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ABSTRACT 

The widespread commercialization of electric vehicles is currently hindered by their inability to 

compete with conventional gasoline-powered vehicles in terms of refueling time. The main barrier 

to achieving fast charge of lithium-ion batteries is the plating of metallic lithium on the surface of 

the graphite negative electrode, which is known to occur most prevalently at high C-rates, low 

temperatures, and high states of charge (SOC). While it is accepted that the lithium plating process 

is largely reversible, the factors affecting the reversibility of lithium plating have not been 

thoroughly investigated. This work seeks to determine the most influential factors affecting the 

reversibility of lithium plating in order to devise strategies to mitigate long-term damage to the 

cell if lithium plating has been detected. It was determined that the temperature during the rest 

phase following plating has the most significant influence on plating reversibility, with cells 

undergoing rest at 30 ℃ exhibiting nearly twice the Coulombic inefficiency of cells undergoing 

rest at 0 ℃. Additionally, a novel technique was developed to observe the relaxation processes 

directly in a graphite electrode just after lithium plating has occurred. The occurrence of 

electrochemical stripping and the dissolution of overshooting phases in graphite were verified 

through direct in-situ observation. A two-part model is presented to describe the progression of 

the relaxation processes in graphite after lithium plating occurs under high rate operation. 
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CHAPTER 1 – INTRODUCTION 

1.1 Why do we need Energy Storage Systems? 

Ever since the industrial revolution, mankind has made tremendous advancement in terms of 

science and technology which has significantly improved the quality of human life. With every 

patent and scientific paper, we have progressed into a more convenient world with a better 

understanding of physics that governs our world. However, this technological advancement has 

led to the ever-increasing demand for energy. Our society has relied heavily on non-renewable 

forms of energy such as coal, natural gas, and petroleum to satiate the energy demand. This 

continued reliance on fossil fuels leads to the rapid depletion of the vast reserves of fossil fuels 

and the contamination of the environment through pollution.  

Shifting to sustainable forms of energy is the most pressing challenge of our world now that is 

required to be solved.  A cleaner alternative option to satiate this energy requirement is the usage 

of renewable forms of energy. Solar Energy, Wind Energy, Hydroelectric Energy, Geothermal 

Energy, Biomass Energy are some of the renewable forms of energy mankind is trying to shift to. 

Even though these provide the cleanest forms of energy, fluctuations in their availability make it 

difficult to continually harness them. Rising in tandem with the proliferation of technologies 

harnessing renewable energy are advanced energy storage systems. Energy storage systems 

provide the best way to circumvent this problem and provide a continuous supply of energy during 

off-peak hours or in locations ill-suited for harvesting a renewable form of energy. As the research 

in energy storage systems flourishes, the reliance on renewable forms of energy would become 

much more feasible.  

1.2 History of Lithium-Ion batteries 

In 1800 the first battery namely the “Voltaic cell” was made by an Italian scientist named 

Alessandro Volta. After that William Cruickshank came up with the first electric battery capable 

of mass production[1]. Ever since that the application of batteries flourished and it was 

commercialized rapidly. An important upgrade in the battery research was made by the invention 



   
 

14 
 

of the Daniell cell by the British scientist John F. Daniell. The Daniell cell had an operating voltage 

of 1.1V and a better life than the Voltaic cell. All these cells were primary cells. Primary cells can 

be only used once and can’t be cycled after it has been exhausted. The electrochemical reaction in 

primary cells is irreversible. These cells are still used primarily for one-time use applications. 

MnO2 is one of the primary cells were widely used. 

Gaston Plante first discovered the first rechargeable battery which was based on a lead and acid 

system which still finds use today. The electrochemical reactions taking place in a rechargeable 

cell are reversible. These cells are also known as secondary cells. In terms of secondary cells, the 

Lead-acid secondary cell and the Nickel-based secondary cell were the ones primarily used 

although there were a large number of battery systems invented in the last century. The research 

on the advancement of battery systems rapidly proliferated. The invention of the lithium-ion 

battery was in response to the increasing demand for high-performance batteries. Lithium-ion 

batteries have high energy density and excellent cycle life. The lithium-ion battery system started 

catching up with high-end applications and gradually ended up becoming the state of art 

commercialized battery system. 

1.3 Lithium-Ion batteries- the front-runner of Energy Storage Systems 

Since the 1990s, Lithium-Ion batteries began replacing NiMH batteries and gradually became the 

front-runners of secondary battery systems. Lithium-ion batteries have a ubiquitous influence 

when it comes to energy storage applications. They are widely used in a variety of energy storage 

applications such as electric vehicles (EV), hybrid electric vehicles (HEV), Plug-in Hybrid electric 

vehicles (PHEV), portable electronics and green grid energy storage. Lithium-ion batteries have 

been flourishing in the battery market because of its high power and energy density, no memory 

effect and excellent cycle life. Thus, the demand for Lithium-Ion batteries has been growing at an 

unprecedented rate. Portable power supplies have become the lifeline of the modern technological 

world.  

The electrical energy stored by a battery is usually expressed in terms of Energy Density per unit 

weight. This is a function of the cell potential (V). The maximum energy that could be obtained 

from a battery is primarily influenced by the type and the amount of active materials used. 
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However, depending on the kind of material used, there is a maximum theoretical capacity possible 

in absolutely ideal conditions. However, in real life, only a fraction of the theoretical capacity of 

the battery is achieved.  

 

 
Fig 1.1: Ragone plot of various battery technologies [2] 

 

Not only is lithium smaller in size, but it is also lighter in weight with a high theoretical energy 

density which is why it is regarded as the front runner of all the other battery systems. Fig 1.1 

illustrates that lithium-ion battery technology has attained the highest gravimetric energy and 

power density among all the commercialized rechargeable battery technologies. Lithium-ion 

batteries offer high Coulombic efficiency values even at high current rates[2].   
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1.4 Types of commercially available Lithium-ion cells 

Lithium-Ion batteries are available in formats. The key components can be packaged in different 

ways. There are three main categories in which lithium-ion batteries can be classified in terms of 

packaging:  

1. Cylindrical Cells 

2. Pouch Cells 

3. Coin Cells 

4. Prismatic Cells 

1.4.1 Cylindrical Cell 

The cylindrical cell is one of the most widely used packaging styles that has been implemented in 

lithium-ion batteries. Fig 1.2 shows the cross-section of a cylindrical lithium-ion cell.  

 

Fig 1.2: Schematic of the structure and components of a Cylindrical Cell[1] 
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The electrodes are cut into a long strip with dimensions in accordance with the dimensions of the 

battery. The electrodes are arranged in by placing the separator in between the anode and the 

cathode and this whole arrangement is placed between two sheets of spacers. This whole unit is 

rolled and fitted into a cylindrical casing. This type of cell provides excellent mechanical stability 

and is its fabrication is relatively simple. There are various dimensions of cylindrical cells which 

are as follows:  

Table 1: Types of Cylindrical cells 

Size Dimensions 

A cell 17 x 50 mm 

AA cell 14.5 x 50 mm 

AAA cell 10.5 x 44.5 mm 

AAAA cell 8.3 x 42.5 mm 

18650 18 x 65 mm 

26650 26 x 65 mm 

26700 26 x 70 mm 

21700 21 x 70 mm 

 

 

Another fascinating feature about cylindrical cells is the inclusion of a venting mechanism as 

shown in Fig 1.2. This mechanism is utilized when excess pressure is developed inside the battery 

due to the evolution of gases. This mechanism vents out the excess gases when the pressure crosses 

a particular threshold value based on its design.  

1.4.2 Pouch Cell 

A pouch cell is made up of multiple cell units comprised of anode and cathode with a separator in 

between, stacked upon one another with conductive tabs welded to the anode and cathode current 

collectors. A pouch cell is known to have the highest packing efficiency of around 95%. Fig 1.3 

shows the schematic of the structure and components of a pouch cell[4] 
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Fig 1.3: Schematic of the structure and components of a Pouch Cell[1] 

 

The mechanical stability of a pouch cell is less in comparison to cylindrical cells due to the absence 

of the individual cylindrical casing. This makes the pouch cell lighter in weight. However, 

generally, a casing or mechanical support is provided in the fitting.  

A serious concern regarding pouch cells is swelling due to the evolution of gases within the cell. 

The swelling of cells can result in adding mechanical stress to the device. This often results in 

damaging the equipment that is being powered by the battery. For example, if it is used in any 

electronic device, it might end up causing cracks or breakage to adjacent components like the LCD.  

1.4.3 Coin Cell 

Another commonly used format of lithium-ion battery is the coin cell which is also commonly 

known as a button cell. Coin cells come with a more compact design and are primarily used for 

smaller devices. To achieve the desired voltage, usually coin cells are stacked above one another.  
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Fig 1.4: Schematic of the structure and components of a Coin Cell [1] 

 

Fig 1.4 shows a coin cell and the various components that it is comprised of. Coin cells are usually 

inexpensive and come with a long shell life. They find applications in devices like calculators, 

watches and medical equipment.  

1.4.4 Prismatic Cells 

Prismatic Cells are predominantly found in mobile phones. The design of these cells is flexible 

and could be adjusted to accommodate the design of the product which the battery would be 

powering. Fig 1.5 shows the structure of a typical prismatic cell and the components it is comprised 

of. 
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Fig 1.5: Schematic of the structure and components of a Prismatic Cell[1] 

 

The modern prismatic cells are packaged in a soldered aluminum housing which is manufactured 

slightly thicker to account for the compromised mechanical stability in comparison to the 

cylindrical design. Prismatic cells usually offer relatively poor thermal management and usually 

has a shorter life cycle than its cylindrical counterpart.  

1.5 Lithium-Ion battery electrochemistry 

Even in the different type of commercialized Lithium-ion batteries, there are four functional 

components that are found in every type of Lithium-ion cells:  

1) Anode 

2) Cathode 

3) Electrolyte 

4) Separator 
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1.5.1 Anode 

The anode is the negative electrode of an electrochemical cell. In order to strive for high energy 

density batteries, it is crucial to deploy high capacity electrode materials. 

Initially, for secondary batteries, lithium metal was used as an anode. Alkali metals like Lithium 

could be a good prospect for negative electrodes. Higher voltage ranges can be obtained if lithium 

metal is used as an anode material since it has the lowest possible potential of 0.0V vs Li/Li+. 

Lithium has a high specific capacity of 3862mAh/g due to its low density. However, there were 

various safety issues concerning the usage of lithium metal as anode material. During the charging 

process, several dendrites are formed which might pierce through the separator and cause internal 

shorting which consequentially might lead to the catastrophic event of a thermal runaway. Apart 

from that, Lithium metal reacts with the electrolyte and upon repeated cycling, it leads to the severe 

degradation of the lithium electrode.  

With progressive research, the state-of-the-art anode material kept changing as researchers strived 

to obtain materials with higher capacity and fewer safety concerns. It was found that carbonaceous 

materials served as a better alternative for anode material. The first carbonaceous anode material 

used for battery commercialization was Coke. Later on, Coke was replaced with MCMB 

(MesoCarbon MicroBeads) since they provided a higher capacity per unit weight. However, S. 

Hossain et al. [5] explored the properties of C-C (Carbon-Carbon) composite and endorsed it as a 

strong candidate for the anode in lithium-ion batteries. 

The ideal carbonaceous material is expected to have a high capacity, high electronic conductivity, 

and excellent lithium hosting capability. The application of novel technologies has been successful 

in improving the electrochemical performance of carbonaceous materials. E. Endo et al. [6] 

reported that the application of electron beam irradiation can improve the electrochemical 

performance of carbon electrodes by increasing the reversible capacity and also reducing the 

amount of structural changes during cycling.  

