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Abstract 
 
Recycling of Lithium-ion battery cathode materials has become increasingly important due to the 

limited amount of resources of raw materials and the environmental and the economic benefit. 

Recently, a new process, direct recycling, has been gradually developed with less energy and 

cost input. For this process, the aged cathode materials directly react with a Lithium source under 

certain thermal process to refunctionalize the aged cathode. The process is also appealing in 

cases where there is a large amount of similar cathode materials in use, such as electric vehicles.  

 

In reality, Li-ion batteries go through many materials changes as they are charged and 

discharged. As a result of aging mechanism that can occur under different cycling conditions at 

different regions of the cell, aged cathode materials can differ in both bulk properties1, such as 

residual Li content level, as well as  surface properties, such as solid-state interface (SEI) and 

surface reconstruction layer. Because these differences exist  in aged cathode materials, there is a 

likely inconsistency of recycled product unless these effects are understood and corrected.  

 

As such, the two primary objectives of this work are:  

1. Investigate relationship between the cycling conditions of 18650 Li-ion batteries and the state 

and consistency of the Li(NixCoyAlz)O2 (x+y+z=1) (NCA)  materials in them after aging.  

2. Investigate the relationships between aged NCA materials properties, and recycling processes, 

and the resulting products. 

 

To achieve the 1st objective, commercial 18650 cells were cycled under 4 different conditions. 

Full cell cycling data and post-mortem analysis of both electrode materials reveal that aged NCA 



 
 

V 

materials show different properties after being tested under different cell cycling conditions.  

Moreover, inhomogeneity in electrode properties was observed and analyzed under certain cell 

cycling condition. Therefore, the differences in aged NCA materials properties, including the 

level of residual Li content, SEI thickness, surface reconstruction layer and etc, result from not 

only the cycling condition of the cell but also the inhomogeneous aging within one cell.  

 

To achieve the 2nd objective, solid-state recycling process parameters, including Lithium source, 

reactants ratio, calcination temperature, calcination time, graphite contamination content and etc, 

were investigated in order to understand the relationship between the aged NCA materials 

properties and process parameters. Optimized process steps were created to deal with difference 

in some of aged NCA materials properties based on the fundamental understanding of the 

relithiation steps. 
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wash in between two steps of heat-treatments. (Page 116) 

Figure 8-9. Cyclic voltammetry comparison between fresh LMO, aged LMO and LMO-HT(1:1, 

165oC, 24hrs) from a) aged Li0.7Mn2O4 and b) aged Li0.3Mn2O4. (Page 117) 

Figure 8-10. Comparison of a) cathode charge-discharge curve of 2nd cycle with +0.24 V to 

+0.57 V at a C/6 rate and b) discharge capacity vs cycle number for the first 10 cycles of fresh 

LMO, aged LMO, LMO-SS with washing in between two steps of heat-treatments from aged 

Li0.7Mn2O4 and LMO-HT(1:1, 165oC, 24hr) from aged Li0.7Mn2O4. (Page 118) 
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Chapter 1. Introduction 

1.1 Motivation 

Major economies like US, EU, China are investing heavily in electrifying the automotive 

industry. The adoption of electric vehicles has created a huge demand for lithium-ion battery 

cells, and the forecasted annual production of lithium-ion battery in 2020 is 40 GWh, which 

translates to over 2*105 tonnes of cathode materials per year.2-3 Lithium-ion batteries contain 

high-value and energy-intensive cathode active materials including nickel and cobalt, which 

makes them valuable for recycling from both economic benefit and energy-saving point of 

views. Also, Lithium-ion batteries contain organic electrolytes, which contaminate the 

environment if not properly dealt with.4 From resource, energy, and environment aspects, it is 

necessary to recycle used Lithium-ion batteries, especially the cathode materials. 

 

The current two dominant cathode recycling approaches are based on pyrometallurgical and 

hydrometallurgical processes.5-6 The former method suffers from large energy input and low 

yield of recycling in term of mass while the latter method suffers from heavy usage of solvent 

and complex wet-chemistry processes, making the recycled product based on these processes 

less environmental-friendly and economically competitive.7 To overcome the drawback of 

current industrial recycling processes, researchers have started to explore recycling cathode 

active materials through a direct recycling process.8-12 The idea of the direct recycling process is 

to directly treat aged cathode materials with a Lithium source under certain reaction conditions, 

such as solid-state reaction or hydrothermal reaction, to regain the lost capacity of aged cathode 

active materials. The main goal is to avoid the costly breakdown and subsequent reproduction of 
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cathode active materials so that the initial energy embodied during the production of cathode 

materials can be saved. Compared with current industrial recycling processes, the advantages of 

this approach are8: [1] it could save overall processing energy by avoiding higher temperature to 

break down and then re-use the elemental constituents of the cathode active materials. [2] The 

initial embodied energy of the cathode active materials is preserved. [3] It avoids complex 

chemical processes and caustic chemicals if done using some of the more appealing process 

pathways. 

 

However, there are still gaps between conceptual demonstration and practical application of this 

process and we think one of the keys to success lies in understanding and overcoming the 

variance in the aged cathode active materials. In the real world, aged batteries go through 

different types of usage conditions before they are retired. The different types of usage 

conditions will result in  differences in aging mechanisms inside the batteries, resulting in  

inhomogeneous  properties of the aged cathode materials.13-15 The difference in the properties of 

cathode materials, including lithium content,16 solid-electrolyte interface (SEI) 17-19 phase thermal 

stability,20-23 and etc, impact on how the aged cathode active materials reacts with lithium sources 

during any direct recycling process, therefore affecting the electrochemical performance of 

directly recycled product. 

 

As such, it is necessary to investigate the relationship among the usage conditions of the cell, 

properties of aged cathode materials and the process parameters of the direct recycling, from 

perspectives of materials science, electrochemistry, and battery engineering. The result would 
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give a guidance to how to deal with differently aged cathode active materials and how to get the 

directly recycled product with consistent quality in the real work application.  

 

1.2 Objectives 

1.2.1 Cell and cathode aging 

• Investigate the relationship between the commonly used cycling conditions and aging 

models of the full cell 

• Investigate the relationship between the commonly used cycling conditions and 

properties of aged cathode materials  

 

1.2.2 Cathode active materials direct recycling  

• Investigate the effect of solid-state recycling method parameters on recycled cathode 

materials  

• Investigate the effect of hydrothermal recycling parameters on recycled cathode materials  

• Investigate the effect of differences in aged cathode properties on recycled cathode 

materials  
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Chapter 2. Background 

2.1 Cell aging  

2.1.1 Lithium-ion battery function 

Lithium-ion batteries are devices that store and convert electrical energy and chemical energy. 

They are composed of five parts: anode, cathode, separator, electrolyte, and electric circuit, as 

shown in Figure 2-1. The separator acts as a physical barrier to prevent electron transfer inside 

the battery. The electrolyte, which is normally composed of organic solvent with lithium-ion salt 

dissolved in, such as LiPF6. The electrolyte is ionically conductive but electronically insulating. 

The electric path is composed of current collector and external wires, which enables electrons to 

move between anode and cathode through an external circuit. The anode is commonly composed 

of graphite (electrochemical active materials), binder and conductive filers, such as carbon black, 

and the cathode is commonly composed of lithium-contained ceramic oxide (electrochemical 

active materials), such as LiCoO2, LiMnO2, LiFePO4 , and LiNixCoyAlzO2 (x+y+x=1), binder and 

conductive files. During discharge, the thermodynamic driving force causes the Li+ to move from 

anode to cathode through internal of the battery via electrolyte while the electrons move along 

the external circuit from anode to cathode. The electron and Li+ from anode meet at cathode in 

the end. During the charge process, the movement of both electron and Li+ is reversed.  
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Figure 2-1. Working mechanism of Li-ion battery during charge and discharge.24  

2.1.2 Lithium-ion battery aging mechanism  

The aging mechanisms of Li-ion batteries have been summarized in a number of review 

papers.25-26 Historically, the observed effects of aging are attributed to and/or associated with 

primarily one part of the battery, such as the cathode, anode, separator and, current collector.  

