or may be modified during operation. This is particularly the
case with in situ TEM where the influence of the electron beam on the electrolyte and the electrodes
themselves remains poorly controlled. Second, limited literature is available on the use of these QRESs
for the study of LIB electrode materials, making it difficult to readily interpret and compare

electrochemical results obtained in the TEM with bulk studies.

The challenge of implementing a stable micro-reference electrode in a battery is not, however, exclusive
to the in situ microscopy field. There is a growing body of literature on reference electrodes in
electrochemical impedance spectroscopy (EIS) investigations of LIBs where a Li reference electrode is
electrochemically deposited or alloyed with metallic wires. In such experiments, a micro-sized
reference electrode is indeed crucial to mitigate disruptions in the electrical field between symmetrical
working and counter electrodes. Zhou et al. used electrodeposited lithium on a copper wire. However,
depending on the plating parameters, the properties and stability of the plated film were impeded by the
continuous SEI formation and dissolution of lithium ions into the electrolyte[136]. Recently,
Solchenbach et al. used a gold wire that thermodynamically resulted in an alloy when lithiated[137].
Due to the greater chemical stability of Li-Au alloys and to a small exposed area with regard to the total
alloyed volume, their reference electrode was stable for several weeks and exhibited a reference

potential indicative of a LixAu (0 < x < 1.2) alloy[138].

Stemming from the interest in LixAu as an anode material, previous in situ TEM studies focused on the
cycling behavior and structural evolution of gold films during lithiation and delithiation[113], [139].
While these reports establish the feasibility of electrochemically alloying lithium and gold in an in situ

TEM apparatus, their methodologies need to be adapted, and mild alloying conditions need to be
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defined in order to achieve a structurally undamaged and stable reference electrode for electrochemical

electron microscopy studies.

Here, we report on the alloying of lithium with a gold micro-electrode thin film patterned on the
electrochemical chip and on its performance as a stable reference electrode for liquid-phase TEM
investigations of LIBs. We first establish the feasibility of this procedure ex situ and outside of the TEM
holder and investigate various sources such as metallic lithium, LiFePO4 delithiation, and reduction of
Li salt containing electrolyte, to support the lithiation of the gold micro-electrodes using
chronopotentiometry (CP). We investigate the morphological modifications induced by this step with
scanning electron microscopy (SEM) and TEM and confirm the formation of a Li-Au alloy using
electron energy-loss spectroscopy (EELS) and high-resolution (HR)TEM. We then show that this
methodology can be applied directly in an in situ TEM holder to obtain a LixAu reference electrode
stable over hours whose potential can be directly related to bulk values from the literature. We cycle
LiFePO. as a model cathode and show that reproducible and coherent measurements can be performed
outside and in situ in the TEM with limited effects of the electron beam on the electrochemical signal,
thereby demonstrating the merit of our reference electrode for future in situ TEM investigations of LIB
electrode materials. Finally, the chemical stability of the electrolyte during the full process is confirmed

by nuclear magnetic resonance (NMR) spectroscopy.

4.2. Experimental
4.2.1. Electrochemical micro-chips for in situ TEM measurements

The chips have been designed and manufactured in-house to fit in a TEM liquid-electrochemistry holder
(Hummingbird Scientific, Lacey, WA, USA) and create a microfluidic cell [140], [141]. The
configuration used in this study features two platinum electrodes (Ert2, on the window, and Epy3, the
counter one) and one gold electrode in the middle (Eau1) intended to be lithiated and used as the
reference electrode. The patterned electrodes are partially isolated from the electrolyte by a passivation

layer (SiO2) deposited on top, except for the regions of the electron transparent window and of the
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contacts with the holder pins. By doing so, the electrochemical reaction sites can be optimized within
the viewing region. The non-passivated (electrochemically active) surface areas of the three electrodes

are 0.1553 mm? for Eay1, 0.11 mm? for Ep¢21, and 0.4974 mm? for Epts.
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Figure 4-1: (a) The glass cell setup for gold lithiation by metallic lithium. Lithium was clamped as counter and
reference electrode, while the gold, working electrode on the chip was lithiated by applying negative current. (b)—
(c) The open cell setup for gold lithiation either from the electrolyte (b) or LiFePO4 particles (c). LiFePO4 particles
were dropcast on the electrode that has the largest conductive surface.

4.2.2. Site-specific deposition of LiFePO4 (LFP) particles

For LFP deposition on Epi2 or Epis, the particles were dispersed in a solution of 10 mg/ml
polyvinylidene fluoride (PVDF, Kynar HSV 900) dissolved in 1-methyl-2-pyrrolidinone (NMP, 99.5%,
AcroSeal) that act as a binder for the particles, in a weight ratio of 1:6. The suspension was pipetted
with a capillary (Narishige GD-C 1, Tokyo, Japan) pulled by a Narishige puller (Narishige PC-10,
Tokyo, Japan), and then was dropcast on the selected electrode using a micromanipulator (Narishige
MMO-4 hydraulic micromanipulator combined with a mechanical coarse manipulator) in ambient

atmosphere. The prepared chip was heated at 60 °C for 12 h to remove NMP in the Ar-filled glovebox.

4.2.3. Reference electrode preparation in open-cell configuration.

Open cell setup conducted in the glovebox was used for practical reasons and in order to allow for

various materials to be tested as lithium sources for alloying. In particular, galvanostatic lithiation of
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gold thin films supported by metallic lithium or by decomposition of lithium hexafluorophosphate salt
(LiPFg)-containing electrolyte has been reported in the literature[138], [142], [143]. In addition to those
known lithium sources, we also investigated the feasibility of using the charge (i.e. oxidation at the
counter electrode) of LFP particles to support the lithiation current, in an attempt to avoid electrolyte

decomposition.

When using metallic lithium, experiments were conducted in a beaker as presented in Figure 4-1a, with
the chip and a lithium plate clamped separately as the working and counter/reference electrodes
respectively and both immersed in a standard electrolyte containing 1 M LiPFg in a 3:7 weight ratio of
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (LP57, w-w < 20 ppm H:0, BASF SE,
Germany). Lithiation from LP57 reduction or LFP particles delithiation was carried out by mounting
the chip on a flexible flat cable/flexible printed circuit connector (FFC/FPC, Molex, 52207 series),
allowing for connection with all three electrodes outside of the holder while leaving the non-passivated
area exposed (Fig. 4-1b&c). A 2 ul droplet of electrolyte was cast on the electrodes within the membrane
region. The gold electrode was lithiated by applying a current between the counter electrode (Ept3
pristine, or LFP deposited on Ep3) and the gold electrode. Nominal C rates were derived from the
applied current and a calculated initial gold weight estimated from the gold electrode surface area
(0.1553 mm?), using the bulk value of the density of gold (pau = 19.3 g cm™). The chip was rinsed with
dimethyl carbonate (DMC, anhydrous, >99% Sigma-Aldrich) after lithiation and was dried at 60 °C in
the glovebox for post mortem characterization with electron microscopy, including SEM, STEM and

EELS.

4.2.4. Chemical stability assessment after lithiation

Once the electroplating of lithium was finished (or after the in situ experiments), the electrolyte was
collected in an NMR tube within the Ar glovebox and mixed with dimethyl sulfoxide-d6 (DMSO-d6,
99.9 atom % D, anhydrous Sigma-Aldrich). The solution was then subjected to analysis with liquid

NMR spectroscopy (AV NEO-400, Bruker, 400 MHz).
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4.2.5. Reference electrode assessment in liquid-cell

Prior to experiments in the holder, the electrochemical chip was air-plasma treated at 100 W for 2.5
min. After assembling the cell with a bottom chip (spacer, 1 um) in ambient atmosphere, the holder was
stored under vacuum for 1-2 h for degassing before transferring it inside an Ar-filled glovebox, so that
the remaining air and moisture were removed from the assembled cell through the open microfluidic
tube. Ar was then passed with a syringe through the liquid cell to remove possible air/moisture residues.
The electrolyte (LP57) was introduced into the liquid chamber by the microfluidic tubes under the Ar

atmosphere until a stable potential reading was achieved on the three electrodes.