At present, the most widely used anode material is Graphite. In comparison to Lithium metal, 

Graphite relatively has significantly lower capacity. Buqa et al. [7] explored the surface 

modification of graphite by the use of gas treatment at high temperatures and silylation in a 

nonaqueous solution that resulted in the reduction in the irreversible capacity loss. Natarajan et al 

[8] found that mild milling could be a good way to improve the reversible capacity and the faradaic 



   
 

22 
 

efficiency during the first formation cycle of graphite. Silicon is another material that was 

considered as an alternative for graphite. Silicon has a high theoretical capacity of 4200 mAh/g. 

However, the primary concern with Silicon is its high expansion and contraction during a typical 

charge-discharge cycle which makes its implementation difficult. 

The state-of-the-art anode material used in a lithium-ion battery is graphitic carbon. The graphite 

is mixed with a conductive additive and a binder material and coated on a thin copper foil current 

collector. Graphite is an intercalation compound where the lithium diffuses into the graphite 

without a significant expansion in the overall volume. The electrochemical properties that make 

graphite a superior anode material will be discussed in a later chapter.  

1.5.2 Cathode 

The cathode is the positive electrode of an electrochemical system. The cathode electrode material 

like the anode plays a vital role in terms of determining the state of health of the battery. The 

cathode undergoes intensive structural changes during a typical charge-discharge cycle. The ideal 

cathode material should possess high electronic conductivity, high lithium ion diffusivity, high 

free energy of reaction with lithium and the ability to incorporate large quantities of Lithium. It 

should also have a lower chemical potential with respect to Lithium so that the cell’s maximum 

voltage could be maximized. 

The typical material used for the cathode is a metal oxide. The most common cathode material 

used is LiCoO2 which is commonly known as LCO. LCO forms a layered structure that facilitates 

the swift diffusion of Lithium ions from the cathode during the charge-discharge cycle. Although 

it is successfully implemented in commercially available cells, Cobalt is expensive, and its 

availability isn’t abundant. LCO also has a violent thermal runaway. Hence, there are ongoing 

research works to find alternatives and improve stability. 

Another popular cathode material that was heavily researched is LiMn2O4. This material has a 

spinel structure. In this type of structural arrangement, the Lithium fills up the tetrahedral sites 

while the Manganese fills up the octahedral sites[3]. LiMn2O4 is relatively cheaper and safer to 

use than LCO. Although the major challenge towards the implementation of this material is its 

nature of undergoing phase change during cycling.  
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Another promising cathode material is LiFePO4 with an olivine structure. In this type of structure 

phosphorus fills up the tetrahedral sites, Iron occupies the octahedral sites and lithium forms one-

dimensional chains.[9]  LiFePO4 is a favorable choice because it is relatively inexpensive and Iron 

is less toxic in comparison to the other materials used as cathodes. LiFePO4 has a theoretical 

capacity of around 160 mAh/g and it operates around the voltage of 3.5V. LiFePO4 has a low 

energy density, however, it is less susceptible to thermal variations and provides a higher level of 

safety in comparison to LCO cathodes.  

1.5.3 Electrolyte 

The electrolyte is responsible for shuttling the Lithium ions from cathode to anode and vice versa 

during a charge-discharge cycle. The electrolyte is an intrinsic component of the cell and it heavily 

influences the cycle life of the cell. Ideally, it should have a high ionic conductivity to minimize 

the resistance in the transport of lithium ions during cycling. Another important characteristic that 

an electrolyte is that it should be electrochemically inert towards the electrodes during the 

operational voltage window.  

An electrolyte typically consists of a mixture of liquid solvents and lithium salts. Common salts 

that are used are LiPF6, LiB(C2O4)2 and LiBF6. The most commonly used salt is LiPF6. Usually, 

the liquid solvents used are non-aqueous. Organic solvents such as Ethylene carbonate (EC) and 

Dimethyl Carbonate (DEC) are used. A mixture of the aforementioned solvents results in lower 

viscosity and higher ionic conductivity[10]. The presence of Ethyl Carbonate is crucial for the 

formation of a favorable SEI layer on the graphite anode.  

1.5.4 Separator 

The separator is one of the most crucial components of the cell that ensures the safety of the cell. 

It is a thin porous membrane that prevents the direct physical contact of the anode and the cathode. 

The separator is an ionic conductor which means it allows the lithium ions to pass through itself 

during to electrode it is intended to be traveling to depending upon the operation. It should be an 

electronic insulator and it should be chemically stable with respect to the electrolyte and the 

electrode materials.  
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Polypropylene (PP) and Polyethylene (PE) are some of the commonly used separators for 

commercial cells. Usually, these separators do not lose their properties even after repeated cycling. 

Sometimes both the materials are used in the fabrication of a separator. This is usually done to 

facilitate separator shutdown during anomalous circumstances that are expected to lead to a 

thermal runaway. The presence of Polypropylene and Polyethylene offers different melting points. 

At the event of the heating up of the cell, one of the layers of the separator melts first due to the 

difference of the melting point of the two layers. At this point, the cell experiences a shutdown 

since the separator starts behaving as an insulator. Consequentially it reaches a shutdown point 

thereby preventing the thermal runaway of the cell.  

1.6 Working of Lithium-Ion batteries 

 
Fig 1.6: Schematic of the working of a lithium-ion battery during charging and discharging [11] 
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The lithium-ion battery is an advanced battery technology that is finding a wide variety of uses in 

different applications. As the name suggests, lithium ions are used as the key component of the 

electrochemistry. In a lithium-ion battery, the Li+ ions shuttle between the two electrodes while in 

order to balance this an equivalent number of electrons flow through the external circuit.  

In reference to Fig 1.6 during charging, the electrical energy supplied is converted into chemical 

energy stored in the cell. An external current or potential is applied to the circuit as shown. Li 

atoms at the cathode are electrochemically oxidized and the positively charged Li+ ions that are 

extracted from the cathode flow through the separator in the electrolytic medium to the anode. The 

electrons move in the external circuit from the cathode current collector to the anode current 

collector to maintain the balance of the charge. For Li-ion batteries, the anode material is generally 

an intercalation compound (usually graphite). The Li+ ions, upon reaching the anode, are reduced 

and intercalate into the anode material. When the anode material reaches its intercalation limit it 

can be said that the lithium-ion battery is fully charged. During the charging cycle, oxidation takes 

place at anode and reduction takes place at the cathode. The redox reactions for a typical Li-ion 

cell has been included below: 

 

Negative Electrode: 𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒−  ⇋ 𝐿𝑖𝑥𝐶6  (0 ≤ 𝑥 ≤ 1) Equation 1.1 

Positive Electrode: 𝐿𝑖𝑀𝑂2  ⇋  𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥 𝐿𝑖+ + 𝑥𝑒− Equation 1.2 

 

During discharging, the chemical energy stored in the cell is converted into Electrical Energy. A 

potential difference is applied across the terminals of the battery that draws current from the 

battery. The lithium that is intercalated in the anode material is oxidized into Li+ ions. These Li+ 

ions now flow past the separator towards the cathode to be reduced back to Li. To balance this, 

electrons flow through the external circuit. This electron flow through the external circuit is the 

usable current that could be used to power the device that the battery is intended to provide power 

to.  
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1.7 Degradation Mechanisms in Lithium Ion Batteries  

The major degradation mechanism in Lithium-Ion batteries are: 

(i) Particle cracking 

(ii) Loss of Li-ion inventory – a) SEI layer formation b) side reaction of lithium with electrolyte 

compounds. 

(iii) Lithium Plating 

Degradation mechanisms of Li-ion batteries are one of the most actively researched domains[12]. 

Li-ion batteries have been widely used in the automotive industry and the portable industry sector. 

The performance of the batteries used in these applications is influenced by the degradation 

mechanisms of lithium-ion batteries. The overall aging of the lithium-ion battery is influenced by 

the aging mechanisms of the individual battery components. For example, the binder and the 

electrolyte undergo decomposition, the separator undergoes melting, the current collector 

corrodes. Different modes of degradation are dominant in each electrode material due to its unique 

properties. Based on the commonly used materials at the cathode, the major degradation 

mechanisms are structural disordering due to loss of lithium inventory and metal dissolution. The 

most commonly used anode material in lithium-ion batteries is graphite. The major degradation 

mechanisms that the anode undergoes are degradation due to the loss of Lithium inventory, 

degradation due to the structural changes and lithium plating.    

1. Lithium inventory loss- The loss of recyclable lithium ions upon repeated cycling could be 

because of two primary reasons.   

a. Formation of Solid Electrolyte Interphase layer: The Lithium and the electrolyte 

undergoes several unwanted side reactions to form compounds thus using 

consuming both the lithium inventory as well as the electrolyte. This results in low 

capacity retention and high Coulumbic Inefficiency. The consumption of the 

lithium inventory also reduces the ionic conductivity of the electrolyte as well as 

shifting the working potential of the cathode upward over repeated cycling. At some 

point, if the cathode is significantly de-lithiated the structure of the cathode can be 

irreversibly damaged. Furthermore, the cathode potential could exceed the 
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electrolyte stability window leading to the formation of a cathode electrolyte 

interface (CEI) layer which has the same deleterious effect as the SEI layer.   

 

b. Dead Lithium: Dead Lithium is referred to as the lithium that is electrically isolated 

and no longer recyclable [13]–[15]. The occurrence of Dead lithium stems from the 

occurrence of dendrite formation whenever lithium is deposited in the form of 

metallic lithium. In lithium metal batteries where the anode material is lithium 

metal, we observe dendrite formation upon repeated cycling. The formation of 

dendrites increases the propensity of the detachment of lithium metal leading to 

electrical isolation [16]. This lithium is no longer usable implying the loss of 

recyclable lithium inventory. 

  

2. Structural changes: Graphite has a hexagonal lattice structure. During the process of 

charging the Lithium ion intercalates into the lattice structure. When a lithium-ion battery 

is repeatedly cycled at a high C-rate, the repeated diffusion of the lithium ions into the 

graphite lattice structure induces mechanical strain. The insertion and re-insertion 

gradually disrupt the orientation of the graphite particles and can cause particle cracking, 

which exposes fresh surfaces of the graphite to the electrolyte and encourages further SEI 

formation. 

 

3. Lithium plating- Lithium plating is the most dangerous and detrimental degradation 

mechanism that a lithium-ion battery undergoes during the charging cycles throughout its 

lifespan. In this process the incoming Li+ ions deposits as metallic lithium on the surface 

of the Graphite instead of intercalating in the graphite. This occurs when there is a 

mismatch between the rate of the incoming Li+ ions and the rate at which the Li+ ions are 

diffused in between the layers of Graphite, most frequently occurring at low temperatures, 

high charge rates, and high states of charge (SOC).  

Out of the degradation mechanisms discussed above, lithium plating is the major degradation 

mechanism that ends up in the failure of the cell especially due to the formation and growth of 
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dendrites. The formation and growth of dendrites may even lead to piercing the separator which is 

usually packed very tightly with the electrodes. Consequently, the cell is internally shorted that 

might trigger the thermal runaway ending in the catastrophic failure. Hence it is crucial to develop 

a strong fundamental understanding of lithium plating, its influencing factors, its nature and 

methods to mitigate the occurrence of Lithium plating. 

1.8 Safety aspects of Lithium-Ion batteries 

In recent years, lithium-ion batteries have been widely implemented but along with it came 

numerous safety-related incidents. It is these safety concerns that have impeded the wide scaled 

applications of lithium-ion batteries to its fullest potential. In 2008, the battery pack of a Toyota 

Prius which used lithium-ion batteries, caught fire due to thermal runaway while running on the 

highway [17]. In 2013, the battery pack of an auxiliary power unit of a Boeing 787 Dreamliner 

caught fire due to an internal short circuit [18]. One cell in the battery pack experienced thermal 

runaway due to internal short which further triggered thermal runaway in the adjacent cells. In 

2016, Samsung Galaxy Note 7 was banned from carrying in flights since it caught fire [19]. It was 

speculated that the pouch cell deformed from the corners, resulting in the electrode tabs touching 

each other which led to the internal short-circuiting. This led to thermal runaway which resulted 

in the catastrophic event of fire/explosion.  