 

2.1.2.1  Anode  

For the anode (graphite), the main aging mechanism are the growth of SEI(solid-electrolyte 

interface) and Li plating.25, 27 Standard non-aqueous electrolyte Lithium-ion batteries operate 

across a voltage range that, at times, surpasses the thermodynamic stability limit of the organic 

solvents used in the electrolyte. This results in various species decomposing and coating the 

surface of the electrodes, a process commonly called SEI formation. The composition of the SEI 

depends on the cell conditions, such as the electrolyte composition and the electrochemical 

parameters used in the first formation cycle of the battery. An example is shown in Figure 2-2.28 

The accumulation of SEI correlates to an irreversible capacity loss for the battery for two 
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reasons: (1) lithium ions are consumed during SEI formation and (2) electrode pores are blocked, 

creating a less porous and more resistive path for lithium ion transport.29-30 

 

Figure 2-2. SEI composition on the anode surface. 28   

 

As for Li plating, thermodynamically the insertion voltage of lithium ions for graphite anode is 

less negative (~100 mV) than the Li plating voltage. However, under certain circumstances, 

kinetic driving forces dominate, creating Li plating on the anode surface. There are several 

cycling factors that could lead to Li plating in the cell:  increasing charge rate, decreasing 

temperature and increasing SoC(state of charge) of cell.31-33 SoC means level of charge of an 

electric battery relative to its capacity. Based on the previous publications regarding Li plating, it 

is more likely to happen at a temperature lower than room temperature15 or, more often, lower 

than 0 oC.15, 34 It is also more likely to happen at C rate higher than 1C. (C rate is defined as the 

discharge current divided by the theoretical current draw under which the battery would deliver 

its nominal rated capacity in one hour. A 2C discharge rate would deliver the battery's rated 

capacity in 0.5 hour)35-36 
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Figure 2-3. Overview on basic ageing mechanisms of cathode materials.30 

2.1.2.2  Cathode 

For the cathode, the aging mechanisms are illustrated in Figure 2-3,30 which can be divided into 

two categories: electrochemically inactive component and active materials. For inactive 

component, binder decomposition and corrosion of current collector cause increasing impedance, 

leading to capacity loss of cathode. For electrochemical active materials, structural disordering, 

surface reconstruction, metal dissolution, and SEI formation can lead to capacity loss of cathode. 

These effects do not occur separately and cannot be discussed independently from each other. 

The dominant aging mechanism is decided by cathode composition and cycling/storage 

conditions. 
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Figure 2-4. A schematic of the proposed parasitic side reactions occurring in a full cell and in a pouch bag only 

containing charged positive electrode and electrolyte. The negative electrode in the pouch cell schematic (left side) 

is colored blue, while the positive electrode in the pouch cell and pouch bag schematics is colored red.37 

 

2.1.2.3 Anode/cathode interaction  

More recently published evidence shows that interaction or “crosstalk” between the anode and 

cathode as mediated by the electrolyte exists in full Li-ion batteries, as shown in Figure 2-4 and 

that these complex interactions result in a significant negative impact on the long-term 

performance of Li-ion batteries.37-49  This anode/cathode interaction can be divided into 

categories including (1) the dissolution of metal ions from the cathode that migrate to the anode 

surface, catalyzing SEI formation on the anode38, 42, 46-48, and (2) electrolyte decomposition 

products generated at the largely delithiated cathode/electrolyte interface that diffuse/migrate to 

the anode surface, which can also result in precipitate/SEI formation.37, 39, 41, 43-44 Some reports 

suggest that these interactions are accelerated by high voltages at the cathode/electrolyte 

interface and are also strongly influenced by the temperature of the battery.37-38, 40  

 

2.1.3 Lithium-ion battery aging under different cycling conditions 
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Figure 2-5. Schematic of constant current and constant voltage charge. The image is modified based on the source 

from https://www.ti.com/lit/ds/symlink/bq2057.pdf.  

 

Charge protocol affects the time-average voltage experienced at the cathode,  therefore it affects 

the aged cathode properties at the end of cycling.13-15 For constant current charge protocol, the 

constant current is applied to the battery until the voltage cut-off is reached (Figure 2-5). For 

constant voltage protocol, the battery is held at a certain voltage while the charge current 

gradually decreases (Figure 2-5). The constant current (CC) (or the closely related constant 

power) charge protocol is used in different applications, for example in electric vehicles where 

charging on the order of 2 hours or less is desired, or in general when a constant potential current 

taper ( current drop while the voltage remains) can’t be carried out for time reasons. In some 

cases, a higher specific current is used, which results in a larger polarization experienced at the 

cathode. Because of electrode polarization effects, the time-averaged voltage experienced by the 

cathode material during the charging process can be higher. The increasing time-averaged 

voltage on the cathode structure would then lead to more electrolyte decomposition at the 
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cathode/electrolyte interface. In the constant current and constant voltage (CC-CV) charge 

protocol, which is more commonly used in cases where there is ample time to completely charge 

cells, a dwell at a maximum specified potential is maintained while the current is allowed to 

decrease through a current taper. During this process, electrode polarization will decrease as a 

result of the decreasing current. It is also commonly observed that higher temperatures (>25 ˚C)  

induce faster electrolyte decomposition at the electrode/electrolyte interface or in the bulk 

electrolyte due to thermally enhanced reaction kinetics. 37-38 

 

2.2 Cathode Recycling  

2.2.1 Current Li-ion production and recycling  

As the global market for lithium-ion batteries expands to further service electric vehicles and 

stationary energy storage installations, the demand for functional ceramic oxide cathode 

materials used in these batteries increases. Meanwhile, the present usage of raw materials for 

producing these cathode materials is not proven to be sustainable, while up to 95% of the 

cathode materials from aged lithium-ion batteries have been disposed in landfills instead of being 

recycled.50 Some materials used are also relatively scarce: cobalt is used in most cathodes in the 

commercial lithium-ion batteries, and Sverdrup’s model has predicted that cobalt raw materials 

will run out after some time in the next century, while spot price has increased several hundred 

percent from 2010.51 Furthermore, Life cycle analysis (LCA) has revealed that52 “materials 

production” was the main contributor to CO2 emission and energy costs when making cathode 

material;  a significant amount of energy is utilized for mining scarce materials and high-

temperature process required for making cathode materials. To obtain 1 ton of lithium, we need 

to handle 250 tons of mineral or 750 tons of brine compared with 28 tons of used batteries. A 
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report from Argonne National Lab4 shows the recycling of automotive Li-ion batteries to supply 

materials is a long-term strategy. The benefit that the recycling would provide, includes 

moderating virgin material prices, reducing costs and other impacts of disposal, reducing reliance 

on imported materials, and reduced energy use and emissions in EV battery production. These 

benefits would emerge after 15-20 years from now. However, it is necessary to prepare the 

technology path before the market comes.  

 

2.2.2 Current cathode recycling methods  

The industrial recycling processes typically used to recycle cathode materials can be divided into 

the hydrometallurgical process and the pyrometallurgical process. As briefly discussed in chapter 

1,  each has advantages including the type of element being recycled and adaptability to 

elemental variation.5 However, the two methods are considered to be complex and energy-

consuming due to their breakdown-and-repurposing approach.6-7 Also, the price of cathode 

materials recycled from current industrial recycling processes is not economically competitive 

with cathodes produced from raw materials. Thus, the development of the direct recycling 

process development is necessary. Currently, the development of direct recycling process is at 

pilot scale.  
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Figure 2-6. Schematic of pyrometallurgical recycling process. Image retrieved from https://egvi.eu/wp-

content/uploads/2013/10/2_4-Jan-Tytgat_Umicore.pdf. 

 

2.2.2.1 Pyrometallurgical recycling process 

Figure 2-6 shows the pyrometallurgical process from Umicore Company. Generally, the aged 

batteries are put into a furnace without sorting process and are heated at very high temperature 

(>1000 oC) to break down all the components into elements. Then during the cooling down 

process, the metal alloy is separated, including Cu, Co, Fe, and Ni. At the end of the process, the 

slag, which contains Li, is transferred to construction sites for other usages. The advantage of the 

pyrometallurgical process is that it can be applied to almost any battery with any chemistry 

without the need to sort batteries based on chemistry or separation of anode and cathode 

powders. However, the disadvantage of this process is that the energy input for the process is 

large due to high-temperature process, which makes it not energy-efficient when compared with 

the other two process. Moreover, since the Li and Al element cannot be recycled using this 

process, the overall recycling efficiency is lower.   
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2.2.2.2 Hydrometallurgical recycling process  

The flowsheet of the general preparation process for the hydrometallurgical recycling is shown 

in Figure 2-7.53 The purpose of the preparation process is to separate electrode active powders 

from current collectors and other parts of the battery. After the cathode is collected, the cathode 

is leached using the acid solution. Then, the metal ions can precipitate out in form of salt when 

changing the pH of the solution and the product of would be the metal salt, as suggested by 

Figure 2-8.54  The formed precursor can then be calcinated to product recycled cathode. The 

advantage of this recycling process is that the purity of the recycled product is high and is less 

energy-intensive than pyrometallurgical recycling process since no high temperature melting 

down process is required. However, the problem is that the process requires a lot of chemicals, 

such as acid, solvent for leaching, separation, and precipitation. Because of them, this process 

brings a lot of secondary contaminations to the environment.  

 

 

Figure 2-7. Process of preparation for hydrometallurgical recycling. 53 
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Figure 2-8. Process of precipitation of metal ions from hydrometallurgical recycling.54 

 

2.2.2.3 Direct recycling method 

The general process of direct recycling is shown in Figure 2-9. The preparation process before 

cathode powder collecting is similar to the hydrometallurgical recycling process. After that, the 

aged cathode powder goes through relithiation process by reacting with lithium sources, such as 

LiOH or Li2CO3. The key difference between the above-mentioned recycling processes and the 

direct recycling process is that instead of recycling basic elements as with pyrometallurgical 

process or recycling compounds as with hydrometallurgical process from the cathode materials, 

direct recycling process enables us to retain the structure of the cathode materials while 

regenerating the cathode materials by reacting them directly with the lithium source. By doing 

so, the initial energy that is embodied in the cathode materials can be saved and chemicals,  
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Figure 2-9. Process of direct recycling. Image retrieved from http://www.farasis.com/.  