Lithiated gold reference electrodes from LFP particles delithiation were prepared in the liquid cell by
applying a current of 500 nA for 3 h between the LFP loaded counter electrode (Ep:3) and the gold
electrode, while the third electrode (Ept1), also loaded with LFP, was used as the effective reference
electrode. The electrolyte was continuously flowed through the liquid cell with the help of a pumping
system at a flow rate of 5 pl/min. Open circuit voltage measurement for 30 min was conducted after
finishing the lithiation. For CVs of LFP, the connections were swapped to use the lithiated gold as the
reference electrode, and Ept» was cycled against Ep: 3 at 20 mV s—1 between 1.5 V and 5.5 V vs LixAu
for five cycles. All the described electrochemical measurements were carried out in the glovebox. After
sealing the fluidic tubes, the liquid cell was transferred to the TEM. Measurements were repeated for

comparison.

4.2.6. Electron microscopy

Morphology analysis was performed in a Zeiss Merlin SEM. Electronic structure and composition
studies were performed by HRTEM (Talos 200 kV, ThermoFisher Scientific, USA) and EELS (Titan
Themis 200 kV, ThermoFisher Scientific, USA). The in situ TEM was performed on a TEM operated

at 200 kV (JEOL 2200FS, Japan).
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4.3. Results and Discussion
4.3.1. Benchtop galvanostatic lithiation of gold reference electrode from various sources

As a first step, galvanostatic lithiation of gold thin film reference electrodes patterned on the
electrochemical chips was investigated in open cell. Figure 4-2a shows the cell potential curves during
gold lithiation supported by the oxidation of metallic lithium (at a nominal 32.67 C rate, 10 min, solid
green curve), of LFP (3.27 C, 1 h, dotted red curve), and of the electrolyte (3.27 C, 1 h, dashed blue
curve). Note that the open cell setup for lithiation from metallic lithium, LP57, or LFP is different, as
described in the experimental part (and illustrated in Fig. 4-1) so that the potential differences are
measured either between the gold electrode and lithium counter electrode (case of lithiation from
metallic lithium) or between the gold electrode and another platinum electrode patterned on the chip
either deposited with LFP particles or left pristine (case of LP57 reduction). In all three cases, a distinct
first potential plateau can be observed (around 0.2 V vs Li/Li* in the metallic lithium experiment within
the glass beaker, Figure 4-2a, solid green curve, coherent with values reported for gold lithiation and
Au-Li phase transformation and around —6 V for the other experiments on the chip)[137]. A second
plateau appears at —6.2 V in the LP57 case. In comparison, during lithiation from metallic lithium, the
first plateau remains stable until the end of the experiment, while during lithiation from LFP, the cell
voltage after the first plateau decreases slowly until the experiment is stopped. When LP57 is used as
the lithiation medium, a clear potential drop at —6.2 V is observed at the beginning of the experiment
before stabilizing at the first plateau, while the potential curve during lithiation from LFP does not

exhibit any similar initial dip and stabilizes within 10 min of the experiment.
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Figure 4-2: (a) Comparison of potential evolution of lithiated gold during galvanostatic lithiation from metallic
lithium oxidation (solid green curve, vs Li/Li*) at a 32.67 C rate (2 pA), from reduction of LP57 (dashed blue
curve, QRE is Pt) and from LiFePQ, particles oxidation (dotted red curve, QRE is LFP) both at a 3.27 C rate (200
nA). Top-view (b)—(e) and cross-sectional (f)—(i) SEM images of the pure Au electrode and the lithiated gold
electrodes from metallic lithium, LiFePO,, and LP57.

The coherent potential curves observed against Li/Li* during lithiation from metallic lithium show that
the setup used for this experiment allows lithium ions to transfer from the counter electrode to the gold
electrode efficiently. On the other hand, the large cell voltage recorded during lithiation from LP57
could indicate the decomposition of the electrolyte, with high oxidative potential required at the counter
electrode in order to support the lithiation current. LFP nanoparticles used for the last experiment are
likely to delithiate in the first minutes of the experiment, causing the small potential shoulder observed

at —5.8 V (Fig. 4-2a—dotted red curve) and the discrepancies with the lithiation experiment from LP57.
45



Chapter 4: Li-Au alloy as micro-reference electrode

It is likely that the amount of lithium available from LFP is not enough to sustain the complete lithiation

of the gold electrode and supplementary Li-ions from the electrolyte become necessary over time.

Top-down and cross-sectional SEM images of the lithiated gold electrodes are depicted in Figure 4-2b-
i. Compared to a pristine gold electrode surface (Fig. 4-2b), 300-500 nm diameter grains can be
observed on the three lithiated electrode surfaces. Bulky extrusions of several microns are exclusively
seen from the surface lithiated with metallic lithium with higher current. In the cross-sectional images,
an inhomogeneous lithiation front within the gold electrode can be observed in all cases, with
discrepancies in the depth of penetration between the methods. Differences in the surface layer
morphology and thickness can also be observed, with the electrodes lithiated from LFP and LP57
exhibiting a thin ~200 nm surface layer while the electrode lithiated from metallic lithium has a 1-2 um

layer clearly visible on top of the gold film.

These discrepancies between the methods could arise from the different rates used to lithiate the gold
electrodes. Additionally, the protruding surface features are likely related to overcharging and
subsequent lithium deposition, as the nominal C rates used were relatively high and were maintained
beyond the specific capacity of the most Li-rich phase (LisAu, 408 mAh/g). It is noted that the rates
used in this study were dictated by the setup. Reasons remain unclear, but when low current was applied
to the cells (typically when inferior to 100 nA), the potential did not stabilize for the duration of the
experiment, and no lithiation was observed. Finally, cell voltage plateaus during lithiation using
metallic lithium or LP57 were stable well beyond the overcharge state. We hypothesize that this
behavior arises from the lithiation of the silicon substrate which takes place around 0.1 V vs Li/Li*, as
the back of the chip was also connected by the clamp, as well as from possible diffusion of lithium

under the passivation layer[144].

Based on these results, gold electrode lithiation can be performed directly on the electrochemical TEM
chips and the lithium source can be adjusted between metallic lithium or LP57. While deposited LFP

seemingly does not provide enough lithium for lithiation of the gold electrode, obtaining lithium-
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depleted particles at the counter electrode can nevertheless provide an interesting anode material for in

situ studies of high-potential cathodes such as Ni-Co-Mn layered oxides[145].

4.3.2. Benchtop evaluation of lithiated gold stability

To evaluate the stability of the lithiated gold electrode, we performed OCV measurements following an
open cell lithiation at 100 nA for 3 h with LFP deposited on the counter electrode, Figure 4-3. After the
lithiation, the gold electrode potential ramps up to an initial relatively stable region at ~3.3 V vs
LiFePO, within 40 min. Subsequently, a second plateau around —3 V appears at the 200 min mark and
remains for the next 6 h, until the end of the measurement. Considering an LFP potential at 3.42 V vs
Li/Li*, the two observed regions would correspond to potentials of ~0.1 V vs Li/Li* and ~0.4 V vs
Li/Li*, matching well with gold delithiation plateaus previously reported in the literature and indicating

a final LixAu alloy with 0 < x < 1[138], [145], [146].
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Figure 4-3: Open circuit voltage between lithiated gold electrode and delithiated LFP after 3 h of galvanostatic
lithiation at 100 nA in the open cell.
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We attribute the good stability of the second plateau to the diffusion of lithium under the passivation
layer during galvanostatic lithiation. Since this area is not directly exposed to the electrolyte during the
OCV, it would provide a lithium reserve which prevents lithium depletion in the non-passivated area,

therefore mitigating possible SEI formation and side reactions with the electrolyte.

4.3.3. Characterization of lithiated electrode

To further confirm that Li is inserted in the structure, we performed TEM structural and chemical
analysis. Figure 4-4a shows an EEL spectrum acquired at the edge of a previously lithiated gold
electrode, with the peak at 55 eV unambiguously confirming the presence of Li. STEM images of the
gold electrode before and after lithiation are shown in Figure 4-4b—c. After lithiation, the structure
becomes less dense and exhibits a porous structure that is consistent with previous studies on the
fabrication of nanoporous metals by electrochemical alloying and de-alloying with lithium[147], [148].
Finally, HRTEM micrographs of the pristine and lithiated gold electrodes were compared in order to
acquire information on phase changes in the structure. The fast Fourier transform (FFT) of HRTEM
image taken from the pristine electrode in Figure 4-4d, shows cubic packed gold crystal structure. In
contrast, the lithiated Au particles exhibit a crystalline pattern that matches well with the [0 -1 2] zone
axis of tetragonal AuLiO; alloys, Figure 4-4e. The oxidation likely results from the transfer of the

lithiated chip outside the glovebox for the ex situ analysis.
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Figure 4-4: (a) Low-loss EEL spectrum of lithiated gold. (b)—(c) STEM images of bare and lithiated gold electrode.
(d)—(e) HRTEM micrographs of the pristine gold electrode and of the lithiated gold respectively. The insets are
the corresponding FFTs with the scale bar of 5 nm™.