Safety is a serious issue in lithium-ion batteries and it’s a lesson we can learn from the various 

reports depicting the accidents regarding explosions and fires originating from thermal runaway. 

A thermal runaway is the most dangerous failure mode in a lithium-ion battery. The initiation of 

thermal runaway generally occurs due to elevated temperatures when the rate of a reaction goes 

out of control and as a chain effect the increased temperature further accelerates the reaction rate 

[20]–[22]. Lithium plating is one of the reasons that could trigger a thermal runaway. The growth 

of metallic dendrites is regarded as the primary safety concern that could trigger a thermal 

runaway[23]–[26]. However, M. Fleischhammer et al.[27] in their Differential Scanning 

Calorimetry (DSC) experiments not only observed a stronger exothermic reaction leading to a 

higher degree of destruction after the thermal runaway, but they also observed a low onset 

temperature (30-53°C) leading to thermal runaway under quasi-adiabatic conditions. In 2017, T. 
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Waldmann et al [28] carried out ARC tests and reported that in the event of lithium plating, the 

time until cell goes into thermal runaway is significantly reduced due to the occurrence of stronger 

exothermal reactions due to the presence of metallic lithium. Thus, it is evident that lithium plating 

is one of the primary precursors to thermal runaway which is the most severe catastrophic failure 

modes of a lithium-ion battery. In this thesis, this phenomenon of lithium plating has been 

extensively studied.  

 

  



   
 

30 
 

CHAPTER 2 – LITERATURE REVIEW: LITHIUM PLATING 

2.1 Introduction 

In a typical charging phase of a cell lithium ions deintercalated from the cathode and is transferred 

through the electrolyte to the anode material while the flow of electrons in the electrons in the 

external circuit balance this transfer. When the lithium ions reach the anode the path of least 

resistance for these lithium ions is intercalation into the graphite. Legrand et al. [29] report that the 

potential for intercalation of lithium into graphite lies in the range of 65 – 200 mV (vs Li/Li+). 

Their work also says that when the anode potential drops below 0V (vs Li/Li+) it becomes 

thermodynamically favorable for the lithium to deposit on the surface of the anode. Under ordinary 

conditions, the lithium plating reaction isn’t a competitive reaction to the intercalation reaction 

[30]. However, the process of charging in real life is dynamic and not in equilibrium. The main 

reason behind this is the polarization of the anode which happens due to overpotentials like Ohmic 

drop, charge transfer overpotential, and diffusion overpotential. Arora et al. [31] observed that Li 

plating and lithium intercalation into graphite is a parallel reaction. The total charging current 

could be divided into the intercalation current and the plating current. 

Intercalation reaction: 

𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒−  →  𝐿𝑖𝑥𝐶6  (0 ≤ 𝑥 ≤ 1) Equation 2.1 

 

Lithium plating reaction:  

𝐿𝑖− +  𝑒−  → 𝐿𝑖  Equation 2.2 
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2.2 Graphite – An excellent Anode material 

2.2.1 Reasons for using Graphite as the anode material 

Graphite is the current state-of-the-art anode material that has been widely commercialized in 

various types of Lithium-ion batteries. Graphite has an excellent cycle life, convenient operating 

voltage window and relatively inexpensive. Graphite has a theoretical specific capacity of 372 

mAh/g [32]. The performance of these graphite electrodes is heavily influenced by the way it is 

fabricated. Parameters like cycle life, capacity can significantly vary based on the additives like a 

binder and conductive additive used and also the electrode preparation technique employed. Such 

discrepancies in performance are observed since parameters like porosity, tortuosity and the 

overall electrical conductivity in the graphite network are influenced by the electrode preparation 

[33] [34].  

Graphite is comprised of a giant covalent structure in which each carbon atom forms covalent 

bonds with three other carbon atoms. These carbon atoms form a hexagonal arrangement in a plane 

which forms one layer amongst the many other layers. The process of insertion of lithium ions 

within these layered structures due to the difference in the intraplanar and interplanar bonding 

forces is called intercalation[35]. Upon the intercalation of the lithium into the graphite, the 

graphite expands slightly in the direction perpendicular to the planes of the layers, without 

significantly increasing the volume of the anode.  

A lot of research was reported in the literature in search of better anode materials. Several 

carbonaceous materials were investigated as suitors for anode materials. Carbonaceous materials 

when used as anode materials are less susceptible to dendrite growth associated with metallic 

lithium[36]. This increases the cycle life of the battery and improves the safety aspects of the 

battery as well. A promising carbonaceous anode material that was examined was Coke. However, 

in comparison to graphite, the lithium intercalating capability of cokes is less and neither do they 

form staged phases as observed in the case of graphite[37][38][39]. Ohzuku et al [35] studied 

several carbonaceous anode materials and found that graphite has a very low working voltage of 

0 – 0.3 V Li/Li+ and a very high volumetric capacity of 0.6 Ah cm-3.  

 



   
 

32 
 

2.2.2 Stage Transition of Graphite 

The intercalation process of lithium into graphite progresses by the sequential filling of the 

vacancies at periodic distances. As these vacancies get occupied the concentration slowly increases 

towards saturation.  

 

 

Fig 2.1: Stage transition in graphite during lithium intercalation [40] 

 

Fig 2.1 shows the various phase transition that the lithium-graphite binary system undergoes 

during the process of charging of a cell. The stages are identified as we progress lithiating the 

graphite from a 0 – 100 SOC. Within the range of 0-25 % SOC, the existence of lithium is in a 

liquid-like phase. After Stage 2L is reached, the subsequent phase transition to Stage 2 occurs as 

the graphite becomes dense and ordered. As the lithiation progresses from Stage 2 to Stage 1 the 

lithium ions align in straight columns.   
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Fig 2.2: Color change observed as lithiation progresses [41] 

 

As illustrated in Fig 2.2, the color of graphite changes as it transitions from one stage to the other 

upon lithiation [25]. The intercalation of lithium into the graphite is periodic and it forms different 

graphite intercalation compounds (GICs) at different degrees of lithiation which has their own 

characteristic color.  

J. Wandt et al. [42] also reports about the color change when the cell is charged from 0 - 100% 

State of Charge for C-rates of C/10 and 1C as shown in Fig 2.3. The natural color of graphite (C6) 

is black which is observed in the de-lithiated state. At the low rate of C/10, the entire electrode 

shows Stage 3 (Li0.25C6) which has the characteristic color of blue at 25% State of Charge. 

Thereafter, the entire electrode homogenously attains Stage 2 (Li0.5C6) having a characteristic color 

of red, before finally homogenously attaining Stage 1 (Li1.0C6) which has a golden color. However, 

the same homogeneity isn’t observed for higher C-rates of 1C. Homogenous lithiation is observed 

at low states of charge. The lithiation is no longer spatially homogeneous due to the Ohmic drop 

at higher SOCs and that’s the reason why multiple phases could exist spatially throughout the 

electrode. 
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Fig 2.3: Operando EPR showing the color changes as Graphite is lithiated from 0-100% SOC at 

different C-rates (C/10 and 1C) with respect to the Anode potential vs Lithiation curve.[42] 

 

Thus, color change of graphite upon lithium intercalation is a semi-quantitative measure for the 

SOC of Lithium as it could be understood from Fig 2.3. The color represents the concentration of 

the lithium that has been intercalated and it is not the measure of spatial dependence of the Li+ 

concentration in the electrolyte[25]. 
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Fig 2.4: Schematic for the existence of multiple overshooting phases during lithiation of graphite 

at higher C-rates[43] 

 

M. Bauer et al. [43][44] explains the existence of multiple overshooting phases during the lithiation 

of graphite at higher C-rates through a schematic as illustrated in Fig 2.4. Two phases of 

intercalation (Stagei and Stagei+1) compounds are assumed to be coexisting at the beginning of a 

current pulse. During charging, graphite intercalation compounds with a higher degree of lithiation 

are preferentially located on the outside of the particle from where the lithium is coming in. At 

higher charging rates, the influx of lithium ion the external region of the particle is higher than the 

diffusion process inside the particle. This gives rise to the formation of a higher-order compound 

(Stagei+2) even when the lithiation in the core of the particle is still lagging due to limited solid-

state diffusion. In some cases, more than 3 stages are observed since, under non-equilibrium 

conditions, Gibbs’ two-phase rule is not valid.    
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2.2.3 Solid Electrolyte Interface (SEI) layer formation  

An important characteristic of using graphite as an anode material is the fact that the lithium-

graphite intercalation compound forms a Solid Electrolyte Interphase (SEI) layer which was first 

named by Peled [45]. During the first charge-discharge cycle which is known as the formation 

cycle, a part of the lithium that intercalates into the graphite will react with the organic electrolyte 

and form the SEI layer [46]. This is the reason why an initial irreversible capacity is observed 

during the first cycle. The SEI layer is an ionic conductor but an electronic insulator. The 

mechanism of the formation of the SEI layer was proposed by Besenhard et al. [47] which was 

bolstered by the works of Inaba [48], [49]. Nie et al. [50] investigated the structure and the 

composition of the SEI layer with an unique combination of multiple characterization techniques: 

TEM, NMR, XPS and FTIR spectroscopy and found out that the SEI layer is 50 nm thick which 

acts as a passivation layer preventing further electrolytic reduction. The composition, thickness of 

the SEI layer changes with cycling and ageing [51], [52].  

2.3 Factors influencing Lithium Plating  

The primary barrier to achieving fast charging in Li-ion batteries is the plating of lithium metal on 

the surface of the graphite anode. It occurs when the rate of lithium ion reduction at the graphite 

particle surface exceeds the rate of diffusion of lithium into the particle. 

The propensity for the metallic lithium to deposit on the surface of the anode is influenced by the 

cell design as well as the operational parameters. Extensive research has been carried out to explore 

the effect of the parameters that influence Lithium plating. Some operational parameters that 

directly influence the tendency of lithium plating to occur are:    

1). C-rate [33], [46], [49], [53]–[61] 

2). Temperature [46], [53]–[57], [59], [60], [62]–[69] 

3). State of Charge [13], [25], [46], [53], [59]–[61] 

Waldmann et al [59] illustrate how these operational parameters influence lithium plating. 
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Fig 2.5: Schematic of the influence of the major operational parameters on lithium plating [59] 

 

1) C-rate – The rate at which the battery is charged with respect to its maximum capacity, is defined 

by C-rate. A 1C rate means that the current will charge or discharge the entire cell in 1 hour. A 

C/2 rate means that the current will charge or discharge the entire cell in 2 hours. A 2C rate means 

that the current will charge or discharge the entire cell in 30 minutes.  

Now with the increase in C-rate, the charging current would be increased, which means that the 

rate of incoming flux of Li+ ions will be higher. The rate of intercalation of these Li+ ions through 

the process of diffusion will fail to match up with the high incoming flux Li+ ions. Several 

researchers have reported that the solid-state diffusion of lithium into the graphite is limited at 

higher C-rates[65][66]. This increases the tendency of the deposition of metallic lithium on the 

surface of the anode. 
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2) Temperature - The chemical kinetics is a function of temperature which is governed by the 

Arrhenius equation. At low temperatures, the chemical kinetics slow down considerably which 

slows down the rate of diffusion of the lithium ions inside the Graphite anode thereby slowing 

down the rate of intercalation. When the rate of intercalation is slowed down it fails to match up 

with the rate of incoming Li+ ions. This increases the tendency of the deposition of the metallic 

lithium on the surface of the anode.  