 

solvent, and high-temperature melting-down treatment can be avoided. The viability of direct 

recycling has been proved. Ganter et al. demonstrated refunctionalization of LiFePO4 (LFP) from 

commercial cells, that were cycled to an end-of-life state, by chemical lithiation process.8 Aged 

LFP electrode was added into lithium iodide (LiI) solution for 20 hours. The recycled LFP 

regained the original capacity of 150--155 mAh/g. They also demonstrated that the LiFePO4 

refunctionalization process through chemical lithiation, decreased the embodied energy by 50% 

compared to cathode production from virgin materials.8 Kim et al. designed a single synthetic 

step using hydrothermal method in a concentrated LiOH solution at 200oC where aged LCO 

electrode including active materials LCO, carbon black, binder and Al current collector were all 

put into autoclave without any scraping procedures.17 Although the renovated electrode materials 

had some electrochemically inactive impurities, the renovated LiCoO2 phase exhibited the first 

discharge capacity of 144.0 mAh/g and the discharge capacity retention of 92.2% after 40 

cycles.55 Yang Shi et al showed by using two steps of relithiation processes, aged 

LixNi0.5Mn0.3Co0.2O2 (NMC) is relithiated and return to its full capacity as fresh NMC. 
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Hydrothermal and solid-state process were used as the first relithiation process in two papers 

following by the second annealing process at high temperature.  

 

2.2.3 Direct Recycling Reaction Type 

For direct recycling reaction, there are generally two steps. The first step is to relithiate the aged 

cathode active materials, which means puting Li+ back into the structure and obtaining a 

stoichiometry similar to fresh cathode active materials. This step is necessary for two aspects 

reasons. Firstly, it provides the Li source needed for the aged cathode active materials to regain 

capacity. Secondly, the phase stability of cathode active materials normally decreases with a 

lower level of lithium in the structure. So the Li+ that is put into the structure during the first step 

helps stabilize the phase during the second calcination process. The second step is to treat the 

aged cathode active material at high temperature (700~800 oC) to increase the crystallinity.  

 

2.2.3.1 Solid-state reaction 

The solid-state reaction is a very common method for preparation of solids from the mixture of 

solid materials through high-temperature treatment. To have better solid-solid interaction, 

mixtures are normally mechanically milled to have uniform mixing and contact before sintering. 

To form a new phase, atoms in one phase need to move out to accommodate with atoms from the 

other phase, which will take lots of energy. Also, the diffusion coefficient for atoms in solid is 

low compared with that in liquids and gases. High temperature is necessary to overcome these 

two problems. However, the solid-state reaction usually results in large particle size and impurity 

in the product, which is due to agglomeration of particle and improper mixing process at high 

temperature. In our case, the solid-state reaction is between aged cathode active materials and 
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lithium source. The problem with the solid-state reaction used in the first step is that the 

temperature is normally above 300oC to activate the relithiation reaction. But at this temperature, 

the phase change reaction or decomposition reaction of cathode active materials already starts, 

resulting in the less pure product in the end.  

 

2.2.3.2 Hydrothermal reaction  

The term hydrothermal synthesis refers to any heterogeneous reaction in the presence of aqueous 

solvents or mineralizers under high pressure and temperature conditions to dissolve and 

recrystallize materials that are relatively insoluble under ordinary conditions. The hydrothermal 

reaction can be applied during the first relithiation process since activation energy for relithiation 

during the hydrothermal reaction is lower compared with solid-state reaction, therefore reducing 

the side reactions, such as cathode active materials decomposition.  

 

2.2.4 Reaction parameters effect in solid-state reaction 

To deal with the large amount of aged cathode materials, a continuous process is of the essence 

when it comes to large-scale application. Hydrothermal reaction, though having less side 

reactions, can be only be processed from batch to batch, which lowers the rate of production. In 

contrast, the solid-state reaction can be processed continuously. Moreover, the current production 

line of cathode active materials, such as LiNixCoyAlzO2 (NCA) and LiNixCoyMnzO2 (NCM), is 

based on solid-state reaction so that the current production line is more compatible with solid-

state approach than hydrothermal one. The above-mentioned two reasons explain why we are 

going to focus on solid-state enabled recycling process mainly. For solid-state reaction, there are 

couple of factors in the process should be considered. 
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Firstly, a typical lithium source, such as Li2CO3 or LiOH, is mixed with aged cathode materials 

during relithiation process. The cost of the Lithium source is a major contributor to the total of 

cost of recycled cathode product. In the recent years, the price of Li2CO3 get closer and still 

lower than LiOH, mainly due to the large production of NCM based cathode. The current price 

Li2CO3 and LiOH are 7.25$/kg and 9.5 $/kg, as of July 12, 2020. Using Li2CO3 as the lithium 

source would greatly reduce cost when compared to LiOH because LiOH is more sensitive to air 

and has high requirement of process equipment. Moreover, the minimum amount of lithium 

source needed to fully recycle aged cathode materials per kg is also important to reduce the cost. 

 

Secondly, one of the major obstacles that are faced by recycling of aged cathode materials is the 

separation of anode powder from cathode powder during the powder collection process. 

Currently, there are four types of separation methods,56-57 including thermal method (burning), 

physical separation method (solvent separation), chemical method (acid etching) and 

physicochemical method (froth flotation). The chemical method involves a dissolution of 

cathode materials in corrosive acids leaving anode particles. The end product of chemical 

method can’t be further used for the direct recycled process. For other three methods, the cathode 

powder is left and can be further processed using the relithiation reaction. However, the best 

separation efficiency is around 90% at pilot scale and increasing the efficiency is still hard. So, it 

may be not be cost-effective to separate cathode to anode powder completely at a large scale. 

Therefore, it is necessary to investigate what would be the effect of weight percentage of the 

anode (graphite commonly) in collected cathode powder on the recycled cathode performance.  
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2.2.5 Properties of aged cathode active material related to recycling 

The properties of aged cathode active materials are closed related to how to direct recycle them 

and the recycled product performance. Here, we are going to talk about 3 specific properties that 

are relatively more important.  

 

2.2.5.1 level of lithiation   

During battery cycling, the proportion of cyclable lithium-ions gradually decreases due to the 

formation of SEI on both anode and cathode. So at the end of cycling, Lithium content in aged 

cathode active materials, such as Lia(NixCoyAlz)O2 (0<a<1, x+y+z is close to 1), is less than the 

stoichiometry of fresh cathode, Li(NixCoyAlz)O2 ( x+y+z = 1). For cathode active materials, it is 

the general trend that the thermal stability of cathode active materials decreased with less Li 

content, as shown in Figure 2-10,58 which means the decomposition reaction during relithiation 

process is closely related to the level of lithiation. Therefore, the end product of the relithiation 

process is greatly affected by the level of lithiation of reactants. 

 

 

Figure 2-10. TGA of NCA cathode at different SOC58  
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2.2.5.2 Reconstructed surface layer  

The crystal structure of the cathode surface layer also affects the recycled product. Layered-

structure cathode materials, such as Li(NixCoyAlz)O2  and Li(NixCoyMnz)O2 materials, experience 

the change of crystal structure into rock salt structure on the surface layer during cycling.20-23 As 

shown in Figure 2-11 d,19 the FFT pattern shows that after cycling, the surface layer, which sits 

in between the out-most amorphous layer and bulk structure, has a different structure from the 

bulk structure. This layer is electrochemical resistant and causes decreased capacity. During 

recycling, the reaction to change rock salt structure back into layer structure is not a 

thermodynamically favorable reaction.59 Therefore, the surface layer with the rock salt structure 

would have an effect on the final recycled product. 

 

Figure 2-11. SEM and HREM images of sample F1 (a, c) and W2 (b, d) after storing in air for 30 days.19 
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2.2.5.3 SEI at cathode/electrolyte interface  

SEI on the cathode particle surface is another factor that could affect the recycled product. The 

SEI is formed when the cathode is exposed to electrolyte during cycling. The SEI is attached to 

the surface of the particle so firmly that some of it is still seen on the particle surface via TEM 

even after intense washing process of cathode17-19, as shown in Figure 2-11 (c). The exact 

composition of SEI is still under debate and varies based on the chemistry of cathode active 

materials. For NCM cathode, the composition of SEI is shown in Figure 2-12.60 The SEI left on 

the surface of aged cathode particle could influence the contact between lithium source reactant 

and aged cathode active materials during the recycling process, which leads to different recycling 

reaction efficiency. Also, the SEI layer is electrochemical resistant and would decrease capacity 

if not dealt with during the recycling process.  

 

Figure 2-12. Schematic of SEI on NCM active materials surface60  
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Chapter 3. Experimental Methods 

3.1 Overview 

This chapter gives a brief overview of the general way of acquiring the aged Li-ion cell and aged 

cathode active materials, the relithiation process via the solid-state method and the hydrothermal 

method. Furthermore, a brief overview of characterization techniques used in our study will be 

given. Physical properties are determined by characterization techniques such as X-ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy 

(XPS), and Thermal Gravimetric Analysis (TGA). The electrochemical functionalities of 

materials are characterized by electrochemical methods such as Cyclic Voltammetry (CV), 

Galvanostatic Cycling with Potential Limits (GCPL) and Electrochemical Impedance 

Spectroscopy (EIS). The general electrode preparation process for the electrochemical test will 

also be given. The experimental method for work presented in subsequent chapters was as 

described in this chapter, unless indicated otherwise.  