4.3.4. Galvanostatic lithiation of gold reference electrode in liquid cell

Having confirmed the feasibility of fabricating a LixAu micro-electrode patterned on a chip, we examine

its electrochemical performance for in situ experiments. A liquid cell was assembled in the in situ TEM
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holder, with LFP deposited on both platinum electrodes. The reference electrode was lithiated inside
the glovebox by applying a 500 nA current between the counter electrode (Er:3) and the gold electrode
for 3 h under a 5 ul min! electrolyte flow rate. The cell voltage during the galvanostatic lithiation and
the following 30 min OCV is presented in Figure 4-5a. A plateau at —5.5 V was observed, with a
decrease to —6 V after 130 min. While the cell voltage does not show as well-defined plateaus as during
the open cell experiments, the subsequent OCV indicates a lithiated gold reference electrode potential

of —3.3 V vs LFP, coherent with the previous measurements.
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Figure 4-5: (a) Gold electrode lithiation with LiFePO4 as the lithium source in liquid cell using CP by applying a
constant current of 500 nA between the LFP counter electrode and gold electrode for 3 h followed by 30 min
OCV. Dashed blue curve indicates the potential difference evolution between the lithiated gold electrode and the
delithiated LFP loaded as lithium source on the counter electrode. Solid black and dotted red curves represent the
OCV between them before and after lithiation respectively. (b) Cyclic voltammetry of LFP with delithiated LFP
as counter electrode and lithiated gold as the reference electrode from 1.5 V to 5.5 V at 20 mV//s within the liquid
cell holder in the glovebox (solid black curve), in the TEM with electron beam off (dashed blue curve) and on
(dotted red curve). Electron dose rate was 42.6 e~ /nm? s.
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We note that lithiation attempts were successful only when a current above a certain threshold was
applied. That is, for currents lower than 500 nA applied in the liquid cell, the gold electrode potential
would quickly return to the pristine gold potential regardless of the duration of the lithiation.
Furthermore, maintaining an electrolyte flow was necessary to avoid complete electrolysis of the

electrolyte as the non-passivated surface area of the gold electrode used in this study is relatively large.

4.3.5. Electrochemical evaluation of lithiated gold as reference in liquid cell

To demonstrate the merit of our reference electrode for in situ measurements, we then used LFP
particles deposited on the chip's working electrode (Ept2) as a model cathode material. Figure 4-5b
shows three CV profiles recorded against the pre-lithiated gold reference electrode, inside the glovebox
and in the TEM with and without electron beam exposure. Each measurement exhibits the classical CV
shape with well-defined oxidation and reduction peaks, without the dramatic effects of the electron
beam previously reported[149]. Furthermore, each measurement was well reproducible over 5 cycles.
The half-wave potentials Ei, are measured around 3.3 V, again demonstrating that the reference
electrode exhibits a potential coherent with lithiated gold, about 0.1 V vs Li/Li*[150], [151]. A 50 mV
shift is observed between the measurements in the glovebox and the one in the TEM, possibly indicating
that the former was performed before complete stabilization of the reference potential. The further shift
observed between measurements without and with electron beam irradiation is due to the significant
decrease in the anodic peak in the latter. Despite a relatively low electron dose rate (42.6 e nm=2s!),
it is assumed that this decrease is associated with possible narrowing of the working potential window
of the electrolyte due to increased beam-induced radicals and subsequent electrolyte degradation
causing reduced ability for lithium transport[152], [153]. This is further supported by the oxidative peak
appearing at 5.1 V vs LixAu under irradiation. It is also interesting to note that the peak-to-peak distance
is significantly reduced inside the TEM, indicating reduced ohmic losses. This could be associated with

an increase in the liquid layer thickness due to the membrane bulging in the microscope[109].
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4.3.6. Chemical stability of the system

In addition to the air-sensitive nature of lithium-ion battery experiments, the methodology to acquire a
stable lithiated reference electrode requires overcharging of the lithium source which brings in the risk
of electrolyte decomposition and adds complexity to the experimental setup for the subsequent
electrochemical measurements. Therefore, we used nuclear magnetic resonance (NMR) spectroscopy
of the liquid electrolyte to verify the chemical stability of our system after the electrochemical
processing for reference electrode preparation. Test solutions were taken after the open cell lithiation
of the reference electrode as well as after the in situ experiments. It is noted that despite the small
volume of liquid electrolyte, sampling was possible. We compared these results with fresh and ambient-
air-oxidized electrolyte solutions for reference, as depicted in Figure 4-6. According to previous studies,
the oxidation of LiPFs in LP57 mainly follows the route expressed in reactions 1 to 3[154]-[157].
Therefore, possible degradation of the electrolyte would be detected by the oxidized by-products such
as PO4*~, POsF* and PO,F,, as shown in the air-exposed electrolyte NMR results. However, after open
cell lithiation experiments with the constant volume of electrolyte or after lithiation conducted in the
liquid cell with continuous flow of electrolyte, we confirm that the liquid electrolyte remains unaffected
without evidence of considerable degradation of oxidative by-products and can therefore be readily

used for the subsequent in situ electrochemical analysis.

PFs + H,O = POF; + 2HF + F

POF; + H,O 5 PO,F>, + HF + H*

PO,F, + H,O < POsF* + HF + HY
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Figure 4-6: NMR spectra showing the Li, 3P and *°F of the pure electrolyte LP57 (black), LP57 exposed in air
for seven days (red), LP57 collected from the open cell experiments conducted in the glovebox (blue) and LP57
collected after the in situ experiments within the TEM liquid cell (green).

4.4. Conclusion

In summary, using a combination of in situ TEM and ex situ chemical characterization methods, we
have demonstrated a practical way of fabricating a lithium-based reference electrode for in situ
investigations of lithium-ion batteries. Stabilizing a reference electrode for microcell testing in confined
space can be achieved on the bench and within an in situ TEM holder by applying a constant current
for steady lithiation of a gold micro-electrode without damaging the substrate and by using various
sources including metallic Li, Li salt electrolyte or LiFePO,4 particles. Furthermore, the system
composed of the stable potential reference electrode of LixAu and the partially delithiated LiFePO4
particles on the counter electrode can be beneficial for in situ studies of cathode materials. Therefore,
such a micro-battery setup can be optimized into a reasonable and reproducible system for more
adaptable and precise characterization of real-time observations using liquid-phase electrochemical

TEM.
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5.1. Introduction

Monitoring real-time degradation mechanisms of NCM using in situ TEM has not been possible due to
the restrictions imposed by the large particle size. In addition, the system used for liquid cell
observations does not emulate well the real battery system (cathode, additives, binders, electrolytes,
reference electrode and anode) and no direct comparison with a standard battery setup such as a coin

cell has previously been reported.

Herein, we demonstrate that battery cycling of NCM-based materials in conventional liquid TEM
microcells is feasible. Specifically, the electrode configuration inside the liquid cell system was
designed and optimized for the cycling of primary NCM622 particles and it was found to conform well
with the expected bulk electrochemical measurements. We describe the utilization of LFP particles as
non-gassing counter electrode which does not contaminate the electrolyte and which can be used as a
pseudo-reference electrode. Cyclic voltammetry (CV) and galvanostatic charge/discharge
electrochemical analysis were performed to evaluate the capacity decay of the cathode material during
cycling. The results confirm that NCM cycling can be performed in the liquid cell over 50 cycles with

reasonable coulombic efficiency and capacity retention of ~ 65%, which is realistic for such a cell.