This is the reason why the implementation of lithium-ion batteries has struggled to flourish in cold-

weather regions. Figuring out thermal strategies to overcome this problem has been widely 

researched. Some researchers have suggested the heating up the battery slightly before operation 

by a thermal system that is powered by an external source or by the battery itself[67], [70], [71]. 

 

3) State of Charge - The State of charge signifies the level of charge it is on relative to its capacity. 

With an increase in the state of charge, the number of available intercalation sites decreases. These 

intercalation sites are now filled with Lithium. This essentially blocks the diffusion pathways 

thereby increasing the tortuosity. The lithium diffusing in at a higher state of charge has much 

more difficulty in reaching its intercalation site and due to higher tortuosity, it has to take an 

indirect pathway which slows down the rate of diffusion. Thus, with the increase in the state of 

charge the rate of intercalation fails to match up with the rate of incoming Li+ ions. This increases 

the tendency of the deposition of lithium on the surface of the anode. As discussed earlier, graphite 

undergoes stage transition as lithium intercalates into it. Persson et al. [72] found from the first-

principles calculations that the intraplanar Li diffusion in graphite becomes slowly difficult with 

the increase in Li concentration into the graphite.  

 

Apart from these operational parameters, another factor that influences lithium plating is the 

defects associated with the design or the fabrication of the cell. L. Gireaud et al.[55] reported that 

the texture of the electrode surface influences the dendrite growth. A rough surface induces 

variation in the local current density on the electrode surface while a smoother texture would 

ensure a relatively homogenous distribution of current density. F. Hao et al. [73] report that in the 



   
 

39 
 

event of lithium plating, metallic lithium preferentially deposits over the surface protrusion at a 

higher rate thereby initiating Li dendrite formation.  

The nature of electrolyte also plays a vital role in influencing lithium plating. Smart and 

Ratnakumar [68] reported that at low temperatures the diffusion of the lithium into the graphite is 

hindered if the electrolyte contains high Ethyl Carbonate formulations since it facilitates the 

formation of a pertinacious SEI layer that doesn’t let the lithium pass through it easily.  

In the event of an overcharge, despite the filling up of the interstitial vacancies in the graphite, 

there is an influx of lithium ions. At such events deposition of metallic lithium is observed at a 

SOC level greater than 100% [74]  

2.4 Detection of Lithium Plating 

Lithium plating is one major reason for safety concerns in lithium-ion which is has a significant 

impact in compromising the reliability and the longevity of the battery. Detection of lithium plating 

is a crucial step to assess the fundamentals behind the occurrence of this phenomenon. Mitigation 

catastrophic events can only be done when they could be detected beforehand. A substantial 

amount of research has been done in this aspect. The methods reported in the literature for the 

detection of lithium plating can be broadly classified into two major categories:  

1. Destructive techniques 

2. Non-destructive techniques 

2.4.1 Destructive techniques 

The methods to obtain direct evidence of metallic lithium deposition on the surface of the graphite 

anode usually involves in disassembling the cell. In 1996, D. Aurbach et al.[75] used X-ray 

Photoelectron Spectroscopy to study lithium deposition in lithium electrodes. Waldmann et al. [76] 

reviews the various post mortem analysis techniques that could be employed on lithium-ion cells 

after disassembly. It is advised to define the state of the cell at which it is opened as well as the 

disassembly environment to get the best result [76]. Hightower et al. [77] performs TEM analysis 

on the anode samples and employs a protection technique by covering the sample with Fluorinert 
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which is an inert liquid, before transferring it to the vacuum chamber. During charging, lithium 

plating and dendrite formation have been studied by in situ optical microscopy [24]–[26], [78]–

[80]. Honbo et al. [81] studied lithium plating on graphite using Scanning Electron Microscopy 

and reported dendritic and granular morphologies of lithium deposition on the anode surface. 

Further, M. Zier et al. [82] reported that Osmium tetroxide staining could significantly improve 

the material contrast in the Electron Microscopy technique for the detection of lithium plating. 

Krämer et al. used Energy Dispersive X-ray spectroscopy mapping as the detection technique to 

analyze lithium plating. They modified the anode using isopropanol and detected for O and C in 

the formation of Li2CO3 which was further verified with Fourier-transform infrared spectroscopy 

and X-ray powder diffraction. In 2015, Ghanbari et al. [83] used Glow Discharge Optical Emission 

Spectroscopy depth profiling to detect metallic lithium deposition on the surface of the graphite 

electrode.  

A lot of methods could be used as quantitative or semi-quantitative detection methods that provide 

us with information regarding the detection of lithium plating. However, in real-life applications, 

destructive methods are inconvenient and cannot be applied to battery management systems. 

Hence, it’s crucial to look into non-destructive electrochemical techniques that could be used to 

detect and quantify lithium plating.   

2.4.2 Non-destructive techniques 

A lot of inference can be drawn from the analysis of electrochemical data obtained during the 

charging and discharging processes. One effective non-destructive method is the measurement of 

anode potential. Several researchers have reported the occurrence of lithium plating when the 

anode (graphite) potential drops below 0.0V (vs Li/Li+)[57], [68], [78], [84]–[86]. The 

methodology commonly applied to monitor the anode potential is by the usage of a Li reference 

electrode in a three-electrode cell setup [87][88]. Alternate options for reference electrodes such 

as Li-Sn [89], Li-Al[90], Li4Ti5O4 and LiFePO4 [91]and in the three-electrode setup have been 

explored. The use of a reference electrode facilitates the monitoring of the potentials of the 

individual electrodes. Hence, the potential of the graphite electrode can be measured separately 

which gives us an insight into lithium plating. The use of a three-electrode cell would come with 

certain disadvantages. An ideal reference electrode should be such that it has a minimal influence 

on the regular operation of the cell. Y. Hoshi et al. [92] studied the optimum position to place a 
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reference electrode and concluded that the area which is outside the region between the anode and 

the cathode is optimum since it has a low potential gradient and low-frequency dependence of the 

potential. The localized current density distribution might be disturbed by the presence of a 

reference electrode even if it is electrochemically inert. It might result in the localized deposition 

of metallic lithium around that region.   

Another in situ technique that is used to determine lithium plating is Electrochemical Impedance 

Spectroscopy [55].  

In 2014, Bitzer et al [93] came up with a new method for detecting lithium plating by measuring 

the change in the cell thickness. Their study employed the usage of a measuring setup that had a 

resolution of 1μm. The volume change of the cell under regular operating conditions was measured 

for calibration to take into account the increase in thickness due to intercalation and gas evolution. 

In 2015, Birkenmaier et al. [94] performed a similar study using a laser triangulation setup for the 

detection of lithium plating by measuring the increase in the volume of the cell. In 2018, F.B. 

Spingler et al. [95] developed an in situ thickness measurement technique to detect lithium plating 

on the basis of volume expansion in pouch cells.  

Another in situ technique which could be used to detect lithium plating is by monitoring the 

Coulombic Efficiency. Coulombic efficiency, which is also known as the Faradaic Efficiency, is 

defined as the ratio of the charge extracted from the battery to the charge put into the battery. 

During a typical charge-discharge cycle the capacity during the charging and discharging can be 

monitored. In the event of lithium plating, the consumption of lithium in reaction with the 

electrolyte or in the formation of dead lithium would show a drop in the Coulombic Efficiency. 

This principle is used in the detection of lithium plating using Coulombic Efficiency. In 2015, J.C. 

Burns et al. [96] uses high precision coulometry to detect the onset of lithium plating on both 

commercial 18650 cells and pouch cells.  

Another technique that could be used for the detection of lithium plating is the analysis of 

electrochemical data during discharge and voltage relaxation. In the event of lithium plating, a 

high voltage plateau is observed during the subsequent discharging or rest phase. The occurrence 

of this high voltage plateau is attributed to the preferential oxidation of the plated lithium which is 

also known as the stripping process, due to its lower standard electrode potential in comparison to 
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the lithium intercalated into the graphite[53]. Smart et al [68] and Ratnakumar et al [69] use this 

technique for the detection of lithium plating in their study.  

The most commonly used detection technique for the detection of the reversibility of lithium 

plating is the observation of high voltage plateau during the subsequent discharge phase after the 

charging phase that induced the lithium plating on the surface of the anode [63]. This technique is 

regarded as a semi-quantitative or a fully quantitative for the evaluation of the reversibility of 

lithium plating. 

A recent study by Campbell et al. [97] has demonstrated the difficulty in de-coupling the influences 

of plating re-intercalation, cell self-heating, and solid-state concentration gradients on the 

observation of the high voltage plateau. Furthermore, a study by X-G. Yang et al. [98] suggest that 

when the cell is immediately discharged after charging, the use of the plateau length for 

quantification of lithium plating may greatly underestimate the amount of plating since re-

intercalation into graphite could still occur even as the current is being drawn from the cell. 

Uhlmann et al. [78] and S. Schindler et al. [99] uses an alternative to the discharge plateau 

technique is to detect the voltage plateau during a rest phase following charging. Since the cell is 

in an open circuit and no current is allowed to flow in the external circuit, all stripped lithium is 

re-intercalated into graphite. 

2.5 Reversibility of Lithium Plating and its detection  

In the event of lithium plating, it is also possible that a part of the plating is recovered as active 

material during a subsequent discharge or due to the intercalation of plated lithium into the graphite 

on a subsequent rest period. The recovery of plated lithium on a subsequent discharge is possible 

because the oxidation of the plated lithium is easier than the deintercalation of lithium from the 

graphite [28][100]. Some researchers have also hypothesized that the plated lithium on the surface 

of the anode chemically re-intercalates into the graphite given a sufficient amount of time [25], 

[64], [101].  

In the event of lithium plating during the charging of the cell, the reversible and irreversible part 

of the plated lithium cannot be distinguished. It is only after the subsequent discharge phase, that 

we have a qualitative understanding of how much of the plating underwent reversibility. There are 



   
 

43 
 

two processes that it is taking place simultaneously during the subsequent discharge phase: the re-

intercalation (could be electrochemical or chemical) of plated lithium into the graphite and the 

migration of lithium ions to the cathode. During this discharging phase, the actual loss of lithium 

inventory happens when the plated lithium becomes electrically isolated from the graphite 

electrode which is also known as the “Dead Lithium” [16].  

M. Petzl and M.A. Danzer [57] proposed a model for lithium plating and stripping processes and 

how it is influenced by the State of Charge as illustrated in Fig 2.6.  

 

 
Fig 2.6: Simplified model of the lithium plating-stripping process at different SOC levels: (a) 

plating and (b) stripping at low SOC; (c) plating and (d) stripping at medium SOC; (e) plating 

and (f) stripping at high SOC [57] 

 

At the lower state of charge, a significant amount of plating occurs in a small amount of time and 

the characteristic of this plating is usually dense and thick. The dense nature of plating is 

observed within a limited distance from the anode and lies within the envelope of the protective 

SEI layer. On subsequent discharge, most of the plated lithium is stripped. At medium states of 

charge, the plated lithium grows through the SEI layer and gets in contact with the electrolyte 

leading to the formation of surface films. Lithium inventory is now lost in the formation of 
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surface films as well as due to the electrical isolation of lithium in the form of dead lithium. At 

higher states of charge, lithium plating is more dispersed due to low charge currents and it leads 

to the formation of fragile dendrites that aren’t dense and are susceptible to electrical isolation. 

Consequently, a higher amount of lithium inventory is lost due to surface film formation and 

electrical detachment during the subsequent discharge phase. Thus, at higher SOC there is an 

increase in the amount of irreversible plating.  