 

3.2 Aged cell and electrode materials acquired  

3.2.1 Cell Aging Methodology   

All the 18650 cells used in the document were Panasonic NCR 18650A cells unless otherwise 

mentioned. The cathode was LiNixCoyAlzO2 and the anode was graphite materials. According to 

the manufacturing specification of the cell, the typical capacity is 3070 mAh and the suggested 

charge temperature range is 0-45oC. The tests were conducted on a Land Battery System 

CT2001A. The cells were tested as described in the matrix offered in Table 1. 
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Table 3-1. Cell Test Condition and Naming 
                                      Cycling Temperature 
 Cycling Protocol 25 ˚C  60 ˚C  

Charge: constant-current  
Discharge: constant current CC, 25 ˚C  CC, 60 ˚C  

Charge: constant-current and constant-voltage  
Discharge: constant current CC-CV, 25 ˚C  CC-CV, 60 ˚C  

 

The cycling conditions of the CC charge protocol were a 2 A current (around 0.64 C rate based 

on a nominal capacity of the cell) for the charge and discharge processes with a 2.5 V to 4.2 V 

voltage cut-off. The cycling conditions of the CC-CV charge protocol were (1) a 2 A constant 

charge current to 4.2 V, followed by (2) a 4.2 V constant voltage step with a 59 mA current cut-

off and (3) a discharge current of 2 A with a 2.5 V cut-off. There was no rest step between 

charge and discharge for both cycling protocols. The batteries were cycled 1000 times, with a 

total test time of approximately 1 to 3 months. Although cells would likely be replaced when 

losing more than 20% of initial capacity in practical application, we elected to continue cycling 

even after losing 20% capacity in order to more completely age the electrodes.  There were at 

least four cells tested under each cycling condition to verify repeatability.  

 

3.2.2 Aged electrodes acquirement 

After the 18650 cells finished 1000 cycles, the cells were fully discharged with 50mA current to 

2.5V before the tear-down process. The cells were then transferred into glove-box for tear-down. 

The tear-down was done carefully to avoid the internal shorting, especially during shell opening. 

During the tear-down process, a tube cutter was first used to cut the caps on both ends off and 

then Dremel was used to cut the shell along the edge. After tear-down, both cathode and anode 

were collected and manually rinsed with Diethyl carbonate (DEC) for 5 min to get rid of 
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electrolyte. Then both electrodes were stored in glove-box for further analysis. The more detailed 

preparation process of anode and cathode will be given in the corresponding chapters.  

 

3.3 Cathode active materials recycling process  

3.3.1 Solid-state approach  

Generally, the solid-state relithiation process was composed of two calcination steps. Before the 

first calcination, aged cathode powder was mixed with a lithium source with a certain ratio using 

mortar & pestle for 20 min. The mass for the mixture powder was around 200 mg. Then under 

O2 flow with flow rate 60 sccm, the mixture was heated at 480oC for 3h with the rate of 10oC/min 

for heat-up and cool-down. After the first calcination step, the mixture was taken out and re-

mixed using mortar & pestle for 20 min. Then under O2 flow rate 60 sccm, the mixture was 

heated at 730oC for 12h with the rate of 10oC/min for heat-up and cool-down. Other process 

parameters, including reactant type and reactant ratio, will be described in corresponding 

chapters. 

 

3.3.2 Hydrothermal approach  

The mass of aged cathode materials used was around 400mg. The mass of Lithium source was 

weighted out based on the reactant ratio. In short, a lithium source was added into 50 mL DI 

water and stirred for 30 min for full dissolution. Then aged cathode materials were added the 

solution and were stirred for 1 hour. The solution mixture was then transferred into a Teflon-

lined stainless-steel autoclave. The autoclave was sealed and heated at a certain temperature for a 

certain time. After the reaction was finished, the product was washed with DI water for 3 times 

and dried at 80oC under vacuum overnight.  
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3.4 Physical property characterization 

3.4.1 X-ray diffraction (XRD) 

XRD is generally used for the analysis of structure and level of lithiation of cathode active 

materials. The to-be-tested powder was mixed with 10 wt% Si polycrystalline powder (99% 

purity) using mortar & pestle for 10min. Then X-ray diffraction (XRD) patterns of samples were 

characterized on a PANalytical X’pert diffractometer with a Cu Ka radiation with a scan range 

from 15－70o 2𝜃. The result is further corrected by using Si (111) peak at 28.44o as reference.  

 

3.4.2 Scanning Electron Microscopy(SEM) & Energy Dispersive X-ray Spectroscopy 

(EDS) 

SEM is generally used for morphology. EDS is used for surface layer composition analysis. FIB 

is used for cross-section image. Platinum sputtering coating was conducted before imaging 

samples to improve conductivity on the sample surface, which could help avoid surface 

charging. The thickness of Platinum coating is around 1 nm. The images were taken via Philips 

XL30 Scanning Electron Microscope with acceleration voltage 10kV and spot size 4 in 

secondary electron imaging mode. Oxford instruments INCA Electron/Wave Dispersion 

Spectroscopy (EDS) was also employed to detect elements composition of the samples. The 

cross-section images were prepared by a focused ion beam (FIB) milling process using a gallium 

source on an FEI NOVA 600.  

 

3.4.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is generally used for surface chemistry analysis. XPS was performed using an ESCALAB 

250Xi X-ray photoelectron spectrometer microprobe, with a 650 𝜇m spot size. The X-ray source 
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was Al Kα, which provided photons with 1486.6eV energy. For the etching step, the voltage was 

3000kV.  

 

3.4.4 Thermal Gravimetric Analysis (TGA) 

TGA is generally used for calculation of cathode active materials mass% and thermal stability of 

aged cathode materials. Thermo-gravimetric (TG) analysis was carried out on SDT Q600. The 

mass of samples was around 10 mg for consistency. The procedure was: jump to 120oC, hold for 

30 minutes, increase temperature to 750oC with a rate of 10oC/min. The gas flow rate 100 

mL/min and the gas was air or N2.  

 

3.5 Electrochemical performance characterization  

3.5.1 Fabrication of cathode  

The general cathode fabrication process was as described here unless otherwise mentioned. The 

cathode active materials, carbon black and Polyvinylidene fluoride (PVDF) powder were 

weighed with a weight ratio of 9:0.5:0.5 and N-methyl-2-pyrrolidone (NMP) was gradually 

added to make black slurry. Then the black slurry was screened onto Al foil using a doctor blade 

and the aluminum foil was transferred into a vacuum oven at 80 oC overnight.  

 

3.5.2 Coin cell assembly 

The coin cell assembly process mentioned here is generally for organic-solvent-based system 

test. For aqueous system, it will be mentioned in detail in the corresponding chapter.  

The fabricated cathode described above was punched by puncher with 11 mm diameter and 

weighted, therefore the mass of cathode active materials could be calculated. The punched 
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cathode was then paired with Li foil in the 2032 coin cell. The Celgard battery separator and 

commercial electrolyte (1 M LiPF6 in 1:1 ethylene carbonate (EC): diethyl carbonate (DEC)) 

from Sigma were used. Spacer with 0.5mm thickness and wave spring purchased from MTI 

Corporation were used.  

 

3.5.3 Galvanostatic Cycling with Potential Limit (GCPL) 

GCPL test involves the study of the potential of the electrode in response to a constant current 

applied to it. When the potential of the electrode hits the cut-off value, the direction of current is 

switched. For example, for NCA electrode, we used 2.5V and 4.2V as cut-off voltages when 

testing a NCA cathode paired with Li chip in the coin cell. GCPL test was commonly used for 

measurement of the electrochemical capacity of active materials.  

 

3.5.4 Cyclic Voltammetry (CV) 

CV test involves a type of potentiodynamic electrochemical measurement. The system applies 

current to the electrode and monitors the voltage of the working electrode with very rapid 

feedback loop to obtain preset potential sweep rate, when the potential reaches a certain value the 

current would be inverted. The current at the working electrode is recorded versus voltage. 

Three-electrode set-up was used in CV test, including working electrode (electrochemical active 

materials), reference electrode (Hg/Hg2SO4) and counter electrode (Pt wire). In this study, CV 

test was used mostly in the aqueous system and is used for electrochemical capacity and rate 

capability test. The detailed set-up parameter is described in the corresponding chapter.  
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Chapter 4. Capacity Degradation in Commercial 

Li-ion Battery Cells: The Effects of Charge 

Protocol and Temperature  

4.1 Overview 

In this chapter, we are going to analyze the long-term cycling data and post-mortem analysis 

results, which were collected from commercial 18650 Li-ion cells using the potential-limited CC 

and CC-CV charge protocols at 25 ˚C and 60 ˚C. The electrochemical analysis of the full cells 

under different cycling conditions was performed to explore how the cycling conditions 

influenced battery performance, especially CC step at 25oC. Further, anode morphology and 

chemical composition were analyzed to investigate a potential formation mechanism of the thick 

secondary SEI on the surface. Based on the hypothesis of the thick secondary SEI formation, we 

propose a theory to explain why the battery with CC charge protocols faded faster at 25 ˚C than 

at 60 ˚C.   