5.2. Methods
5.2.1. Particle size modification of NCM622

Liz+x(Nio6C002Mng2)1.xO2 powder, simplified as NCM622 in the following, was provided as secondary
particles (BASF, Germany). To decrease the particle size so that they fit within the restricted volume
of the liquid cell and are electron transparent, a three-step wet ball milling method using N-methyl
pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich) as the solvent was introduced. Milling was
performed using a ZrO, beaker with ZrO, beads of varying sizes with a Fritsch pulverisette 7 ball-mill
(Fritsch, Germany). The milling details are summarized in table 1. The crushed powder was annealed
with a ramp rate of 10 °C min~! up to 600 °C and it was then placed on hold for 1 h before free-cooling

to room temperature in order to recrystallize the particles. Specific area measurements were used to
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track the size of NCM622 particles after each milling step. The specific surface area (SSA) of the
particles was measured using the Brunauer—-Emmett-Teller (BET) method by an Autosorb iQ nitrogen
gas sorption analyzer (Quantachrome Instruments, USA). Micrographs of secondary and ball milled
primary particles were also taken with a scanning electron microscope (Zeiss Merlin) for checking the
morphology change after processing. Due to the increasing specific surface area of the ball-milled
NCMG622 particles, the proportion of binders and additives was increased to stabilize the particles that
were placed onto the current collector. To perform coin cell electrochemical measurements of the
crushed particles, the binders and additives were added by performing an additional ball-milling step at
low rotation speed to homogeneously distribute all the materials. However, for the liquid cell
experiments, the recrystallized crushed powder was simply mixed with the binders and additives,

without any additional mechanical force (see section 5.3.3 for details).

Table 5-1: The procedure of three-step ball-milling of NCM622 particles.

Step Milling balls | Material to solvent | Speed Time Rest Repeat SSA
(mm) ratio by weight (rpm) (min) (min) (m2lg)
1 10 1:15 400 5 15 6 N.A.
2 3 1:15 800 2 18 6 3.257
3 1 1:3 1000 3 17 32 14.991

5.2.2. Chip optimization for the chip-based micro-battery system

Typically, two microelectromechanical-based (MEMS) chips are used to seal the fluid for liquid cell
electron microscopy studies: a top chip that is specially patterned with microelectrodes and a bottom
chip that acts as a spacer that determines the thickness/volume of the liquid layer. For the battery studies
herein, the top chip was microfabricated in-house with the electrodes configuration as presented in
Figure 3-6a. The working electrode (5.85 x 10° um?) was patterned on the membrane window, and the
counter electrode was designed to have a larger surface area (7.625 x 10° pm?). Platinum electrodes
were used as stable current collectors due to the ability of Pt to transfer electrons without any risk for

corrosion of the electrode within the examined potential range during the measurements. Two-
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electrodes connection was applied for electrochemical cycling of NCM cathode in this experiment. The
requirements for the counter electrode concern adequate lithium hosting during NCM622 delithiation,
whereas the reference electrode needs to remain stable during cycling. To this end, LFP particles were
dropcast onto the counter electrode strip using a micromanipulator where they served as lithium host
and as a pseudo-reference electrode. The delithiation of LFP was achieved by lithiating the blank Au
electrode before cycling the NCM material (vs. LFP), where the LixAu alloy [137] could form without
much volume expansion or thickness extension. Due to the restricted volume of the Au layer, however,
we expect major portions of the lithium being deposited in its metallic state rather than as Au-L.i alloy,
so that a well-defined reference potential for the LFP during delithiation can be obtained. More than 50
reproducible cyclic voltammograms and galvanostatic charge/discharge cycles were achieved with this

setup.

5.2.3. Electrode preparation

For the working electrode, either pristine or ball-milled NCM622 primary particles (after milling step
3) were used as cathode active material for coin cell testing. The electrode was prepared by dispersing
the particles (96%wt for pristine NCM or 80%wt for ball-milled NCM), conductive carbon (Super C65,
Timcal, Switzerland) (2%wt or 10%wt), and polyvinylidene fluoride binder (PVDF, Kynar HSV 900,
Arkema, France) (2%wt or 10%wt) in NMP. The NCMG622 slurry was mixed in a planetary mixer
(Thinky, USA). The slurry of primary NCM622 particles was mixed with 10 mm ZrO; grinding balls
in the planetary ball-mill in order to avoid the agglomeration and enhance the dispersion of components.
A 30 um 4-edge blade in an automated coater (RK PrintCoat Instruments, UK) was used for spreading
the slurry on Al foil (18 pm, 99%, MTI, USA). It was dried at 50 °C and the final loading was 0.167
mg/cm?. Electrodes with a diameter of 14 mm were punched and dried overnight at 120 °C under
dynamic vacuum in a glass oven (drying oven 585, Buichi, Switzerland) and they were then transferred
to an inert gas glovebox (O, and H.O < 0.1 ppm, MBraun, Germany) without exposure to ambient air.

Metallic lithium discs (450 um, 99.9%, Rockwood Lithium, USA) with 15 mm diameter were used as
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counter/reference electrode in the coin cell. For the in situ studies, the counter/reference electrode

consisted of 90%wt LiFePO. (LFP, Umicore) particles and 10 wt% of PVDF.

The diluted suspension (6 mg/ml) of both slurries in NMP was sonicated for 30 min prior to filtering
with 1 um pore size paper. The filtered suspension was sonicated for 10 min before dropcasting the
suspensions onto the current collector strips. The suspension was then taken with a capillary (Narishige
GD-C 1, Tokyo, Japan) pulled by a micropipette puller (Narishige PC-10, Tokyo, Japan), and dropcast
on the selected electrode (NCM on the working and LFP on the counter electrode) using a
micromanipulator (Narishige MMO-4 hydraulic micromanipulator combined with a mechanical coarse
manipulator). The prepared chip was dried on a hot-plate at 60 °C in an Ar filled glovebox for 12 h to

fully remove NMP without damaging the electrochemical chip.

5.2.4. Micro-battery assembly within liquid cell

Prior to assembling the chips onto the TEM holder (Hummingbird Scientific, Lacey, WA, USA) [141],
both top and bottom (spacer thickness was 1 um) chips were treated with air plasma for 90 sec at 100
W to enhance the wettability of the electrolyte with the surfaces of the three electrodes. The holder was
then transferred into the glovebox for degassing. Ar gas was purged through the microfluidic tube to
remove the trapped gas from the micro-cell. The holder was kept in Ar environment for 3 h before
introducing the electrolyte (1 M LiPF6 in 3:7 ethylene carbonate (EC): ethyl methyl carbonate (EMC),
BASF, <20 ppm water). Wetting of the electrodes was confirmed by a stable open circuit voltage (OCV)
reading on the connected potentiostat (SP-300, BioLogic, France) once the electrolyte was introduced

into the liquid cell through microfluidic tubes.

5.2.5. Electrochemical measurements

The coin cell was assembled using the method described in detail previously [159], with both pristine
and ball-milled NCM®622 as the cathode. Both coin cells were cycled at C/5 between 3 V and 4.6 V (vs

Li/Li*) for 10 cycles. For liquid cell measurements, the amount of electrode material loaded onto the
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chip by dropcasting was difficult to quantify (roughly a few hundred pAh NCM on the working
electrode). Therefore, galvanostatic charge/discharge measurements were conducted at an
experimentally selected current of 50 nA between —1 V and +1.5 V vs. LFP (resulting in +2.5 V to +5
V vs Li/Li* assuming the LFP potential of roughly 3.5 V vs Li/Li* in this current range). Additionally,
a higher upper cutoff potential was applied for galvanostatic charge/discharge compared to the potential
set for cyclic voltammetry (1.4 V vs. LFP) to compensate for the high overpotential involved in the
liquid cell system under constant current cycling conditions. Cyclic voltammetry (CV) with a rather
fast scan rate of 20 mV s ™! was also performed. This accelerated ageing test method was initially chosen
to facilitate the degradation observations with in situ characterization by TEM, which is generally

limited by the experimental time[160], [161].

Before using loaded LFP as counter/reference, pre-delithiation needed to be conducted for driving the
LFP into the stage of charge (SOC) where it is able to hold a stable potential over a wide range of
lithiation/delithiation during cycling of the NCM working electrode [162]. The LFP loaded Pt electrode
was connected as working electrode, while the blank Au was connected as counter and reference. 500
nA current was applied to initialize the delithiation of the LFP and the current was decreased step by
step until the potential of LFP vs. lithiated gold started to deviate from the stable potential of delithiated
LFP vs. Li/Li*. NCM was then connected as working electrode while delithiated LFP was connected as

counter (and reference) for in situ cycling.