J. Wandt et al. [42] used operando EPR spectroscopy for quantifying the percentages of dead 

lithium and lithium used in the SEI layer formation. Lithium plating was induced in an 

overcharged condition which ensured no re-intercalation i.e. the applied current was divided into 

a plating current and an SEI layer formation current. During the discharging of the cell, the entire 

discharging current could be regarded as the stripping current. Comparison of the slopes of the 

EPR amplitude due to these currents the efficiencies for dead lithium, SEI layer formation, and 

stripping was calculated and verified against the Coulombic Efficiency obtained from the 

electrochemical data.  
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Fig 2.7: Schematic illustrating the differences between the stripping reaction in case of Lithium 

plating followed by a: (a). Relaxation phase; (b). De-lithiation phase [98] 

 

X.G. Yang et al. [98] illustrates with a schematic the differences between the stripping reaction 

during a subsequent relaxation phase and a subsequent de-lithiation phase after lithium plating 

has been induced. As illustrated in Fig 2.7 (a) the rate of intercalation at the separator interphase 

is limited which leads to the formation of Li+ ions that migrate towards the Cu foil. Thus, during 

the relaxation phase, the Li+ ions near the separator have two possible destinations: local 

intercalation into graphite and moving towards the Cu foil in the form of electrochemical 

stripping. However, in the case of Li metal stripping during the de-lithiation phase as shown in 

 (a) 

 (b) 
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Fig 2.7 (b), the Li+ ions have three possible destinations: local intercalation into graphite, 

migration towards the Cu foil and migration towards the cathode in delivering the output current. 

 

  
Fig 2.7: Schematic of the two techniques in which plated lithium can be re-intercalated 

 

As discussed earlier, there are two factors promoting the reversibility of lithium plating, Li ions 

re-intercalation or shuttling back to the cathode. In the event of a long rest phase after the 

charging of the cell, plated lithium could re-intercalate into the graphite. There are two ways in 

which we believe this re-intercalation happens:  

a) Chemical Re-intercalation: In this process, the plated lithium metal diffuses into the graphite 

through the process of solid-state diffusion. This process is driven by the concentration gradients 

which slowly relaxes upon a considerable time period. The time scale for this process is 

significantly higher. In this process, lithium disappears from the lower region of the metal chunk 

as illustrated in Fig 2.7. 

 

b) Electrochemical Stripping: As the anode potential returns above 0.0V during the relaxation, 

the plated lithium is oxidized to Li+ according to this reaction: 
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𝐿𝑖 →  𝐿𝑖+ + 𝑒− Equation 2.3 

This frees up an electron that is free to reduce and intercalate a Li+ ion at a new location which is 

driven by the local potential difference between graphite particles. Through the work done in this 

thesis, we attempt to further investigate the fundamentals behind the reversibility of lithium 

plating in order to devise strategies to mitigate long-term damage to the cell if lithium plating has 

been detected. 
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CHAPTER 3 – SINGLE DISCHARGE TESTS 

3.1 Introduction 

Graphite anodes are susceptible to lithium plating under low temperature and fast charging 

conditions. In this work, we attempt to study the reversibility of lithium plating. Lithium plating 

can be induced om the surface of the graphite in two ways: by charging at high rates and/or low 

temperatures (transport limited) or by charging at a low rate beyond the intercalation limit of 

graphite (kinetically limited). Differences are expected in these two forms of plating. While 

transport limited plating tends to accumulate at the anode/separator interface, kinetically limited 

plating occurs more homogenously on the surface of the graphite. Furthermore, since lithium 

plating initiates between the graphite surface and the primary SEI layer, small amounts of 

kinetically limited plating could remain beneath and protected by the primary SEI, while transport 

limited plating likely ruptures the SEI and exposes plated lithium to reaction with electrolyte. 

These differences in electrodeposition characteristics could manifest as a significant difference in 

the reversibility of the plating. It has also been suggested that allowing for chemical re-

intercalation through an extended CV phase or adding a rest phase between the charge and 

discharge could lead to electrical isolation of plated lithium and increase the amount of dead 

lithium, further reducing reversibility[57].   

3.2 Objectives 

1. To elucidate the interactions between lithium plating and SEI affecting the reversibility of 

lithium plating by studying the key differences between high-rate lithium plating induced 

by transport limitations vs. overcharge plating induced by kinetic limitations. 

2. To determine the impact of chemical re-intercalation on lithium plating reversibility by 

studying the impact of allowing a rest phase after charge vs. immediately discharging. 
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3.3 Methodology 

3.3.1 Fabrication of Coin Cell 

The accuracy of results is highly dependent on the quality of the cells that are being used for 

experiments and maintaining consistency throughout the process. Hence, it is very crucial to be 

meticulous when it comes to the process of fabricating cells. Lithium is highly reactive in the 

presence of Oxygen. Hence, the fabrication and the destructive physical analysis of the cell is 

always done in a hermetically sealed chamber. The fabrication of the coin cell for this study was 

done in an M-Braun argon-filled Glovebox.  

 
Fig 3.1: M-Braun Glovebox used to conduct coin cell fabrication, destructive physical analysis, 

and Optical Microscopy 

 

We make sure that we have all the coin cell parts required to fabricate a cell. In this study, Lithium-

Graphite half cells are constructed in standard CR2300 coin cells. For a Lithium-Graphite Half-

cell, the working electrode is the anode that is punched from a sheet of commercially available 

MTI Graphite sheet that had a thickness of 50 μm. This electrode had a composition of 94.5% 

composite graphite and 5.5% SBR+CMC binder. The counter electrode for the half cell is metallic 

lithium punched from a Metallic Lithium foil (Sigma Aldrich, 0.75 mm thick). A scalpel is used 
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to scrape off the oxide layer from the surface of the Lithium on both sides of the ribbon before it 

is punched. This ensures that the layer of freshly available lithium is exposed. Both the graphite 

electrode and the Lithium counter electrode were punched into 9/16” disks. 

The case is taken and placed on a weigh-boat. The graphite electrode is taken and placed at the 

center of the case. 7-8 drops of EC: EMC (3:7 wt%) with 1.2M LiPF6 electrolyte are added to 

make sure that the surface of the electrode is sufficiently wetted. A 3/4” inch Celgard 2500 

Polypropylene (PP) separator (25 μm) is taken and placed on the graphite electrode. The separator 

is greater than the graphite electrode in diameter and it covers up the entire area of the case. At 

this point, it is made sure that the placement of the graphite electrode is centered and there are no 

air bubbles trapped underneath the separator.  

 

 
Fig 3.2: Schematic of a Li-Graphite Half Cell 

 

The gasket is taken and placed along the interior side of the rim of the case. 3-4 drops of electrolyte 

are further added to make sure that the other side of the separator is also wet. The Lithium counter 

electrode is taken, and it is placed on a Stainless Steel spacer. The Lithium sticks onto the surface 
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of the spacer quite easily since we scrape the surface of the Lithium electrode before punching it. 

The electrode-spacer unit is now placed on the wet separator surface with the lithium facing 

downwards to the separator. The wave spring is now placed on the top of the spacer. 2 more drops 

of electrolyte are added to make sure that the cell is flooded with electrolyte. This is done to ensure 

that the results obtained from the cell aren’t influenced by electrolyte starvation. The cap is placed 

on the rim of the gasket and pressed tight. The whole setup is now taken to MTI hydraulic crimper 

and crimped at a pressure of 750 psi to make sure that the cell is sealed. The cell is cleaned with 

Isopropyl Alcohol making sure that there are no remnants of electrolytes on its external surface. 

The cell is now taken out and it could be used for testing.  

3.3.2 Experimental Apparatus 

Lithium-graphite half cells were used to carry out these experiments. The cells were fabricated in 

the M-Braun Glovebox as discussed. Lithium is highly reactive to oxygen and moisture in the 

atmosphere which is why an inert environment is required for the fabrication of cells. The Argon 

filled Glovebox as shown in Fig 3.1 provides the inert environment for the successful fabrication 

and Destructive physical analysis of lithium-ion cells.  
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Fig 3.3: Arbin Battery Tester used for electrochemical testing 

 

Thereafter the Arbin Battery Tester was used to perform the Formation Cycle of the cell and 

subsequent electrochemical testing. The formation cycle comprises of 2 constant current charge-

discharge cycles at a C-rate of C/20 between the voltage cutoff of 0.00V and 2.00V. This step is 

essential for the formation of the first protective layer of SEI. The Arbin Battery Tester has 16 

channels which operate between the voltage window of -5V to 5V and could supply current in the 

range of 1 mA to 5 A. This device comes with the feature of measuring temperature and internal 

resistance data along with the usual electrochemical data   
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Fig 3.4: MTI BTS8-3 coin cell cycler used for Electrochemical Testing 

 

For experiments where precise temperature conditions had to be maintained, the electrochemical 

testing was done in the MTI BTS8-3 coin cell cycler as shown in Fig 3.4. There are 8 channels 

available in this device for electrochemical testing. The MTI BTS8-3 coin cell cycler was 

connected to a novel setup designed to perform temperature controlled studies. 
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Fig 3.5: Heat exchanger plates used for temperature-controlled electrochemical testing 
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Fig 3.5 shows a sequential order in which the setup was built.  In this apparatus, there are two heat 

exchanger plates made up of aluminum. A hollow copper tube is fitted on the Aluminum plates 

which are further connected by hoses to a chiller, through which coolant (50-50 mixture of 

Ethylene Glycol and Water) is circulated. Copper strips are added which act as the medium of 

electrical conductivity from the MTI Battery Tester to the positive and negative terminals of the 

coin cell. The coin cells were sandwiched between the two plates and clamps were fitted on the 

sandwiched plates to ensure that the cell is in proper contact with the aluminum plates. The chiller 

maintains the coolant at a specified temperature. The circulation of the coolant at a high flow rate 

through the hollow copper tube acts as a liquid cooling system that draws away heat from the 

Aluminum plate through the mode of conduction. The conductive heat transfer in this apparatus is 

superior due to the high thermal conductivity of Aluminum and isothermal conditions are achieved 

on the Aluminum plates. 3 hours of liquid cooling through this apparatus was done prior to 

electrochemical testing to ensure that steady-state conductive heat transfer is achieved, and the 

coin cell has reached an isothermal state. 
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3.3.3 Electrochemical Testing 

 
Fig 3.6: Schematic of electrochemical testing protocol followed to illustrate the difference 

between Transport Limited and Kinetic Limited Lithium plating  

 

In order to develop a fundamental understanding of the irreversible processes associated with 

lithium plating, two different strategies were devised to reliably induce lithium plating. Plating can 

be caused by either mass transport limitations under high rate or low-temperature conditions, or 

by kinetic limitations due to overcharge of the graphite material. 

For the case of transport limited plating, cells were initially lithiated at C/20 rate at ambient 

temperature up to 60% SOC. This starting condition was chosen based on a previous study by 

Uhlmann et al.[78], which successfully induced lithium plating under similar conditions. Since the 

rate of solid-state diffusion in graphite is known to decrease drastically at high SOCs, it is most 

likely that plating will occur after the transition to the third plateau of graphite. After 60% SOC, 

discharge pulses of ΔSOC=10, 20, 30, or 40% were performed at 0 °C at a C/2 rate.  

To study kinetically limited plating, cells were initially lithiated at C/20 rate at ambient 

temperature up to 100% SOC. This starting condition ensures that there are no vacancies remaining 
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in the graphite layered structure. Therefore, all charge is expected to contribute to the lithium 

plating reaction. The discharge pulses were again applied to ΔSOC=10, 20, 30, or 40% but were 

performed in this case at 0 °C at a C/10 rate. 

 

 
Fig 3.7: Schematic of electrochemical testing protocol followed to illustrate the effect of rest 

phase duration on the reversibility of lithium plating 

 

The next objective was to study the effect of the duration of the rest period on the reversibility of 

plating. As seen from Fig 3.7 the transport limited cases were taken for consistency with the 

previous set of experiments. The Li-graphite half cells were lithiated till 60% SOC at a low C-rate 

of C/20. Thereafter, a high C-rate of C/2 was chosen to lithiate the cells further to different levels 

of SOC which was designed to facilitate transport limited plating. At this point, one set of cells 

was left to rest for 10 hours at 0 °C followed by de-lithiation at a slow rate of C/20.  The other set 
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of cells was immediately de-lithiated at the slow rate of C/20. After the de-lithiation, the cells were 

disassembled in the M-Braun Glovebox for optical microscopy. 