 

Hypotheses:  

• When 18650 cells are cycled at 25oC, the CV step during charge process cause formation 

of secondary SEI on the anode surface  

• When 18650 cells are charged using just CC step, the chemistry and electrochemical 

resistance of the SEI formed on anode surface is different when cycled under 25 oC and 

60 oC.  
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4.2 Experimental 

4.2.1 Reference cycles  

Reference cycle tests for 18650 cell used small current during charge and discharge process to 

keep the deviation from equilibrium state small so that the real remaining capacity of the system 

could be measured. The cycling protocol was a 50 mA (1/60 C rate) constant current for both 

charge and discharge with a 2.5 V and 4.2 V voltage cut-off. It was performed at 25 ˚C for all 

batteries after they completed 1000 cycles. The naming of the samples follows the Table 3-1.  

  

4.2.2 Electrochemical Impendence Spectroscopy (EIS)  

EIS was performed using a Bio-logic 16-channel VMP-3 multi-channel 

potentiostat/electrochemical impedance spectrometer. All tests were performed at 25 ˚C. For the 

EIS of the 18650 cells, measurements were taken after the reference cycle test, when the cells 

were fully discharged and had rested for 3 hours. The data was collected between 50 kHz and 1 

mHz by applying a 20 mA sinusoidal current perturbation. EIS was also performed on the anode 

and cathode materials in separate coin cells. A schematic of the coin cell preparation is shown in 

Figure 4-1. Disassembly of the 18650 cells to retrieve the anode/cathode materials and assembly 

of the coin cells from them was done in a glove-box under Argon gas.  To test the graphite 

anode, 
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Figure 4-1. Schematic of how the hybrid cells were prepared from the 18650 batteries in order to separately collect 

EIS data of the anode and cathode of the 18650 batteries 

a 14mm-diameter graphite anode (blue) was collected from the 18650 cell. This was paired with a 

15mm-diameter Li anode (grey), which was collected from a NCA/Li coin cell after 3 slow cycles 

in order to clean the Li surface. To test the NCA cathode, a 14mm-diameter NCA cathode (red) 

was collected from the same 18650 cell described above. This was then paired with a separate 

15mm-diameter Li anode (grey), collected as before from a different NCA/Li coin cell after 3 slow 

cycles in order to clean the Li surface. Commercial electrolyte (1 M LiPF6 in 1:1 ethylene 

carbonate (EC): diethyl carbonate (DEC)) was used in both re-assembled coin cells. Both coin 

cells rested for 3 hours before performing the EIS tests. The EIS for the coin cells was measured 

between 100 kHz and 50 mHz by applying a 300 𝜇A sinusoidal current perturbation.  
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4.2.3 Anode morphology characterization 

SEM and FIB cross-section were conducted based on the experimental section description in 

Chapter 3. The samples were kept in an Argon glove-box before being exposed to air for a short 

time during transfer into the instruments. 

 

4.2.4 Chemical composition characterization 

XPS, EDS and FT-IR were conducted to get the chemical information of anode surface with 

different depth of information. For all the test, multiple areas were analyzed per sample to get 

average data of the elemental content. The samples were kept in an Argon glovebox before being 

exposed to the air for a short time during the transfer into the instruments.  

 

4.3 Result  

First, we will describe all the electrochemical test results of the 18650 cells under different 

cycling conditions and then address results from the coin cells assembled using harvested 

electrodes from the 18650 cells. Finally, we will discuss the morphology and chemistry 

characterization of the anode surface. 

4.3.1 18650 cells cycling and aging  

Figure 4-2 shows the electrochemical data of 18650 cell under the different specified cycling 

conditions. These data, shown in Figure 4-2 (a), show two trends. First, the (CC-CV) cells 

generally show a slower capacity degradation rate than the (CC) cells at both temperatures. 

Second, the [CC, 25 ˚C] cell shows a much faster capacity degradation rate than the [CC, 60 ˚C] 
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Figure 4-2. The data for 18650 battery cells cycling under four different conditions. (a) Long-term cycling data of 

the 18650 cells. (b) Charge-discharge cycles at 25 ˚C with a 2 A current in between 2.5 V and 4.2 V after finishing 

1000 cycles (c) Discharge curves of the reference cycle with 0.02 C rate at 25 ˚C for the cells after finishing 1000 

cycles under different conditions. 

 

cell. After 1000 cycles, we compare the charge-discharge performance of the [CC, 25 ˚C] and 

[CC, 60 ˚C] batteries at 25˚C in Figure 4-2 (b).  It shows that under a 2A current and the voltage 

cut-off conditions, the [CC, 25˚C] and [CC, 60˚C] cells have 0.05 Ah and 1 Ah discharge 

capacities, respectively, and that the [CC, 25˚C] cell shows larger resistance than the [CC, 60˚C] 
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cell. Reference cycle data (discharge only) after 1000 cycles is shown in Figure 1(c). During the 

reference cycle, a very low current (0.02 C rate) ensures that the over-potential is negligible such 

that the realized discharge capacity is representative of the true available capacity of the cell 

system. Figure 4-2 (c) shows that the cells using the CC charge protocol have a lower available 

capacity at both 25˚C and 60˚C than their counterparts using the CC-CV charge protocol. 

Additionally, the batteries cycling at 25˚C show lower available capacity than the 60˚C cells 

using both CC and CC-CV protocols.  

 

Figure 4-3 shows that when changing the current of CC step from 2A to 1A, the degradation rate 

of the cells under all condition improves with compared with the ones with 2A as shown in 

Figure 4-2. Especially, for the cell under [CC, 25 ˚C] but with a 1A current for CC step, the 

degradation rate becomes much better, suggesting the aging mechanism in this case is different 

than the one with 2A current for CC step.  

 

Figure 4-3. Long-term cycling data of the 18650 cells under CC and CCCV conditions at both 25oC and 60oC. The 

current at CC step is 1A.  
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Figure 4-4 shows the average voltage with Ohmic resistance correction, Energy efficiency, 

Coulombic efficiency, and Ohmic resistance of the cells under different cycling conditions. The 

averaged voltage per cycle is based on the equation that 𝑉$%&'$(& =
*+,-./0
1+,-./0

. The Ohmic-

resistance -corrected average voltage is calculated by the average voltage minus Ohmic 

resistance as shown in the equation 	𝑉34	$%&'$(& = 𝑉$%&'$(& − 𝐼 ∗ 𝑅9:;<=	'&><>?$@=&. The Ohmic-

resistance -corrected averaged voltage in the stages labeled in the plot are mainly based on the 

different results of the [CC, 25 ˚C] cell. Figure 4-4 (a) shows that the [CC, 25 ˚C] cell has a large 

increase in average voltage during Stage 1 and Stage 2, while the cells under the other three 

conditions show a generally smaller variation in average voltage. Figure 4-4 (b) shows that all of 

the cells under all the cycling conditions show gradually decreasing EE (energy efficiency) in 

Stage 1. During Stage 2, the [CC, 25 ˚C] cell shows a much faster rate of EE decrease than the 

other three. Figure 4-4 (c) shows that during Stage 1, the cells under all the cycling conditions 

show high QE (coulombic efficiency), close to 1. However, during Stage 2, the [CC, 25 ˚C] cell 

has a dramatically decreasing QE while the cells under the other three conditions maintain a high 

QE. Figure 4-4 d shows that the [CC, 25 ˚C] cell shows a small increase of Ohmic resistance 

during Stage 1 and 2. After Stage 2, the Ohmic resistance increases significantly. 
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Figure 4-4. The black line is for the [CC, 25 ˚C] 18650 cell; the red line is for the [CC, 60 ˚C] 18650 cell; the green 

line is for the (CC-CV, 25 ˚C) 18650 cell and the blue line is for the (CC-CV, 60 ˚C) 18650 cell.  “Stage 1” and 

“Stage 2” are labeled for the convenience of result discussion. (a) Average voltage during charge process with 

Ohmic resistance correction, (b) Energy efficiency, (c) Coulombic efficiency, and (d) Ohmic resistance VS cycle 

number.  
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Figure 4-5.  (a)  EIS of the graphite/Li coin cell with the anodes extracted from either a pristine 18650 cell, the [CC, 

25 ˚C] cell or the [CC, 60 ˚C] cell. (b) EIS of the NCA/Li coin cell with the cathodes extracted from either a pristine 

18650 cell, the [CC, 25 ˚C] cell or the [CC, 25 ˚C] cell. 