In order to measure the electrochemical performance of the cathode of the micro-battery assembled in
the liquid cell, CV was firstly used to confirm the stability and reproducibility of the experiments. Then,
galvanostatic charge/discharge was carried for tracking the reversibility of the reaction during cycling
and the subsequent capacity decay. A low current of 50 nA was typically used for in situ liquid
electrochemical experiments due to the otherwise too large ohmic losses of the setup. Additionally, as
relatively longer cycling time was consumed for one cycle while applying such a low constant current,
this is considered as a milder way of cathode cycling compared to CV and therefore the mass transport
of lithium ions of electrolyte could be well regulated under these conditions.
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5.2.6. Post mortem electron microscopy

After cycling in the liquid cell holder, the chip was unmounted and rinsed with dimethyl carbonate
(DMC) to remove the electrolyte residues. The chip was kept sealed within an Ar filled vial during the
transfer between the glovebox and the microscopes. A ThermoFisher Scientific Talos F200X TEM
operated at 200 kV was used to examine the top chip. Scanning TEM (STEM) and energy dispersive
spectroscopy (EDS) were used to identify structural and compositional changes, respectively, after the

electrochemical operation. The loading time was kept short to minimize exposure of the samples to air.

5.3. Results and discussion

5.3.1. Bulk electrochemical response of ball-milled primary particles

The average size of the secondary NCM particles is in the micrometer scale (Fig. 5-1a), which makes
it impossible to load in the liquid cell for electron microscopy studies. Therefore, a procedure for
retrieving the primary particles from the secondary particles was introduced. A three-step ball-milling
method was undertaken to produce particle sizes of 200-300 nm (Fig. 5-1b), which was followed by
annealing to recrystallize the particles. To confirm the electrochemical performance of the ball-milled
particles as cathode electrodes, coin cell cycling of the secondary and ball-milled particles was first
performed. Figure 5-1c depicts the differential capacity of the ball-milled and pristine particles as a
function of the working electrode voltage vs. Li/Li*. The good alignment of the differential capacity
peaks for both materials indicates that the same redox reactions during cycling take place at 3.7-3.8 V
vs. Li/Li*. Compared to the pristine NCM622 (Fig. 5-1d) the initial specific capacity of the ball-milled
NCM622 sample (Fig. 5-1e) has decreased by 40% (i.e. drop from 200 mAh/g to 120 mAh/g). This
capacity loss of the ball-milled NCM622 could be linked to the interaction between the surface of the
electrode material with the electrolyte as a result of the ~50-fold larger exposed surface area of the ball-
milled NCM622 particles (from 0.3 m?/g in the case of the pristine NCM622 to 15 m?/g for the ball-
milled material). In addition, the capacity loss of the crushed particles for the coin cell measurements

could be due to possible structural damage during the slurry preparation with the participation of
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grinding balls. The layered structure of the crushed particles after annealing was confirmed by high
resolution TEM (HRTEM) in Figure 5-1f, where the periodicity of the fringes matches the spacing of
the layers 0.47 nm [163] and the fast Fourier transform (FFT) (Fig. 5-1h) on the edge of the particle is
consistent with R3m rhombohedral crystal structure from [1 1 0] zone axis. In contrast, HRTEM and
the corresponding FFT on the selective regions of grinded particles after slurry preparation for coin cell
measurements (Fig. 5-1g) shows that the structure is damaged and is partially transformed into spinel
(Fd3m) close to the surface of the particle. However, it is noted that this final preparation step was
specifically performed for coin cell measurements and it was not involved in the electrode suspension
preparation for dropcasting on the electrochemical chip for in situ TEM. Therefore, the electrochemical
measurements of the ball-milled NCM622 particles used as working electrode for the experiments with
the in situ TEM cell are expected to represent well the properties of the pristine NCM622 material

making the electrochemical measurements with the two different cell setups comparable.
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Figure 5-1: SEM micrographs of the pristine (a) and the ball-milled (b) NCM622 particles, respectively. The
following electrochemical performance characteristics of the pristine and of the ball-milled NCM622 particles
obtained in conventional coin cells are shown in the following: (c) Differential capacity vs. potential plot for the
pristine NCM622 (blue) and the ball-milled NCM622 first (red) and third (black) cycle for a C/5 charge/discharge
between 3V and 4.6 V vs. Li/Li+. Working electrode potential vs. specific NCM622 capacity for 10 galvanostatic
charge/discharge cycles between 3-4.6 V for pristine NCM622 (d) and for the ball-milled NCM622 particles (e).
(f) HRTEM micrograph of the annealed particles. (g) HRTEM micrograph of the primary particles after grinding
assisted slurry preparation. (h) FFT of regions indicated as yellow squares in (f&g) with corresponding humber.
The scale bar is 5 nm.
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5.3.2. Electrochemical response of ball-milled primary particles on the electrochemical
chip

The cycling performance of ball-milled NCM particles was first tested in the confined electrochemical
configuration of the liquid cell. The SEM images in Figure 5-2a&b indicate the microfabricated
coplanar electrode geometry of the top electrochemical chip. The geometry of the working and counter
electrodes allows to site-specifically deposit the ball-milled NCM622 particles and LiFePOq
nanoparticles on the respective electrodes. After control experiments, a two-electrode configuration was
found to provide interpretable electrochemical profiles, hence the third electrode, normally used as a
reference, was left unloaded. Prior to the cycling experiments of the NCM622 particles, the LFP
particles were pre-delithiated by electrochemically transferring the lithium ions onto the Au reference
electrode strip of the cell (labeled RE in Fig. 5-2a). This preparation of the counter electrode serves to
utilize it as simultaneous pseudo-reference electrode (i.e. as electrode which retains an essentially
constant potential so that its potential serves as pseudo-reference potential). To initiate the nucleation
of metallic lithium on the Au reference electrode strip during delithiation of the LFP, a current of 500
nA was firstly applied and then reduced step-wise until the stable potential plateau of LFP was observed,
as shown in Figure 5-2c. The potential reading between the partially delithiated LFP and the lithiated
Au stabilized at the value closer to the theoretical value of delithiated LFP vs. LixAu alloy (3.5 V) while
applying lower current densities (from 500 nA down to 5 nA). After this partial delithiation of the LPF
deposited on the counter electrode strip, galvanostatic charge/discharge cycling was performed in the
liquid cell inside the glovebox to confirm the electrochemical performance of the system. Cycling with
a constant current of 50 nA shows reasonable electrochemical performance of the ball-milled NCM622
particles (Fig. 5-2d). Interestingly, the coulombic efficiency of this setup is close to 100% after a few
cycles, which indicates good reversibility of the charge/discharge reaction in the liquid cell
configuration, reasonably close to the expected behavior for a conventional cell setup. Moreover, the
initial discharge capacity and the capacity fading of the ball-milled NCM622 particles obtained in the
liquid cell setup was found to be quite comparable with the corresponding values obtained in the coin

cell configuration (see Fig. 5-1e), having around 80% capacity remaining after 10 cycles.
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Figure 5-2: (a) SEM images of the electrochemical chip patterned with electrodes made from one Au electrode
strip (labeled as RE) and two Pt electrode strips (labeled as WE and CE). (b) Zoom-in of the grey square region
in (a), the Pt WE electrode covering the electron transparent area was loaded with ball-milled NCM622. The Pt
CE electrode with the largest surface area was loaded with LFP. (c) Partial delithiation of LFP by applying a
constant anodic current with step-wise reduced magnitude between the CE and RE strips. The potential (blue)
stabilized at different values at the different values of the applied current (green). (d) Charge (black) and discharge
(red) capacity of NCM622 over 50 galvanostatistically controlled charge/discharge cycles conducted in the liquid-
cell setup between 1.5V and -1V (vs. partially delithiated LFP) at a current of £50 nA; the blue symbols show the
corresponding coulombic efficiencies.