 

 
Fig 3.8: Schematic of electrochemical testing protocol followed to illustrate the effect of 

temperature during the rest phase on the reversibility of lithium plating 

 

The effect of temperature during the rest phase was an interesting aspect to be explored. Low 

temperatures would impede the chemical kinetics and slow down the re-intercalation but on the 

other hand, higher temperatures would promote the rate of SEI growth. In order to explore the 

effect of temperature, a wide range of temperatures (0°C and 30°C) was chosen. As seen from Fig 

3.8 the transport limited cases were taken for consistency with the previous set of experiments. 

The Li-graphite half cells were lithiated till 60% SOC at a low C-rate of C/20. Thereafter, a high 

C-rate of C/2 was chosen to lithiate the cells further to different levels of SOC which was designed 

to facilitate transport limited plating. This high-rate lithiation was followed by a relaxation phase 
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of 10 hours at two different temperatures (0°C and 30°C).  The cells were then de-lithiated at a 

slow rate of C/20 before disassembly and followed by optical microscopy  

3.3.4 Destructive Physical Analysis 

 
Fig 3.9: Leica Si9 optical microscope used for Postmortem Analysis 

 

Electrochemical testing was followed by a destructive physical analysis in order to examine the 

graphite electrode. The cell was carefully disassembled in the M-Braun Glovebox so that the 

graphite electrode doesn’t react with the environment leading to the altering of the appearance.  

Electrical tape was stuck on one side of the coin cell before the disassembly to avoid the external 

shorting of the cell. The disassembly was carried out using pliers and tweezers. The graphite 

electrode was carefully extracted and placed under the lens of the microscope for visual analysis. 
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3.4 Results and Discussion 

3.4.1 Transport Limited vs Kinetic Limited 

Discharge Voltage 

   

Fig 3.10: The voltage profiles of cells under transport limited and kinetically limited charging 

profiles are compared. In transport limited (a), graphite was lithiated to 60% SOC at C/20 rate 

and ambient temperature before applying C/2 pulses at 0 °C. In kinetically limited (b), graphite 

was lithiated to 100% SOC before applying C/10 pulses at 0 °C. 

 

Fig 3.10 demonstrates the discharge protocols used to study (a) transport limited plating and (b) 

kinetically limited plating. In each case, the voltage curve reaches a minimum within 5% SOC of 

the onset of the plating pulse, indicating that the nucleation barrier for the onset of lithium plating 

has been overcome. For transport limited plating, lithium plating tends to nucleate at defect sites 

or locations of low active material content, which experience high local current density and local 

overcharge. Lithium deposits are most likely to occur at the anode-separator interface under 

transport limited conditions since the use of electrolytes with non-unity transference numbers 

inevitably results in the development of electrolyte concentration and potential gradients. The 

electrolyte concentration and potential both reach their maximum within the anode at the anode-

separator interface, making the localized reaction more favorable. The minimum in the voltage 

curve represents a transition from plating hotspots to a film-like plating regime. The increase in 

cell voltage corresponds to an increase in the active area for the lithium plating reaction, which 
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results in a decrease in overpotential for the cell. After the voltage minimum, the majority of the 

total current contributes to the lithium plating reaction. 

In the case of kinetically limited plating, a small nucleation overpotential is observed before the 

cell voltage slightly increases with additional capacity. Since a C/10 current is employed, the 

concentration gradient established in the electrolyte is minimal and current in more uniformly 

distributed through the depth of the anode. Since the current can only be contributing to the lithium 

plating reaction when graphite is overcharged, it is expected that the plating deposits will also be 

distributed more evenly through the electrode depth than in the transport limited cases. The 

similarity of the voltage curves between cells demonstrates strong repeatability between samples, 

despite the inherent stochasticity of the lithium plating process. 

Relaxation Voltage 

 
Fig 3.11: The relaxation voltage profiles of cells: a). transport limited, b). kinetically limited 

 

The voltage profiles during the 10 h rest phase following discharge are shown in Fig 3.11. 

In transport limited plating, the relaxation voltage profiles contain the distinctive plateaus that 

indicate the electrochemical stripping and re-intercalation of plated lithium. The length of the 

plateau indicates the extent of lithium stripping. As expected, the amount of lithium stripping 

increases with increasing amounts of lithium plating. 
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For all cells that experienced kinetically limited plating, the rest phase voltage profile did not 

contain a plateau. This is expected since the lack of interstitial site availability is fully charged 

graphite prevents re-intercalation from occurring. Notably, it was found that the voltage at open 

circuit returns to a value of 0.0 V vs. Li/Li+ when overcharge plating has occurred. This 

observation could present an alternative detection method for lithium plating in overcharged cells. 

Furthermore, the distinct difference in relaxation behavior highlights the importance of 

understanding the fundamental differences between the two methods of inducing plating.  

Charge Voltage 

 
Fig 3.12: The charge voltage profiles of cells: a). transport limited, b). kinetically limited 

 

The voltage profiles during the charge phase in the transport and kinetically limited cells are shown 

in Fig 3.12. All curves are shifted to end at the same capacity value so that the characteristics of 

their shapes can be compared. In the transport limited cases, the main difference between cases is 

the smoothening of the low voltage plateau with increasing ΔSOC. A loss of definition in the 

plateaus is an in-situ indicator of overshooting phases. There are two possible factors contributing 

to this behavior. Firstly, since the charge was performed at 0 °C, the slow solid-state diffusion of 

graphite at this temperature could be limiting the rate of stage 1 dissolution and introducing stage 

2L before it is thermodynamically expected. Additionally, it could be caused by mass transport 

limitations in the electrolyte as a result of pore-clogging due to lithium plating. This would result 

in difficulty discharging the graphite further in the depth of the electrode and cause the particles 

near the separator interface to discharge at a higher rate than those near the current collector. In 
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order to de-couple the contributions of these two effects, it would be necessary to perform a control 

test in which cycling was performed at 0 °C at C/20 rate, where no lithium plating is expected to 

occur. 

Under kinetically limited conditions, the voltage profile during charge is shown in Figure 3.12 (b). 

An additional plateau is observed at the start of de-lithiation, which corresponds to the stripping 

of plated lithium. Due to the low potential of the lithium stripping reaction, stripping occurs prior 

to the de-intercalation of lithium from the graphite. A slight overpotential is required to initiate 

stripping in the ΔSOC=30 and 40% cases, which may be related to the formation of SEI due to the 

reaction of metallic lithium with the electrolyte. 

Post-Mortem Analysis Results 

 

 
Fig 3.13: A comparison of the postmortem analysis of the different transport limited and 

kinetically limited cases by optical microscopy at 0.6x magnification. 

 

Based on the model of Petzl and Danzer [57], we expected that both types of plating would initially 

form small deposits between the graphite surface and the native SEI layer on the graphite. With 

enough plating, these deposits would grow large enough to rupture the SEI layer and expose the 

lithium metal to the electrolyte, where it would react and reduce the reversibility of the 
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plating/stripping reaction. The model of Petzl and Danzer [57] also predicts that plating would 

spread in a film-like fashion after rupturing the SEI, which suggests that the SEI rupture occurs at 

or shortly after the voltage minimum. 

 The post-mortem images of the graphite electrodes after undergoing either transport or 

kinetically limited plating are shown in Fig 3.13. It was hypothesized that under transport limited 

conditions, the plating would be more localized near the anode-separator interface (top surface in 

the pictures) and that the more localized plating current density would lead to faster rupture of the 

primary SEI layer and thus the early onset of film-like lithium plating. In contrast, the kinetically 

limited plating was expected to occur more uniformly throughout the electrode depth. Since the 

current would be distributed more evenly across many lithium deposits, the SEI rupture would be 

delayed and the overcharge plating was expected to demonstrate a higher degree of reversibility. 

From Figure 3.13, it is evident that film-like plating onset at an earlier SOC in the transport limited 

case than in kinetically limited. At ΔSOC=10%, no lithium deposits are visible, suggesting that 

the extent of plating in each condition was minimal enough to prevent SEI rupture. However, at 

ΔSOC=20%, significant amounts of lithium metal were visible in the transport limited cells, while 

no deposits large enough to view with optical microscopy occurred in the kinetically limited cells. 

The film-like plating becomes visible in kinetically limited plating only at ΔSOC=30 and 40%, 

representing extreme overcharge conditions. Even after becoming visible, the kinetically limited 

plating looks much patchier, as though it had initiated at many sources and the growths had just 

started to spatially overlap. The transport limited cases contain denser plating deposits, suggesting 

they initiated at fewer locations and spread across the electrode surface as a film. 
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Fig 3.14: A comparison of the postmortem analysis of the different transport limited and 

kinetically limited cases by optical microscopy at 30x magnification. 

 

Images obtained from optical microscopy at 30x magnification of the same electrodes are shown 

in Fig 3.14. Still, no deposits are visible at ΔSOC=10%, while the difference in the onset point of 

film-like plating is evident at ΔSOC=20%. The variation in plating morphology is confirmed in 

the ΔSOC=30 and 40% cases, with the transport limited cells showing more connectivity in the 

plating deposits and the kinetically limited cells showing more loosely connected patches of 

lithium plating. 

 
Fig 3.15: A comparison of the postmortem analysis of the different transport limited cases in the 

lithiated state by optical microscopy at 6x magnification. 
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It is also interesting to note that a second plateau occurs at higher potential during the rest phase 

in each of these cells, as seen in Fig 3.11(a). Since the final SOC of all these cells lies on the third 

plateau of graphite, it is expected from the analysis of Bauer et al. [43], [44] that the equilibrium 

phases are gold stage 1 and red stage 2 graphite. However, in the cells opened in the fully lithiated 

state, the presence of some blue stage 2L was identified, as shown in Fig 3.15. We believe that the 

second plateau appears due to the concurrent dissolution of the stage 2L and stage 1 phases and 

the formation of more stage 2. 

Coulombic Inefficiency 

 
Fig 3.16: A comparison of the Coulombic inefficiencies of the different transport limited and 

kinetically limited cases after one cycle. 

 

The Coulombic inefficiency (CI) of cells undergoing plating to various extents under transport and 

kinetically limited conditions is shown in Fig 3.16. The CI was evaluated as the complement of 

the ratio of charge capacity to discharge capacity. Major contributors to the inefficiency of cells 

with lithium plating include the formation of secondary SEI when lithium metal contacts the 

electrolyte and the formation of electrically isolated “dead” lithium. For all values of ΔSOC, the 

transport limited cells demonstrated a slightly higher CI. This difference is more evident when it 

is recognized that all of the current in kinetically limited cells went towards plating, while a portion 
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of the current in transport limited cases went towards the much more efficient intercalation 

reaction. This result demonstrates that plating under fast charge scenarios may experience a lower 

degree of reversibility than under overcharge scenarios. The kinetically limited cells at 

ΔSOC=10% experienced an average CI of 0.17%, which indicates almost no irreversibilities due 

to the lithium plating reaction and supports the hypothesis about the primary SEI layer protecting 

the plating from a reaction. The highest CI measured was 6.1%, when a maximum of 40% of 

charge passed by the cell was contributed by lithium plating. Therefore, the lower bound on the 

reversibility of the lithium plating/stripping reaction was about 85% under these conditions. 

 

3.4.2 Effect of the duration of the Rest Phase 

Postmortem results 

Fig 3.17: A comparison of the postmortem analysis of the cases with no rest vs the cases with 10 

hours of rest, by optical microscopy at 0.6x magnification. 