 

4.3.2 Electrochemical characterization of harvested electrodes  

To further study electrode impedance change before and after cycling, the EIS of the anode and 

cathode separately extracted from the [CC, 25 ˚C] cell and the [CC, 60 ˚C] cell are done, as 

shown in Figure 4-5. The charge transfer resistance of the anode from the [CC, 25 ˚C] cell 

increases around 120% after 1000 cycles compared to the pristine one while the anode from the 

[CC, 60 ˚C] cell increases around 40%. As for the cathode, the charge transfer resistance of the 

cathode from the [CC, 25 ˚C] cell increases 35% after 1000 cycles. The charge transfer 

resistance is the resistance against the process of electron transfer from one phase to another. In 

our case, it would be between graphite (solid state phase) and electrolyte (liquid phase). 
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Figure 4-6. SEM and FIB cross sectional images of the anode extracted from (a)(d)(g) a pristine cell, (b)(e)(h) the 

[CC, 60 ˚C] cell after 1000 cycles, (c)(f)(i) the [CC, 25 ˚C] cell after 1000 cycles. (g), (h) and (i) are zoomed-in 

image at surface of (d), (e) and (f) respectively.  

 

4.3.3 Morphology and surface chemistry characterization of harvested anode 

Using a SEM with focused ion beam (FIB) sectioning capabilities, we characterized both the 

surface and a cross-section of the anodes from our samples, as shown in Figure 4-6. In Figure 4-

6 (b), the anode extracted from the [CC, 60 ˚C] cell doesn’t show an obvious difference from that 
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of the pristine cell in Figure 4-5 (a). In comparison, the anode extracted from the [CC, 25 ˚C] cell 

in Figure 4-6 (c) has a distinct layer of SEI at the surface of the anode. We will refer to this layer 

of SEI in Figure 4-6 (c) as the thick secondary SEI in the rest of the chapter. From the cross- 

section image captured using FIB in Figure 4-6 (f), it is clear to see the thick SEI layer on the 

anode surface and the thickness of the SEI is around 1μm while the same thick SEI is not seen in 

Figure 4-6 (d-e). Based on Figure 4-6, it is evident that the thick secondary SEI forms on the 

anode surface extracted from the [CC, 25 ˚C] cell is significantly different from the SEI formed 

on the anode surface extracted from the [CC, 60 ˚C] cell and the SEI formed during 

manufacturing. Also, this thick secondary SEI forms only on the anode’s surface as opposed to 

the SEI that normally forms throughout the anode on the surface of all the anode active material 

particles.  

 

For chemical characterization of the anode, FT-IR and XPS data were collected, as shown in 

Figure 4-7. In Figure 4-7 (a), the FT-IR data of the anode extracted from the [CC, 25 ˚C] cell 

shows two different absorption peaks at 1770cm-1 and 1540 cm-1, which are not present in the 

spectra from the anodes of the [CC, 60 ˚C] cell and of the pristine cell. In Figure 4-7 (b), the C 1s 

spectra of the anode from the [CC, 25 ˚C] cell shows an extra peak around 289.7 eV, which is 

likely to be Li2CO3. The elemental content of the anode surface based on EDX data is shown in 

Table 4-1. Three different locations are chosen for each sample to get averaged EDX data. The 

results shown in Table 4-1 are based on the average value with a certain deviation. The fluorine 

and oxygen content of the anode extracted from the (CC, 25 ˚C) cell is much higher than that of 

the (CC, 60˚C) cell. Note that FT-IR, XPS and, EDX were done after the samples were exposed 

to air during sample transfer into the instruments. It is true that oxidation of the anode surface 
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likely occurred in this short time so that the results we show are not representative of the 

materials chemistry before the samples are exposed to air.  However, this significant difference 

in the data after they are all exposed to the same amount of air reveals that the original surface 

chemistry of the anode must have been significantly altered in the batteries cycled at 25 ˚C 

compared with the pristine cell. 

 

Figure 4-7. (a) FT-IR of the anode and (b) XPS C 1s spectra of the anode extracted from a pristine cell, the [CC, 60 

˚C] cell and the [CC, 25 ˚C] cell. 

 

Table 4-1. Atomic% at Anode Surface by EDX from Different Cells  

Element Pristine CC, 25˚C, 1000 cycles CC, 60˚C, 1000 cycles 

C 94±2 % 43±4 % 84±4 % 

O 5±0.8 % 31+3 % 7±1% 

F 1±0.5 % 26±5 % 9±2 % 

 

4.4 Discussion 

Figure 4-1 (a) suggests that the charge protocols tested here have a profound impact on the 

capacity degradation rate, whereas the cycling temperature only has an effect on the capacity 
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degradation rate when the CC charge protocol is used. The implication is that the CC-CV 

protocol is a better choice for this type of cell when doing long-term charge-and-discharge 

cycling. However, if the cell uses the CC charge protocol, the cell has a better long-term 

performance at 60 ˚C than at 25 ˚C, and it is generally similar to the performance of the CC-CV 

charge protocol at both 25 ˚C and 60 ˚C. Since the [CC, 25 ˚C] cell behaved surprisingly worse 

than the [CC, 60 ˚C] cell, we will focus our discussion on these two cases at 25 ˚C.  

 

The data in Figure 4-2 (b) suggests that the [CC, 25 ˚C] cell has larger resistance than the [CC, 

60 ˚C] cell. It should be noted that during tear-down process, no obvious mechanical damage 

was observed, including electrode delamination and/or the destruction of active material 

particles.  As such, the observed effects do not seem to be attributable to mechanical degradation 

mechanisms. The EIS tests of the coin cells in Figure 4-5 suggest that the increasing resistance of 

the [CC, 25 ˚C] cell after cycling mainly comes from the anode instead of the cathode. The 

morphology of the anode surface (Figure 4-6) show that there is a thick secondary SEI formed on 

the anode surface extracted from the [CC, 25 ˚C] cell while the same SEI is not detected on the 

anode extracted from the [CC, 60 ˚C] cell. The crack of the thick secondary SEI is formed 

potentially due to evaporation of electrolyte solvent. The similar crack was also observed in 

under microscope where vacuum environment was not needed. Based on the above discussion, 

we think that the thick secondary SEI on the anode surface is electrochemically resistive. The 

FT-IR, XPS and EDX data in Figure 4-7 and Table 4-1 also suggest that the surface chemistry of 

the anode extracted from the [CC, 25 ˚C] cell is different from that of the [CC, 60 ˚C] cell and 

the pristine cell, particularly the fluorine content. Previous papers25, 61-62 posit that the SEI growth 

is more severe and cell performance is worse when the cell is operated at 60 ˚C than at 25 ˚C, 
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which is in contrast to the results presented. Based on the data of electrochemical tests, 

morphology and chemical characterization, a possible explanation is that, when this particular 

cell chemistry is cycled at 25 ˚C,  a thick secondary SEI is formed by electrolyte decomposition 

products shuttling to the anode surface and being reduced, as suggested by Burns et al.49  

 

We have also considered how temperature and the shuttling of decomposition products from the 

cathode to the anode could explain why the thick SEI formed in the [CC, 25 ˚C] cell anode but 

not the [CC, 60 ˚C] one. Previous reports 37, 41, 43-44 have claimed that among the decomposition 

products formed at the cathode surface, CO2 is the most likely compound to shuttle to and reduce 

on the anode surface.37, 63 The reduction products of CO2 on the anode surface would be Li2C2O2 

or some related carbonate63. However, the EDX data (Table 4-1) shows the anode surface 

extracted from the [CC, 25 ˚C] cell has significantly higher F content than the other samples. 

Additional electrolyte decomposition products at the cathode include compounds such as POF3,  

POF2R and POFR2. 64-66 (The specific side group that R represents depends on the solvent used in 

the electrolyte). The reduction product of these on the anode surface should contain F.   

 

Therefore, in order to explain our results, we propose the theory shown in the Figure 4-8. At 60 

˚C, the electrolyte decomposition product at cathode/electrolyte interphase has a higher gas 

content (mostly CO2) than that at 25 ˚C due to different decomposition reaction kinetics at the  
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Figure 4-8. A schematic of the proposed formation of the SEI on the anode surface in 18650 batteries at 25 ˚C and 

60 ˚C under CC charge condition. This figure is modified based on the figure from the reference.44  

 

different temperatures, with gas formation being favored at higher temperatures. When these 

products are shuttled to the anode and are reduced on the anode surface, the reduction product at 

60 ˚C is mostly the result of CO2 while the reduction product at 25 ˚C has more F content.  An 

examination of the exact composition of the decomposition products and their reduction products 

at both 25 ˚C and 60 ˚C is beyond the scope of this paper. 

 

At this point, we wish to further explain how the thick secondary SEI contributed to why the 

[CC, 25 ˚C] cell showed faster capacity degradation rate than the [CC, 60 ˚C] cell. During Stage 

1 in Figure 4-3, the DC resistance of the [CC, 25 ˚C] cell stays relatively stable. The increasing 

Ohmic-resistance -corrected average voltage and the decreasing EE of the [CC, 25 ˚C] cell 

suggest that some transportation barrier is built up. Therefore, the over-potential in the cell 

increases and the deliverable capacity under the same voltage cut-off decreases. This is shown in 

Figure 4-2 (a), where the majority of the capacity decrease occurs during Stage 1, which is about 

0-300 cycles. We propose this transportation barrier could come from the thick secondary SEI 

formed on the anode surface. While the Li plating could potentially cause similar transportation 
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barrier as a result of reaction with electrolyte, this is not likely to happen during Stage 1. We 

suggest that this is the case since the QE for [CC, 25 ˚C] cell is still close to 1 (even higher than 

the [CC, 60 ˚C] cell). If the Li plating happened during Stage 1, the QE value would be observed 

to drop very fast according to the Li plating model published by Yang.67 During Stage 2, for the 

[CC, 25 ˚C] cell, QE starts to decrease dramatically and the average voltage and EE decrease at 

an even higher rate than in Stage 1. All of these suggest that the secondary SEI formed during 

Stage 1 resulted in a higher over-potential at the anode. In these conditions, we believe some of 

cyclable lithium in the system is consumed at the anode, as the QE decrease from 99% to 94% 

during this time. To investigate this, pristine and [CC, 25 ˚C] batteries are torn down and their 

anodes are immediately put into DI-water. Both the anode from the pristine 18650 cell and the 

[CC, 60 ˚C] cell show much less gas generation than the anode from the [CC, 25 ˚C] cell. 