5.3.3. Cycling of ball-milled particles with varying electrochemical input in a liquid
microcell TEM holder and post mortem TEM analysis

Local chemical transformations of the ball-milled particles were evaluated in situ by applying a range
of electrochemical conditions. The electrochemical stimuli performed in the liquid cell TEM holder and
the post mortem STEM-EDS analysis of the NCM particles participating in the reactions are displayed

in Figure 5-3. The particles' response to cyclic voltammetry was first investigated (Fig. 5-3a). Compared
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to reported CV curves from coin cell experiments, broadening of the redox peak in the CV within the
liquid cell is seen. This is attributed to geometric differences between the two configurations. It is
known that the liquid TEM cell causes deviations from the ideal Nernstian behavior and exhibits
increased ohmic drop [109], [152], [164], [165]. Moreover, geometry dependent mass transport and
diffusion variation in the microband/microfluidic system will impact the electrochemical measurement
and also result in peak broadening [166]. The particles did not exhibit significant compositional
modification after 5 cycles and the structure remained intact, as revealed by the atomic ratio of Ni, Co
and Mn that remained at 3:1:1 over the whole particle (Fig. 5-3b&c). Typically, the high scan speed
during CV analysis does not provide sufficient time for lithium ion transport towards the electrode.
Such CV conditions are inadequately used in liquid cell TEM testing of battery systems and cannot be
directly compared to galvanostatic battery cycling. Next, charge/discharge measurements were
performed. Particles mapped in Figure 5-3e were cycled 50 times with a constant current of 50 nA with
one hour rest every 10 cycles (Fig. 5-3d). They exhibit Mn and Co dissolution up to 20 nm from the
surface as indicated by the arrow in the line profile of atomic fraction in Figure 5-3f. The dissolution of
Mn and Co ions from the NCM particles after cycling is caused by the ionic disorder that takes place
along with the de-/intercalation process consisting of ionic diffusion within the electrolyte and solid-
state diffusion of lithium atoms within the electrode material [167], [168]. The pause introduced
between the cycles ceases the polarization via minimization of the adsorbed ions on the surface of the
electrode, which is reflected in the observed bounce back and destabilization of the charge capacity
from the first cycle after each pause, as depicted in Figure 5-3d. Suspending the polarization on the
electrode not only triggers the relaxation of ions within the double layer by electrolyte ionic
concentration gradient redistribution but also assists on the rearrangement of the lithium atoms through
solid-state diffusion within the NCM particles. As reported previously, the ionic radius of Ni?* (0.69 A)
is similar to Li* (0.76 A) and has lower diffusion barrier, making it more feasible for Ni/Li exchange
and Ni rearranging within the NCM material while the Mn and Co ions tend to undergo irreversible

chemical reaction with the liquid electrolyte that, together with the electrochemical redox, leads to their
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dissolution from the surface of the particles after cycling [169], [170]. The rest between several cycles
provides the opportunity for element relaxation from the disordering induced by the lithium de-
/intercalation during charge and discharge cycling and it should serve as the means to perform

reproducible battery cycling experiments using liquid-phase electron microscopy.
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Figure 5-3: (a-c) CV-based analysis: a is the CV curve for cycling NCM particles inside the liquid cell at 20 mV/s
for 5 cycles. (b) shows the HAADF image of a particle after cycling and the EDS elemental maps for Ni (green),
Mn (blue) and Co (red). (c) depicts an EDS line profile across the particle (green arrow in HAADF image) that
demonstrates the distribution of the three transition metals. (d-f) Galvanostatic charge/discharge analysis: d shows
the capacity profiles for cycling at 50 nA for 50 cycles with 1 h rest between every 10 cycles. Plotted in the same
figure is the measured coulombic efficiency. (e) shows the HAADF image and EDS elemental maps of a particle
after 50 cycles. f is an EDS line profile across the particles along the green arrow displayed in the HAADF image
in (d). The subtle elemental dissolution of Co and Mn is depicted with arrows in (f). The scale bar is 200nm in
both HAADF images.
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5.4. Conclusion

In summary, a versatile setup for micro-battery TEM experiments in liquid electrolytes was assembled
and it was found practical for a range of electrochemical measurements pertinent to lithium-ion battery
testing. The electrochemical performance of ball-milled NCM622 primary particles was shown to be
representative of the secondary ones that are commonly used in bulk systems. Therefore, the mass
transfer limitation and internal resistance caused by the relatively smaller volume of the electrolyte and
the restrictions imposed by the quantity of the electrode active material that can be loaded on the
microelectrodes do not inhibit the experimental measurements. However, the electrochemical
measurements revealed that the geometry-related limitations of the in situ TEM setup can affect the
lithium de-/intercalation within the Ni-rich layered oxide cathodes which drive the migration of
transition metal ions. In this study, we showed that by adding pause conditions during galvanostatic
charge/discharge cycling, the micro-system's electrochemical behavior leads to cathode degradation
mechanisms comparable to the expected ones in bulk cells. Thus, with the methodology developed
herein, we are now close to monitoring in real-time the complex degradation processes involved in the
positive electrodes of lithium-ion batteries and directly relate them with the electrochemical conditions

applied for their ageing.
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6.1. Introduction

Layered oxide cathodes of the general formula Li[Ni;—«yC0xMny]O, (NCM) have been developed with
growing Ni-content due to their higher energy density that can be obtained for a given upper cut-off
potential by extracting more lithium from the layered NCM structure[171]. A structure with more
increased Ni content from NCM®622 is the 811 (0.8Ni, 0.1Co, 0.1Mn). This exhibits higher theoretical
electrochemical performance and it is also less sensitive to the change of cobalt prices that is a vital
concern in the battery cost[172]. Considering that the transition metal ions have strong influence on the
intrinsic properties of NCM materials, the relationships between the composition evolution and the
electrochemical performance that fade in the layered lithium transition metal oxides need to be

systematically studied.

Herein, we demonstrate the comparative cycling of cathode materials with two concentration ratios of
transition metal ions NCM622 and NCM811 in our optimized liquid TEM microcells. Galvanostatic
charge/discharge electrochemical analysis was performed to evaluate cathode cycling in both macro
and microsystems. This accelerated aging test method was initially chosen to facilitate the degradation
observations with in situ characterization by TEM, which is generally limited by the experimental
time[160], [161], [173]. The results confirm that the electrochemical cycling of primary NCM622 and
NCM811 primary particles in the liquid cell can provide comparative coulombic efficiency and capacity
retention to the conventional secondary particle-based coin cell tests. Thus, the cycling stability of the
particles is investigated in the liquid cell by running accelerated cell aging tests. The transition metal
ion dissolution aging mechanism was studied by ex situ STEM EDS. The phase separation was observed
in NCM622 with Ni and Co rich patches. However, NCM811 shows less stability over the same cycling

condition and it is mainly affected by the surface interaction with the electrolyte.
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6.2. Methods
6.2.1. Material processing and electrode preparation

Liz+x(Nio6C002Mng2)1x0O2 (NCM622) and Li1+x(NiosC001Mno1)i O, (NCM811) were provided as
secondary particles with the size of around 10 um (BASF, Germany). The hierarchically structured
particles were processed by three-step wet ball milling (as being described in section 5.3.1) into primary
particles with the size of 200-300 nm. The ball-milled NCM622 and NCM811 primary particles (after

milling step 3) were used as active cathode material for coin cell and liquid cell testing.

The primary-particle-based electrode slurry for coin cell and micro cell test was prepared following the
procedures explained in section 5.3.3. The loading of active materials of NCM622 and NCM811
electrodes in the coin cell was 0.296 mg/cm? and 0.25 mg/cm?, respectively. Coin cell testing was
carried out on a half-cell that was assembled with metallic lithium as the counter/reference electrode,
while delithiated LiFePO. was used as the counter/reference electrode in the two-electrodes connection

for micro cell testing.

6.2.2. Battery assembly
6.2.2.1. Coin cell

A reliable electrochemical setup is essential to evaluate the basic properties of batteries. Half-cell
configurations with two electrodes are typically applied, in which electrode active materials to be
evaluated is used as the working electrode (WE). In contrast, the other electrode is used as the counter
(CE) and the reference (RE) electrode[174]. Electrochemical cycling of NCM/Li coin cell was
assembled in an Ar filled glove box with NCM as the working electrode and lithium as the counter
electrode. The two electrodes were assembled face to face with two glass fiber separators (glass
microfiber filter, 691, VWR, Germany) with an equal diameter in between. Cells were assembled with
80 ul of LP57 electrolyte soaked in the separator between working and counter electrode. Stainless-

steel current collectors and a spring were placed on maintaining pressure on the electrode stack, while
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the electrical insulation and airtightness were ensured by the polypropylene gasket. The tight sealing
was accomplished by a specific crimping machine, making the setup ready for long-term cycling at a

lab scale.