 

From the model of Petzl and Danzer [57], it was predicted that lithium plating would demonstrate 

a lower degree of reversibility when a 10 h rest was allowed than when the cells were immediately 

de-lithiated. Petzl and Danzer [57] observed that when they performed CC-CV charging at low 

temperatures, no re-intercalation plateau was present if the CV phase extended long enough and 
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the amount of irreversible plating greatly increased for the same case. They explain that chemical 

re-intercalation can occur during the CV phase if the incoming current flux is low enough. This 

may cause a loss of electrical connection between the graphite and lithium deposits. We 

hypothesized that a similar process would occur during the rest phase following a constant current 

charge, whereby the plated lithium in contact with the graphite surface would chemically re-

intercalate and leave a portion of the plated lithium electrically isolated. Therefore, it was expected 

that the cells given a rest phase before de-lithiation would have a higher CI than those which were 

discharged immediately. 

From the electrode images in Fig 3.17, no distinct difference is identifiable between the electrodes 

with and without a 10 h rest. Furthermore, the CI values in Figure 3.16 do not indicate a statistically 

significant difference between the two cases. One possible explanation for the result is that 

chemical re-intercalation requires more than 10 h to create electrical isolation when the cell is 

stored at 0 °C. Although this test was inconclusive, future testing will be done to determine the 

influence of rest time on plating reversibility and determine the proper time scale to observe the 

effects of chemical re-intercalation. 
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3.4.3 Effect of Temperature of the Rest phase 

Coulombic Inefficiency 

 

 

Fig 3.18: A comparison of the Coulombic Inefficiencies of the cases with rest phase temperature 

of 0°C vs 30°C after one cycle 

 

It is clear from Fig 3.18 that the rest phase temperature was the factor having the most significant 

influence on the reversibility of the lithium plating process. For each value of ΔSOC, the cell that 

underwent rest at 30 °C experienced an average Coulombic inefficiency nearly twice as high as 

the baseline cell rested at 0 °C. For the ΔSOC=40% cells with a 30 °C rest, the average CI of 9.3% 

yields minimum reversibility of the lithium plating reaction of 23.3% (assuming the worst case in 

which all of the 40% capacity goes towards lithium plating). 
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Postmortem Results 

Fig 3.19: A comparison of the postmortem analysis of the cases with rest phase temperature of 

0°C vs 30°C, by optical microscopy at 0.6x magnification 

 

The graphite electrode images from the cells which underwent rest at various temperatures are 

shown in Fig 3.19. The cells that rested at 30 °C show an unexpected change in plating 

morphology. The lithium plating on these electrodes covers more of the surface and appears more 

spread out. This suggests that lithium self-diffusion became prominent at 30 °C, allowing atoms 

to move along the surface. All other rest phase processes are also accelerated at a higher 

temperature, including the rate of electrochemical stripping, the rate of chemical re-intercalation, 

and the rate of SEI formation on both the lithium and graphite surfaces. The increased 

irreversibility can mainly be ascribed to the increase in SEI formation rate and the need for a 

thicker SEI layer to passivate the surface at a higher temperature. This experiment suggests that 

the best treatment for recovery of plated lithium may involve storing the cell at low temperature 

to mitigate the growth of irreversible SEI.  
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3.5 Conclusion: 

The experiments performed in this chapter were intended to elucidate the factors affecting the 

reversibility of the lithium plating reaction. First, we investigated the differences between plating 

induced through fast charging (transport limited) and through overcharge (kinetically limited). It 

was determined that transport limited plating led to an earlier onset of the film-like plating regime 

since the current was more localized at the electrode-separator interface. In contrast, the cells with 

kinetically limited plating showed a later onset of film-like plating, suggesting that at low degrees 

of overcharge, small plating deposits can remain beneath the graphite SEI layer and maintain a 

high degree of reversibility. Due to the higher Coulombic inefficiency and the connectivity of 

plating deposits, we conclude that plating induced by fast charging has more potential to cause 

lasting degradation through pore-clogging and dendrite growth. 

An interesting observation from this experiment is that cells containing plating due to kinetic 

limitations maintain a rest phase potential of about 0.0 V vs. Li/Li+, while the transport limited 

cells return to the expected OCP of graphite during the third plateau (~89 mV vs. Li/Li+). This 

difference could be useful in identifying an overcharged cell in an unbalanced module since the 

cell OCV would be expected to deviate from that of surrounding cells. Due to the lack of vacancies 

in the kinetically limited cells during rest, no re-intercalation plateau is observed in the rest phase 

voltage profile. Instead, the charge phase contains an initial low-voltage plateau which corresponds 

to the lithium stripping process and is not observed for the transport limited cases. 

The most significant influence on the reversibility of lithium plating was found to be the 

temperature of the cell during the rest phase. Higher temperatures accelerate the rate of all 

processes occurring during rest, including electrochemical stripping, SEI formation, lithium self-

diffusion, and chemical re-intercalation. The drastic increase in Coulombic inefficiency when the 

cell is rested at 30 ℃ indicates that the SEI formation rate dominates at high temperatures. 

Additionally, the increased lithium self-diffusion has caused the plating to move along the surface, 

covering a greater portion of the electrode with a thinner layer of lithium. This also exposes more 

of the lithium surface to electrolyte and reduces the reversibility of the cell. The result suggests 

that optimal thermal treatment of a cell that experiences lithium plating could involve storage or 

cycling at low temperatures to mitigate SEI growth.  
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CHAPTER 4 - VIDEO MICROSCOPY EXPERIMENTS 

4.1 Introduction  

The consequences of lithium plating range from rapid capacity fade and rise in internal resistance 

to internal short circuit caused by the growth of dendrites. While many experimental studies have 

examined the effects of lithium plating on cell lifespan and performance, a complete fundamental 

understanding of lithium plating behavior is still lacking. Although it is commonly accepted that 

some portion of plated lithium is reversible, no consistent understanding has been reached 

concerning the mechanism of re-intercalation of lithium metal deposits. Several researchers have 

proposed that Li deposits will intercalate “chemically” into graphite, given sufficient time. This 

view suggests that Li in direct contact with the graphite surface will diffuse into the graphite, 

potentially leaving a portion of the Li electrically detached. Recently, many models have explored 

the possibility of electrochemical stripping and intercalation as the cause of reversibility in the Li 

plating reaction. Lithium stripping is assumed to occur at local anode potentials above 0.0 V, as 

experienced during the rest phase by the graphite. This process is assumed to be fully reversible, 

aside from an unknown amount of irreversible losses associated with SEI growth on the plated Li. 

In this work, a novel technique is developed to observe the relaxation of Li plating directly under 

an optical microscope in order to verify the occurrence of electrochemical stripping and identify 

factors that affect the reversibility of the Li plating reaction. 

4.2 Objectives 

1. To verify the occurrence of electrochemical stripping of lithium plating on graphite 

during open circuit rest phase following plating. 

2. To verify the occurrence of overshooting phase dissolution in graphite during relaxation 

phase after lithium plating has been induced 
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4.3 Methodology 

4.3.1 Experimental Apparatus 

The experimental apparatus used for this set of experiments are the same as discussed in Chapter 

3. The M-Braun Glovebox is used for the fabrication of the Li-graphite half cells. The coin cell 

fabrication process was similar as discussed in Chapter 3. The fabrication of half cells was 

followed by electrochemical testing for which the Arbin Battery Cycler and the MTI Coin Cell 

Cycler was used. This set of experiments were conducted under different temperature conditions. 

The apparatus described in Fig 3.5 was used to perform the low-temperature cases at 0°C. 

However, the 20°C cases were done in the MTI Coin Cell Cycler in a room that was maintained 

at 20°C. The electrochemical testing was followed by the quick disassembly of the Li-graphite 

half-cell in the M-Braun Glove Box. The Leica Si9 microscope was used for capturing the video 

of the relaxation phase. 
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4.3.2 Electrochemical Testing 

 
Fig 4.1: Schematic of electrochemical testing protocol followed for the Video Microscopy cases 

 

Fig 4.1 shows the electrochemical testing protocol followed for the video microscopy experiments. 

The testing starts from the formation cycle of the newly fabricated Li-graphite half cells at a very 

low C-rate of C/20 between the voltages of 0.0V to 2.0V. Following the formation cycle, 

isothermal conditions on the cell are established by either using the apparatus shown in Fig 3.5 or 

in the temperature-controlled room at 20°C. The cell was then lithiated at the specific C-rate for 

the case which is denoted as Y under an isothermal temperature condition denoted as Z till a 

specific state of charge denoted by X. Table 4.1 enlists the various cases of video microscopy 

carried out along with the individual operational parameters in that case.  
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Table 4.1: List of Video Microscopy experiments performed with their operational parameters 

Case Temperature 

(Z) 

C-rate 

(Y) 

State of Charge 

(X) 

1 0 °C 1C 60% 

2 0 °C C/2 80% 

3 0 °C C/2 80% 

4 0 °C C/2 100% 

5 20 °C 1C 100% 

 

4.3.3 Destructive Physical Analysis and Video Microscopy 

The electrochemical testing was followed by a quick disassembly of the Li-Graphite half-cell in 

the Argon filled Glove Box. This was done to ensure that the graphite electrode does not react with 

the environment thereby leading to the altering of appearance. However, we were interested to 

observe the changes that the graphite electrode undergoes in the relaxation phase. The graphite 

electrode was carefully extracted and placed in a case that was filled with the same electrolyte 

(EC: EMC (3:7 wt%) w/ 1.2 M LiPF6) so that the presence of electrolyte facilitates any 

electrochemical reactions driven by the local potential difference in the graphite particles. The 

changes on the graphite electrode were recorded over a stretch of time under the Leica Si9 

microscope in the form of a video.  
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4.4 Results and Discussions 

4.4.1 Case 1: 0°C | 1C | 60 SOC 

     

     

     
Fig 4.2: Snapshots of video microscopy of relaxation phase for Case 1: 0 °C | 1C | 60% SOC 
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Snapshots from Video 1 are shown in Fig 4.2 above for Case 1, in which the graphite was lithiated 

from 0 to 60% SOC at 1C rate at 0 °C. At equilibrium, a graphite electrode at 60% SOC is expected 

to contain mostly the red stage 2 phase and a small amount of the gold stage 1 phase. However, 

discharging the cell at a high rate and low temperatures increases the likelihood of overshooting 

phases, especially at the electrode-separator interface. When the cell was opened, most of the 

visible electrode surface contained gold, fully lithiated stage 1 graphite. An appreciable amount of 

silver lithium plating was also found on the surface, along with a small amount of red stage 2 

graphite. As the rest phase progressed, almost no changes were observed on the plated lithium 

metal. The prominent transformation that occurred during rest was the disappearance of the 

overshooting stage 1 phase and the growth of the stage 2 phase. Since the lithium concentration in 

each phase is nearly constant, the stage 1 to stage 2 phase transformation results in a rejection of 

lithium atoms from the interface, which must be compensated by a stage 2L to stage 2 phase 

transformation in order to conserve the mass of lithium. Therefore, it can be inferred that the 

electrode from Case 1 initially contained the “undershooting” blue stage 2L at the time the cell 

was disassembled. Based on our knowledge that fast charging causes high local current density 

near the electrode-separator interface, it is logical that the low concentration blue phase would be 

located deep in the electrode near the current collector, where it cannot be observed by the 

microscope. Case 1 visually confirmed the existence of overshooting stage 1 and implied the 

existence of some undershooting stage 2L, which both mostly transformed into the dominant stage 

2 phase observed prominently at the end of the video when equilibrium was achieved. Another 

important conclusion from this test is that neither electrochemical stripping nor chemical re-

intercalation was observed on the lithium plating over the course of the video. 
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4.4.2 Case 2: 0 °C | C/2 | 80 SOC 

 

     

     

     
Fig 4.3: Snapshots of video microscopy of relaxation phase for Case 2: 0 °C | C/2 | 80% SOC 

 

Fig 4.3 contains snapshots from the video of Case 2, in which the graphite was lithiated to 80% 

SOC at 0 ℃ and C/2 rate. The equilibrium phases for 80% SOC are a mix of gold and red phases, 
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with the gold stage 1 phase expected to be dominant at the graphite-separator interface. As seen in 

Fig 4.3(a), a blue and red spot was observed in the center of the electrode in Case 2, which was 

surrounded by deposits of lithium plating. Similar to Case 1, no macroscopic changes were 

identifiable on the lithium deposits over the 2 h of recorded video and no electrochemical stripping 

could be directly observed. In Fig 4.3(b-d), the blue stage 2L gradually turns to red stage 2 over 

the first 30 min of the video. Whereas in Case 1 the undershooting blue phase was hidden below 

the electrode surface, Case 2 allows direct observation of the dissolution of blue stage 2L and 

growth of the red stage 2. In order to supply the additional lithium to drive the 2L → 2 

transformation, some gold stage 1 also must transform to stage 2 and the edges of the spot must 

move outward. Surprisingly, the spot does not expand during this initial 30 min span, suggesting 

that the phase transformation is driven by plating re-intercalation rather than stage 1 dissolution. 