Moreover, the DI-water the anodes are soaked in is found to be basic after the gas generation 

reaction, suggesting that the gas could be H2 generated by water reacting with deposits on the 

anode surface of the [CC, 25 ˚C] cell. Therefore, the secondary SEI on the anode surface from 

[CC, 25 ˚C] cell is the result of the secondary SEI formed due to shuttle effect during Stage 1 

plus the Li plating during Stage 2.  

 

When comparing the cells under [CC, 25 ˚C] and [CCCV, 25 ˚C] conditions, it is clear that the 

cells behaves differently in term of degradation rate by adding the CV step. There are couple of 

potential reasons behind this. First, it is likely during the CV step, the electrolyte decomposition 

product did not migrate to anode surface because of the electric field under the current.44 Instead, 

the decomposition product was consumed by cathode surface43. Although this could lead to 

growth of SEI on the cathode surface, the effect of the cathode SEI on the cell is less detrimental 
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than the effect of the secondary SEI on the anode surface. Second, if Li precipitation happens 

during the CC step, the precipitated Li on the anode surface can insert into graphite anode during 

the CV step. With that, there is less side reaction between the precipitated Li and electrolyte, 

which can cause less impedance. The examination of these reasons, however, is not in the scope 

of this chapter.  

 

When comparing the cells [CC, 25 ˚C] condition but using 1A and 2A current for CC step, the 

cell using 2A current show much faster degradation rate. One potential reason is that the lower 

current leads to lower over-potential, which can lead to less side reaction on the cathode side or 

difference in composition of decomposition materials. Therefore, when the cell is cycled under 

1A, the secondary SEI, which was formed under 2A current, is not formed or partially formed.  

 

4.5 Conclusion  

Both charge protocol and cycling temperature play important roles in commercially produced 

lithium-ion cell capacity degradation in long-term cycling.  

 

When 18650 cells are cycled at 25oC, the CV step during charge process reduces formation of 

secondary SEI on the anode surface.  

 

The thick secondary SEI from the [CC, 25 ˚C] cell has a large resistance and different chemical 

composition as compared to the SEI from the [CC, 60 ˚C] cell. It is theorized that at 25oC, the 

thick secondary SEI is gradually formed when the electrolyte decomposition products at the 
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cathode shuttle to the anode surface and get reduced, especially those decomposition products 

that contain fluorine while the gas is evolving more at the 60 ˚C.  
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Chapter 5. Aging level and inhomogeneity of 

cathode linked to 18650 Li-ion cell in long-term 

cycling 

5.1 Overview 

To better understand NCA aging properties under different cycling conditions, we focus on the 

cathode side in the cell in this chapter. Relationships between observed cathode aging 

phenomena and cycling conditions were explored at the cell and cathode materials level. We 

note area-specific inhomogeneities in cathodes cycled under constant current charge protocol at 

25 oC while such inhomogeneity was not observed in three other conditions. The mechanism 

behind the cathode inhomogeneity was discussed in the context of uneven growth of the 

secondary solid electrolyte interphase (SEI) on the anode surface from cells under constant 

current charge protocol at 25 oC.  

 

Hypotheses:  

• At both 25oC and 60 oC, the aged cathode, extracted from 18650 cycling with CV step, 

shows lower electrochemical capacity and thicker SEI at cathode/electrolyte interface, 

when compared with aged cathode from 18650 cell without CV step.  

• The inhomogeneity of aged cathode from 18650 cell under CC charge condition at 25oC 

results from the inhomogeneous temperature distribution of 18650 cell.  
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5.2 Experimental 

In general, the 18650 cycling test, tear-down procedure, the electrode acquirement procedure, 

electrode fabrication process is described in Chapter 3  

 

As for the in-situ thermal measurement, thermal detector from FLIR was used and the three 

measured points were located at two ends and center locations, as shown by Figure 5-1.  

 

Figure 5-1. In-situ thermal measurement of 18650 cell during long-term cycling.  

 

5.3 Result  

Figure 5-2 shows the long-term cycling result of 18650 cells under different conditions. The 

[CC, 25˚C] cell shows much faster capacity degradation than cells under three other conditions. 

The tests were repeated multiple times at each condition: these unexpected results are repeatable 
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Figure 5-2. 18650 cell long-term cycling performance under different conditions with repeat. For CC charge step, 

2A current was used with 4.2V voltage cut-off. For CV step, the voltage was held at 4.2V with a current cut-off at 

59mA. For discharge step, 2A current was used with 2.5V voltage cut-off 

 

Figure 5-3a is a schematic of the electrodes once they are removed and unrolled.  In some cases, 

the electrodes have three distinct regions running parallel to the long direction of the electrode.  

Optical images of the cathode and anode electrodes extracted from cells after cycling under the 

different condition are shown in Figure 5-3(b-k). Both the cathode and anode from the [CC, 

25˚C] cell show location-based differences in electrode appearance and adhesion, while the 

cathode and anode pair from cells tested under the other three conditions are nominally 

homogeneous in appearance. As shown in Figure 5-3 (c), the cathode at the center of the [CC 

25˚C] cathode is partially delaminated while the cathode in the “side” location do not show any 
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Figure 5-3. (a) Schematic diagram of the electrode extracting process and naming of electrode based on location; 

image of cathode and anode extracted from pristine cell (b,g), [CC, 25oC] cell (c,h), [CC, 60oC] cell (d,i), [CCCV, 

25oC] cell (e,j) and [CCCV, 60oC] cell (f,k) after 1000 cycles. 

 

sign of delamination. The anode sample for this same cell is shown in Figure 5-3 (h). The anode 

material at the center is a dark black color while the anode at the “side” presents a shiny dark 

grey surface. For all the extracted anodes, part of the anode materials delaminated off of the 

current collector during tear-down.  

 

Since both the anode and cathode from [CC, 25˚C] cell had significant areal variation across 

their electrode areas, we elected to characterize these different areas using SEM, as shown in 

Figure 5-4. Figures 5-4 (c) show that the surface of the cathode at the center of the electrode is 
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Figure 5-4. Images of cathode and anode extracted from [CC, 25oC] cell (a,e) after 1000 cycles. The yellow 

rectangles indicate the location for SEM images.  SEM image of the cathode (b-d) and the anode (f-h) under 

different magnification. The yellow circle indicate the locations where the SEM images with higher magnification 

are done.   

 

rough while elsewhere the surface is flat/smoother.  For the anode in Figure 5-4 (e), the anode in 

both regions are also distinct from each other. Only the anode on the side with the shiny 

morphology has a thick “secondary SEI” layer on top of the surface of the anode, as seen in 

Figure 5-4 (f). This layer was investigated in our previous chapter, which showed that this layer 

has the thickness of 1 µm (Figure 4-5 (i)) and caused large polarization due to poor Li-ion 

transport property potentially.1 The anode at the center does not have a similar surface layer and 

the interfacial structure maintained the porous morphology, shown in Figure 5-4 (g). The cathode 

and anode from pristine cell and [CC, 60˚C] cell, [CCCV, 25˚C] cell, [CCCV, 60˚C] cells were 

also characterized by SEM. The cathode harvested from the [CCCV, 25˚C] cell (Figure 5-5 (c)), 

shows a flat surface just like the cathode from the pristine cell (Figure 5-5 (a)). But the cathode 

from both [CC, 60˚C] cell and [CCCV, 60˚C] cell shows rough surfaces, Figure 5-5 (b, d). The 
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anode from [CC, 60˚C] cell, [CCCV, 25˚C] cell, [CCCV, 60˚C] cell all had porous surfaces, like 

the anode from the pristine cell. Cross-section images were collected by FIB-SEM (Figure 5-6). 

No severe crack was observed in the cathode collected from [CC, 25˚C] cell, [CCCV, 60˚C] cell.  

 

 

Figure 5-5. The SEM image of cathode (a-d) and of anode (f-h) extracted from pristine 18650 cell and [CC, 60oC], 

[CCCV, 25oC] and [CCCV, 60oC] cells after 1000 cycles.  

 

 
Figure 5-6. FIB image of cathode from (a) pristine cell, (b) [CC, 25oC] cell and (c) [CCCV, 60oC] cell after 1000 
cycles.  
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Figure 5-7. (a) X-ray diffraction pattern comparison between cathode extracted from pristine, CC, 25oC], [CC, 

60oC], [CCCV, 25oC] and [CCCV, 60oC] cells after 1000 cycles. (b-c) Zoomed-in peak (003) and (104) from (a). 