6.2.2.2. Open cell

The reliability of the chip is evaluated by micro-battery system with primary particles as electrodes.
The loaded electrochemical top chip was clamped onto a specially designed planar casing that was
connected to the external potentiostat. Then, 100 ul of electrolyte was dropped to cover all electrodes
and therefore allowing for ion transport between them and for running electrochemical measurements.
Both the assembly of open cell and the electrochemical experiments were conducted in the Ar filled

glovebox.

6.2.2.3. Liquid cell

The electrochemical chip with symmetric electrode configuration as presented in Figure 3-7b are
assembled with a 1 um spacer after both been treated with air plasma for enhancing wettability
following the method described in section 5.3.4. The system stabilization of the liquid cell after
introducing the electrolyte through a microfluidic tube is confirmed by the stable open circuit voltage

(OCV) reading on the connected potentiostat.

6.2.3. Electrochemical measurements

Coin cells were cycled at C/5 between 3V and 4.6 V vs. Li/Li* for 5 cycles. The C-rate was referenced
to the approximate theoretical specific capacity of the NCM622 (220 mAh/g) and NCM811 (275 mAh/qg)
at 1 C (equating to areal capacities of 0.065 mAh/cm? for NCM622 and 0.069 mAh/cm? for NCM811).
The cells were cycled in a 25 °C climate chamber (Binder, Germany) with a battery cycler (Series 4000,
Maccor, USA). For micro cell measurements, the amount of electrode material loaded onto the chip by

dropcasting was difficult to quantify (roughly a few hundred pAh NCM on the working electrode).
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Therefore, galvanostatic charge/discharge measurements were conducted at an experimentally selected
current of 10 nA on the micro cell between 2V and 5.5 V for 50 cycles, 1 h rest was introduced between
every 10 cycles. Here, the potential values were calculated vs. Li/Li*, which was determined by
considering a stable LFP potential of 3.5 V vs. Li/Li*. Because of the remarkable overpotential involved

in the liquid cell system, 100 nA was requested for cycling primary NCM particles in the liquid cell.

6.2.4. Post mortem electron microscopy

After cycling in the liquid cell holder, the chip was unmounted in the Ar-filled glovebox and rinsed
with dimethyl carbonate (DMC) to remove the electrolyte residues. The harvest chip was kept sealed
within an Ar filled vial during the transfer between the glovebox and the microscopes. The loading time
was kept short to minimize exposure of the samples to air. A ThermoFisher Scientific Talos F200X
TEM operated at 200 kV was used to examine the top chip. Scanning TEM (STEM) and energy
dispersive spectroscopy (EDS) were used to identify structural and compositional changes, respectively,

after the electrochemical operation.

6.3. Results and discussion

6.3.1. Electrochemical measurements of the two Ni-rich cathodes on coin and micro open
cell configurations

First, the cycling capability of cathode primary particles on the coin cell and chip-based microcell setup
is compared. An overall higher overpotential in the chip-based microcell setup is measured. This is
attributed to the considerably large distance between the coplanar microelectrodes which results in a
larger ohmic drop within the electrolyte. Additionally, limited electrode reaction sites due to the small
quantity of active electrode materials that are loaded on the electrochemical chip as well as the
consequent high current density may end up with insufficient ion migration for electron neutralization
on the electrode surface leading to higher diffusion overpotential in the system (charge transfer

limitation). Such kinetic inhibition on the electrode reaction requires higher overpotential[175].
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Therefore, an extensive range of cycling potentials was applied for galvanostatic charge/discharge in
open cell (2 V to 5.5V vs. Li/Li*) than the potential set for coin cell tests (3 V t0 4.6 V vs. Li/Li*). As
presented in Figure 6-1a-d, instead of holding the overall capacity of more than 80% in coin cell, the
NCM particles have less than 50% capacity left in the open cell after the first 5 cycles. The unexpected
large capacity measured from the primary particle of NCM811 (Fig. 6-1b) is a hint for significant
parasite reactions taking place with the electrolyte while cycling. Although the practical discharge
capacity of NCM811 (161 pAh) is higher than that of NCM622 (134 pAh) under the same cycling
condition, NCM8L11 is less stable compared to NCM622 when cycling in the open cell. Only 40%
capacity retention is observed for NCM811, while NCM622 holds 60% of the initial capacity after 50
cycles. The fast decay of NCM particles observed in the open cell system is expected due to the high
current rate[176]. In the galvanostatic charge/discharge open cell measurements, the operational current
is dependent on the experimental setup and the active material loading is hard to estimate, however, the
current rate can be calibrated by the average time used for completing the cycles. The C rate was
calculated to be around 780 C for NCM622 and 310 C for NCM811. Such accelerating cycling
condition is crucial for in situ study with TEM, where efficient stimulation of the degradation in cathode
materials can bring more chances of capturing the electrochemically induced modification. However,
the high current condition may, on the other hand, interrupt the stabilization of the open cell system. As
shown in Figure 6-1e&f, the differential capacity during galvanostatic charge/discharge has peaks
overlapping from most of the cycles. For the first ones, indicated as red curves in Figure 6-1e&f and
highlighted in red boxes in galvanostatic graphs in Figure 6-1c&d, the dQ/dV curves are shifted,
indicating the reactions taking place initially between electrode and electrolyte for stabilizing the system.
Interestingly, despite the electrode loading on the electrochemical chip being two orders of magnitude
smaller than for the coin cell, the micro-battery system based on separately loaded electrode particles
takes more cycles to stabilize, which is attributed to the fully exposed electrode material surface area

boosting the chance for the interface reaction between electrode and electrolyte.
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Figure 6-1: Coin cell galvanostatic charge/discharge of NCM622 (a) and NCM811 (b) primary particles between
3V to 4.6 V (vs. Li/Li*) at C/5 for 5 cycles. Galvanostatic charge/discharge of NCM622 (c) and NCM811 (d)
primary particles on electrochemical based micro cell between 2 V to 5.5 V (vs. Li/Li*) at 10 nA for 50 cycles
with 1 h rest between every 10 cycles. Red boxes indicate the cycles for stabilizing the micro battery system. (e-
f) Differential capacity from galvanostatic charge/discharge of NCM622 (c) and NCM811(d) fromlst (red) to

50th (blue) cycle.
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6.3.2. Chemical evolution of particles cycled in the liquid cell

The local compositional modification of the primary NCM particles after electrochemical stimuli
performed in the liquid cell TEM holder is evaluated by the post mortem STEM-EDS. A two-phase
separation within the particle was observed from the NCM622 particle mapped in Figure 6-2, which
was cycled 100 times with a constant current of 100 nA with 10min rest every 10 cycles. The coulombic
efficiency dropped from 90% to 80% after 100cycles with the capacity retention decreases during the
first 30cycles by 60%, but increasing subsequently. Rather than continuous concentration variation as
reported for particles cycled with longer resting time[177], there is a sharp boundary between the Ni-
rich and Co-rich phase domains, which can be seen from the EDS composition of the selected region
and line profile in Figure 6-2c&d. Even though Mn does not vary as much as the other two transition
metals across the particles, the overall composition of the whole particles indicates slight Co and Mn
deficiency. This local various compositional modification caused by shorter rest time is assumed to
result from solid-state diffusion together with the charge-transfer kinetically controlled lithium
intercalation. The high current rate may have driven the redox reaction of both Li and transition metals,
while there is not sufficient time either for Li diffusion-limited reactions on the electrode or for elements
relaxing from the disordering induced by the lithium dis/intercalation during charge and discharge. The
tendency of Ni?* (0.69 A) ions substituting Li* (0.76 A) ion in octahedral sites (cationic disorder) can

drive the Ni%*ion migration during delithiation, especially for the ones occupying the 3a site of Li-layer.