Although changes to the film-like lithium deposits were not observed, microscopic lithium 

deposits could be stripping during this time, bringing the graphite electrode to an overall higher 

SOC. The spot does not change much before Fig 4.3(e) at the 1 h mark but gradually grows again 

until the end of the video in Fig 4.3(f) at 2 h. This growth of stage 2 in the latter part of the video 

could be related to stage 2L dissolution in the depths of the electrode, driven by the local potential 

difference between the stage 1 and stage 2L phases. Case 2 gives the first indication of a multi-

step relaxation process. 

 

 

 



   
 

80 
 

4.4.3 Case 3: 0 °C | C/2 | 80 SOC 

 

      

     

     
Fig 4.4: Snapshots of video microscopy of relaxation phase for Case 3: 0 °C | C/2 | 80% SOC 
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Figure 4.4 contains snapshots from Case 3, from the cell which was lithiated to 80% SOC at 0 °C 

and C/2 rate. At equilibrium, a graphite electrode at 80% SOC should contain a mix of gold and 

red phases. The surface in view of the microscope is the former electrode-separator interface, 

which experiences the highest local current density and thus reaches the highest local SOC. 

Therefore, most of the particles in view throughout Case 3 contain the gold stage 1 phase. Shiny 

lithium deposits were initially present across much of the electrode surface, as seen in Figure 

4.4(a). The deposits become gradually duller and darker over the next 3 minutes and 30 seconds 

in Figure 4.4(b) and (c). Between 3:30 and 5:30, distinct pit formation occurs on the formerly shiny 

lithium surface. Concurrently, the amount of red stage 2 graphite in the frame decreases, indicating 

the re-intercalation of plated lithium. To the best of our knowledge, this is the first direct 

observation of the phenomenon of electrochemical stripping. After 5:30, no apparent changes 

occur on the lithium. By the end of the video at 50 minutes, shown in Figure 4.4(e), a small amount 

of red stage 2 has returned, which indicates the dissolution of the overshooting stage 1 phase. 
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4.4.4 Case 4: 0°C | C/2 | 100 SOC 

     

     
Fig 4.5: Snapshots of video microscopy of relaxation phase for Case 4: 0 °C | C/2 | 100% SOC 

 

Fig 4.5 shows snapshots from the video of Case 4, in which graphite was lithiated to 100% SOC 

at 0 ℃ and C/2 rate. In Fig 4.5(a), four phases are initially visible on the graphite surface: stage 

2L (blue), stage 2 (red), stage 1 (gold), and lithium plating. The lithium plating has a shiny surface 

upon disassembly, indicating rounded surfaces. As electrochemical stripping occurs, the lithium 

surface grows darker and duller in Fig 4.5(b-c). Concurrently, the blue stage 2L phase turns to red 

stage 2 as more lithium is intercalated into the graphite. By the 8:00 mark, pitting on the lithium 

metal is distinctly visible, and the red spot has continued to shrink due to re-intercalation. 
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4.4.5 Case 5: 20 °C | 1C | 100% SOC 

     

     

     
Fig 4.6: Snapshots of video microscopy of relaxation phase for Case 5: 20 °C | 1C | 100% SOC 
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The results from Case 5 are shown in Fig 4.6 for the case of lithiation to 100% SOC at 1C rate and 

20 ℃. At 100% SOC, the graphite should contain only the gold stage 1 phase. However, since a 

portion of the discharge capacity has gone towards lithium plating, the true SOC of the graphite 

will be less than 100% and the presence of red stage 2 phase is also expected. Upon disassembly 

of the cell in Fig 4.6(a), the graphite surface contains four phases: stage 2L (blue), stage 2 (red), 

stage 1 (gold), and lithium plating (silver). The lithium plating is originally shiny but becomes 

duller and darker by 1:30 in Fig 4.6(b), indicating the occurrence of lithium stripping. The blue 

phase also starts to turn red during this time. By 6 min in Fig 4.6(c), most of the original lithium 

deposit has disappeared and the blue phase is nearly completely dissolved. The red spots have also 

shrunk appreciably by this time. Lithium stripping continues until around 20:00 in Fig 4.6(d), after 

which no changes to the lithium surface are observed. Gradual growth in the red area occurs in Fig 

4.6(e-f) over the ensuing 2 h. 

 

 

 
Fig 4.7: Schematic of the color transition during stripping and after stripping 
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Based on the results of this experiment, the behavior of graphite during the relaxation phase 

following lithium plating can be summarized as a two-part process, as is schematically depicted in 

Fig 4.7. First, lithium plating undergoes electrochemical stripping and re-intercalation. During this 

process, the practical SOC of the graphite increases and the amount of stage 2L phase decreases. 

Lithium stripping continues until the lithium deposits become electrically isolated, as they can no 

longer release electrons into the graphite. After the completion of the stripping phase, part 2 of the 

relaxation process involves the dissolution of stage 1 and stage 2L, accompanied by the growth of 

the stage 2 phase. Lithium atoms are rejected at the Stage 1 and the Stage 2 interfaces, while they 

are added at the stage 2 and the stage 2L interfaces. The net result is an expansion of the red stage 

2 phase throughout the electrode. Referring back to Fig 3.11(a), the relaxation voltage profiles 

each contain two plateaus for cells that experienced transport limited plating. While the first 

plateau is widely ascribed to the lithium stripping process in literature, the second plateau can most 

likely be ascribed to the process described here as “part 2.” 

 

4.5 Conclusion 

In this experiment, the occurrence of electrochemical stripping as well as overshooting phase 

dissolution was visually confirmed for the first time. In most cases, lithium deposits become less 

shiny and darker as the relaxation proceeds, indicating a modification of the surface morphology 

via lithium stripping. Additionally, the formation of pits on the lithium metal surface is evident in 

many cases. Stripping was not observed for all cases, calling into question the theory that the 

stripping reaction proceeds spontaneously so long as the graphite potential remains above 0.0 V 

and electrical connection is maintained between lithium deposits and graphite. Further 

investigation is needed to determine the physical phenomena of driving or preventing lithium 

stripping from occurring. A distinct second relaxation process involving the dissolution of 

overshooting stage 1 and undershooting stage 2L was identified and visually confirmed, validating 

the work of Bauer et al. [43], [44]. This suggests an explanation for the observation of two plateaus 

in the relaxation voltage profiles of the transport limited plating in single discharge tests. 
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No evidence of chemical re-intercalation was identified in these tests. A possible reason is that 

diffusion of plated lithium into the graphite would rely on adjacent particles having vacancies to 

store more lithium. However, lithium plating occurs most readily at locations that experience local 

overcharge due to the heterogeneous distribution of active material in the electrode. Therefore, we 

have observed that lithium deposits tend to be in contact with stage 1 graphite at the time of cell 

disassembly. We believe that observation of chemical re-intercalation may require a longer time 

scale and may only be possible if part 2 of the relaxation process brings particles with stage 2 

graphite in contact with the plated lithium deposits. Capturing this process on video will be a 

subject of future work. 
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CHAPTER 5 - SUMMARY AND FUTURE WORK 

5.1 Summary 

While it is widely acknowledged that the lithium plating reaction is detrimental to cell lifespan and 

is partly reversible, a deep fundamental understanding of the physical processes affecting the 

behavior of plated lithium is lacking. In this work, the factors affecting the reversibility of the 

lithium plating reaction were investigated. Reversibility was quantified through Coulombic 

inefficiency, with the assumption that a negligible portion of the capacity would be used for SEI 

formation on graphite. The duration and temperature of the rest phase following lithium plating 

were studied as probable factors influencing the reversibility, with temperature proving itself as 

the most important factor. Due to the accelerated rate of SEI formation at 30 ℃, the CI nearly 

doubled as compared to the 0 ℃ case. The minimum efficiency of the lithium plating reaction was 

found to be 76.6% at 30 ℃, as compared with the minimum efficiency of 86.3% at 0 ℃. This 

result suggests that cells that have experienced lithium plating should not be exposed to elevated 

temperatures. 

Furthermore, two different strategies were employed to induce lithium plating and their differences 

were critically examined. To study plating caused by fast charging conditions, defined in this work 

as transport limited plating, graphite electrodes were initially lithiated to 60% SOC at C/20 rate 

before discharge pulses of ΔSOC=10, 20, 30, or 40% were applied at 0 ℃ and C/2 rate. To study 

plating caused by overcharge conditions, defined as kinetically limited plating, electrodes were 

lithiated to 100% SOC at C/20 rate before discharge pulses of ΔSOC=10, 20, 30, or 40% were 

applied at 0 ℃ and C/10 rate. Based on previously presented models in the literature, we predicted 

that the overcharged cells would exhibit a higher degree of reversibility as well as a more 

homogeneous distribution of plated lithium. The hypothesis was confirmed by the higher CI values 

and the observation of dense, highly connected films of lithium plating in transport limited cases. 

The overcharge plating cases exhibited exceptionally low CI for small amounts of overcharge, 

with a CI of 0.17% at ΔSOC=10%. This kinetically limited condition yielded the highest 

reversibility for the lithium plating reaction at 98.3% efficiency. 
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In order to elucidate the complex interplay of relaxation processes, a method was developed to 

allow for direct observation of the plated graphite electrode during relaxation. Cells were rapidly 

disassembled, and electrodes were viewed under an optical microscope for several hours. This 

experiment provided the first direct evidence of electrochemical stripping through the concurrent 

observation of pit formation on the lithium metal surface and transformation of the blue stage 2L 

graphite to the red stage 2 phase which contains a higher lithium concentration. A direct 

observation was also made of the dissolution of overshooting phases in graphite, as described in 

the work of Bauer et al. [43], [44]. This process consists of the dissolution of stage 1 and stage 2L, 

along with the growth of stage 2 graphite. Based on our observations, a two-part model is proposed 

for the rest phase processes of graphite under lithium plating conditions. 

5.2 Future Work 

In the video microscopy experiments, no evidence of the chemical re-intercalation process was 

obtained. We believe that this process is reliant on direct contact between lithium metal deposits 

and graphite particles that are not in the fully lithiated state. However, plating tends to occur in 

locations that experience high local current density and thus reach a high local SOC before the 

rest of the electrode. In order for chemical re-intercalation to be observed, a longer time scale of 

observation may be required. If part 2 of the relaxation process brings lithium metal in contact 

with stage 2 graphite, such as in Fig 4.1, chemical re-intercalation may proceed. Observation of 

this possible part 3 of the relaxation phase was not possible in this work because the video length 

was limited by electrolyte evaporation. Future experiments will attempt to suppress the rate of 

electrolyte evaporation by covering the sample with a quartz lens. This may allow a full 

realization of the processes at play during relaxation. 
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