Meanwhile, Ni?* ions and the oxidized Ni®** ions that are formed during delithiation are preferentially
utilized for facilitating faster lithium diffusion due to the lower activation barrier[170]. Thus, the
irreversible Ni migration is hypothesized to be the reason for developing the Ni-rich region. Moreover,
the irreversible chemical reaction between Mn and Co ions with the electrolyte is accompanied by
oxygen release under high upper cutoff potential, which can lead to elemental rearranging within the
NCM materials during cycling for charge neutralization and potential Mn dissolution as has been
previously reported[170], [178]-[180]. The lattice distortion due to the transition metal migration and

phase separation can lead to bulk phase transformation and capacity decay. However, no surface
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modification was observed from the cycled particle. The only bulky phase attaching to the particle that

is rich in O and F (Fig. 6-2 h-i) is expected from the electrolyte residue on the chip after processing.
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Figure 6-2: (a) presents capacity (red dots) and coulombic efficiency (blue squares) profiles of galvanostatic
charge/discharge at100 nA between 2.7 V - 5.5 V (vs. Li/Li*) for 100 cycles with 10 min rest between every 10

cycles. (b) shows the HAADF image of an NCM622 particle after cycling. (c) illustrates the relative atomic
fraction of transition metals in the selective regions in (b) (red box indicates the Co rich region and the green box
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indicates the Ni-rich area). The vertical dash lines indicate the theoretical composition of the particle. (d) depicts
an EDS line profile across the particle (white arrow in HAADF image) that demonstrates the distribution of the
three transition metals. (e-j) EDS elemental maps for Ni (green), Co (red), Mn (blue), O (orange), F (turquoise),
and C (purple).

The micro battery cycling in the liquid cell with NCM811 at the same voltage range as for NCM622
remains operational for only 30 cycles. The coulombic efficiency (CE), serving as an indicator for
guantifying the magnitude of side reactions and the reversibility of the cycling is used for estimating
the health state of a battery and provide estimation on the battery degradation[181], [182]. Therefore,
the dramatic decrease of the CE of NCM811 from 86% to 56%, as depicted in Figure 6-3a, indicates
that the micro battery has reached the end of its life by then. The abnormal capacity increase during
efficiency drop can be a reason of the surface reaction induced by the high upper cutoff potential for
cycling NCM811. The elemental characterization of NCM811 harvested from this cycled micro battery
is presented in Figure 6-3b-j. Instead of the phase separation with a distinct phase boundary as in
NCM622, the NCM811 does not shows compositional variation over the entire particle (Fig. 6-3c, e-
g). However, the subtle Co and Mn dissolution up to 10nm from the surface of the particle can be
identified through the line profile of the atomic fraction of the transition metal ions along the particle
(Figure 6-3d). The dissolution of Mn and Co ions from the NCM particles after cycling is caused by
the ionic diffusion and solid-state diffusion induced ionic disorder within the electrode material[169],
[170]. Even though the rest time was shorter and the applied current was higher, the NCM811 shows
similar compositional evolution to the NCM622 cycling in the liquid cell with the same coulombic
drop[177]. Thus, the irreversible de/intercalation of Li* without much compositional degradation in
NCMB8L11 after cycling suggest that its degradation is more related to the interface reaction between
electrode and electrolyte rather than structural or chemical transformation within the electrode particle.
From the previous studies using density functional theory calculations as well as in situ Raman
spectroscopy, increasing Ni content in the positive electrode materials has been found to promote the
dehydrogenation of carbonate-based electrolytes, leading electrode impedance growth[183], [184].

Such interface normally consists of inorganic constituents (Li-O, LiF and Li»COs), and the organic
7
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constituents (ROCO,Li and ROLI) [185], which is coherent with the F and C-rich shell forming on the

surface of NCMB8L11 particles after cycling as can be seen from Figure 6-3h-i.
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Figure 6-3: (a) present the capacity (red dots) and coulombic efficiency (blue squares) profiles of galvanostatic
charge/discharge NCM811 at100 nA between 2.7 V - 5.5 V (vs. Li/Li*) for 30 cycles with 10 min rest between
every 10 cycles. (b) shows the HAADF image of an NCM811 particle after cycling. (b) illustrates the relative
atomic fraction of transition metals in the selective regions in (a) (the yellow box indicates the particle edge
particle, and the orange box indicates the particle center). (c) depicts an EDS line profile across the particle (white
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arrow in HAADF image) that demonstrates the distribution of the three transition metals. (e-j) EDS elemental
maps for Ni (green), Co (red), Mn (blue), O (orange), F (turquoise), and C (purple).

6.4. Conclusion

The electrochemical measurement of the micro-battery protocol in the liquid cell is reliable and
reproducible for in situ analysis. NCM811shows not only less stability under the same cycling condition
in the liquid cell compared to NCM622 but also different degradation mechanisms. The influence of
increasing Ni content on NCM dominates in the interaction of particle surface with the electrolyte other
than the intraparticle phase transformation in the accelerated (high charge/discharge rate) cycling
conditions. Sufficient resting time is necessary to compensate for the rate effect and discover the surface

structural related degradation mechanism of various Ni-rich NCM materials.
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Observing the dynamic evolution of the interface and internal structure of lithium-ion battery electrodes
during operation can extend our understanding of the underlying degradation mechanisms by
correlating the material evolution with its electrochemical performance decay. In situ TEM is a
promising diagnostic technigue with the potential of monitoring the structural and chemical degradation
processes with high spatial, temporal, and energy resolution. Nevertheless, the integration of the liquid
electrolyte and electrode system in the TEM holder for running reliable electrochemical measurements

remains a fundamental challenge.

Therefore, the aim of this thesis was to optimize the liquid phase electrochemical TEM system for
battery cycling. The on-chip micro-battery setup has been firstly revised from both liquid cell system
and cycling condition aspects. Symmetric electrode configuration and proper functionalization of the
electrode have improved the reproducibility of battery cycling. Electrode materials have been processed
into compatible size to the liquid cell by milling while preserving their properties. Dropcasting was
found to be a practical method for material loading on the chip. Galvanostatic cycling with additional
pause conditions was shown to be more reliable than cyclic voltammetry for the characterization of the

electrode materials at nanoscale in the liquid cell.

Using the optimized system, degradation mechanisms of Ni-rich NCM layered oxide cathodes for high
energy density lithium-ion batteries have been analyzed with post mortem STEM-EDS. The detrimental
reactions for Ni-rich NCM capacity fade were thereby identified. The electrode degradation was
evaluated as gradual capacity decay or electrode isolation from the electrolyte, for which we assume it
is caused by bulk phase transition and surface reaction, respectively. Increasing Ni content in NCM
particles was found to facilitate the surface reaction between the electrode and electrolyte so that the
electrode degradation is more likely to result in resistive surface layer formation. The subtle
compositional deficiency due to the surface layer formation that is observed in NCM811 is responsible
for the irreversible capacity loss. In comparison, the NCM622 electrode losses its reversible capacity
through bulk phase transformation with distinct compositional domains, from which the diffusion path
of lithium ions within the material is halted.
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To conclude, in general, the methodology described in this thesis for studying the electrochemical
process in the liquid cell can provide reasonable electrochemical measurements by adjusting the
conventional cycling parameter to overcome the geometry limitation. It can also be used for analyzing
other electrochemical stimuli triggered phenomenon in the liquid phase. The degradation path variation
that is discovered in Ni-rich NCM with different compositions brings novel insights on understanding
the failure mechanism of NCM cathodes with increasing Ni content. Therefore, our results aspire
towards the design of next-generation Ni-rich NCM cathodes with long-term advanced electrochemical

performance and improved stability.

The electrochemical cell established in this thesis for TEM also opens up the possibility for fundamental
studies of the solid electrolyte interphase formation and evolution, anode aging mechanism, and the
influence from the electrode surface or electrolyte modification. Hence, valuable insights can be
attained for systematic performance optimization in lithium-ion batteries. Moreover, the high current
density involved in the electrochemical cycling in the liquid cell can be desirable for studying fast-
charging lithium-ion batteries. Stabilizing the battery system under the extremely fast charging rates
can be particularly interesting for battery-based EVs, which will promote the adoption of EVs in the

future electric transportation.

Still, the ultimate goal is to have a robust system for performing operando diagnostic studies in liquid
phase TEM that is capable of measuring the material properties during the in situ TEM studies and
correlating their electrochemical measurements with structural characterization. This, however, needs
to be further optimized for overcoming operational and interpretable challenges. The limited
spatial/energy resolution of imaging or spectroscopy analyses remains a drawback due to the thickness
of the liquid layer defined by the liquid cell membranes and the effects on particle and electrolyte

degradation due to electron beam irradiation remains difficult to mitigate.
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