The blue dots indicate peaks of Si for calibration.  

 

Figure 5-7 (a) shows the X-ray diffraction pattern of the cathode harvested from a pristine cell, 

from a cell after cycling under the four different conditions described in the experimental 

section. For the cathode from the [CC, 25 ˚C] cell, the material from both side region and center 

region are characterized separately. All NCA samples show the same layered crystal structure 

(space group R3̅m) without impure phase peaks. Taking a closer look at (003) and (104) peaks 

of the layered 
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structure NCA in Figure 5-7 (b-c), the peak location of cathode from [CC, 60 oC], [CCCV, 25 

oC] and [CCCV, 60 oC] cells after 1000 cycles is slightly different from that of pristine cell. But 

the peak location of cathode at the side and at the center from [CC, 25 oC] cell after 1000 cycles, 

especially the cathode on the center, shifted a lot more than other cathode samples.  

 

The XPS data in Figure 5-8 shows that, while in the O 1s spectra, the bonds with higher binding 

energy than 530 eV are hard to differentiate, the metal-O bond with binder energy around 529 

eV is clear. The peak intensity for metal-O bond in different cathode lie in the sequence: pristine 

< [CC, 25oC] center @ [CC, 25oC] side <[CC, 60oC] @  [CCCV, 25oC] < [CCCV, 60oC].  

 

In Figure 5-9, the cathode was extracted from the 18650 cell after tear-down process and re-

fabricated into electrode for reference cycle test in coin cell following the procedure described in  

 

 

Figure 5-8. XPS O 1s spectra of the cathode from pristine, [CC, 60oC], [CCCV, 25oC] and [CCCV, 60oC] cells and 

[CC, 25oC] cell at both the side and center after 1000 cycles.  
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Figure 5-9. The reference cycle of re-fabricated cathode from different 18650 cells after long-term cycling. For 

reference cycle, the coin cell is cycled at 0.1C rate for both charge and discharge with 2.5 V and 4.2 V voltage cut-

off. For each sample, 3 coin cells were made (shown by different color). For each cell, 3 reference cycles were done 

(a). cathode from pristine cell; (b) cathode at side location from [CC, 25oC] cell; (c) cathode at center location from 

[CC, 25oC] cell; (d) cathode from [CC, 60oC] cell; (e) cathode from [CCCV, 25oC] cell and (f) cathode from 

[CCCV, 60oC] cell. 

 

the experimental section. Under a C/10 charge/discharge rate , the observed discharge capacity 

suggests the deliverable capacity of cathode active materials. The sequence for discharge 

capacity of cathode is: pristine > [CC, 25 oC] center > [CC, 25 oC] side > [CC, 60 oC] > [CCCV, 

25 oC] > [CCCV, 60 oC]. 
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5.4 Discussion 

5.4.1 Cathode aging in full cell under different cycling conditions  

To facilitate better understanding, we will use the [CC, 25oC] cell and the [CCCV, 60oC] cell, 

which had the most contrasting test conditions and results, for comparison and discussion. A 

detailed discussion regarding the causes for the performance of [CC, 25oC] cell is in chapter 4, 

and this topic is not the primary focus of this paper. Briefly, a thick secondary SEI formed on the 

anode surface in all cells cycled using the CC,25oC charge cutoff condition, which we found to 

cause the observed performance. We will first compare how the electrodes aged under these two 

conditions with a focus on relating full cell performance during cycling to electrodes aging.  

 

5.4.1.1 Anode  

For the [CC, 25oC] cell anode, there was a thick layer of SEI growing on the surface of the anode 

on the side locations as shown in Figure 5-4 (f, h). Based on SEM-FIB section analysis (Figure 

4-5 (i)), we find that the secondary SEI layer has a thickness of approximately 1 µm. Based on 

the coin cell test of the extracted anode in Figure 5-10, the electrochemical capacity of the [CC, 

25oC] anode on the side location is less than 25 mAh/g and the [CC, 25oC] anode on the center 

location is around 130 mAh/g. The anode from [CCCV, 60oC] cell shows the capacity of 220 

mAh/g (total mass of anode is used for calculation of specific capacity). The voltage drop at the 

beginning of discharge is larger for the anode on the side from [CC, 25oC] cell while the anode 

on the center from [CC, 25oC] cell and from [CCCV, 60oC] cell relatively the same, which is 

likely due to the transportation barrier of the secondary SEI.  
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Figure 5-10. The reference cycle of anode extracted from different 18650 cells after cycling. For reference cycle, 

the coin cell is cycled at 0.1C rate for both charge and discharge with 0.01V and 1.5 V voltage cut-off.  

 

5.4.1.2 Cathode  

The NCA materials used as cathode materials in this paper has a layered structure. For this type 

of structure, the (003) peak has scales directly with the lattice parameter c which is, in turn,  

directly correlated to Li content 68 (ie the lattice expands along the c axis when Li is not present 

within the structure, as is the case for LiCoO2). Using this assessment too, we found that the 

harvested cathode materials contained different amounts of Li (Figure 5-7 (b)). Specifically, the 

cathode material taken from the central location from the CC, 25˚C cell contained significantly 

less Li than other harvested cathode materials. The cathode from the [CC, 25oC] cell (Figure 5-9 

(b-c)) shows a loss of 10 and 30 mAh/g electrochemical capacity after 1000 cycles in the full cell 

compared with the cathode from the pristine cell (Figure 5-9 (a)) while the cathode from the  
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Figure 5-11. EIS of cathode extracted from 18650 cells after 3 reference cycles in coin cell. The solid-line is based 

on collected data. The dashed line is based on simulated data. The detailed simulated data is in Table 5-1.  
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[CCCV, 60oC] cell shows a loss of 100 mAh/g in capacity. The difference in the discharge 

capacity lies in the aging of cathode active materials (NCA). The EIS data (Figure 5-11) suggest 

the cathode from the [CCCV, 60oC] cell shows larger charge transfer resistance than the cathode 

from the [CC, 25oC] cell, which is likely due to the growth of SEI on the cathode surface and/or 

an interfacial reconstruction. Additionally, XPS assessment (Figure 5-8) indicated that peak 

intensity for metal-O bond is lower for the cathode from the [CCCV, 60oC] cell than from the 

[CC, 25oC] cell. This result is consistent with the existence of a thicker SEI formed on the 

cathode from [CCCV, 60oC] cell. 

 

5.4.1.3 Full cell 

For the [CC, 25oC] cell, chapter 4 has shown that the capacity is anode-limited and that the thick 

SEI on the anode surface is the key to the fast capacity degradation of the full cell. This thick SEI 

leads to high electrochemical impendence and limited transport and indicates the consumption of 

cyclable lithium. As such, the [CC, 25oC] cell shows large polarization and reaches the voltage 

cut-off without delivering full capacity, and the actual voltage on the cathode at the cell cut-off 

voltage is lower with increasing resistance on the anode the side.  

 

Additionally, lithium consumption leads to a reduction of voltage usage window of the cathode. 

As the cyclable lithium is consumed by formation of SEI/ thick SEI layer, the amount of Lithium 

goes back to cathode is less during the charge process, which leads to decreasing of potential at 

cathode at the upper voltage cut-off. In other words, the cathode can’t be charged to the same 

level as in previous cycle due to the consumption of cyclable Lithium, under the same cell upper 

voltage cut-off. Because of both effects mentioned above, the “usage” of cathode active 
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materials is low, leading to the low capacity loss of cathode active materials. This can be 

supported by the measured discharge capacity of the cathode after 1000 full cell cycles (Figure 

5-9 (b-c)). For the [CCCV, 60oC] cell, a different degradation mechanism was evident as 

compared to the [CC, 25oC]; there was a clear lack of thick secondary SEI formation in the 

former. We suggest that the cathode active materials lost much more capacity than the cathode 

from [CC, 25oC] cell as shown by (Figure 5-9 (f)). The cathode capacity loss in the [CCCV, 

60oC] cell is likely due to higher cycling temperature, longer cycling duration and commensurate 

longer exposure times to a higher cathodic voltage. These effects result in large interfacial 

resistance due to SEI build-up and/or a surface layer transformation from the layered structure to 

rocksalt structure, which is suggested by the larger semi-circle in EIS test in Figure 5-10.69 The 

thickness of rocksalt phase (<50nm normally) is order of magnitude smaller than the particle size 

of NCA we have (~500nm). The XRD peaks location of rocksalt phase are very close to that of 

layer phase. These factors make it hard to detect and differentiate rocksalt phase from layer 

phase on XRD pattern Figure 5-7.  

 

5.4.2 Inhomogeneity in cathode aging in full cell  

To our knowledge, areally inhomogeneous aging in cathode as a result of long-term cycling has 

not been reported before. The sectional difference in the electrode regions shown here (Figure 5-

3 (c)) is from the outermost part of the rolled electrode, approximately the last 60 cm of the ~90 

cm roll. The electrode from the inner part of electrode roll (i.e. closest to the bobbin during the 

cell rolling process) did not exhibit consistent sectional difference. The images in Figures 5-3 

and Figure 5-4 show inhomogeneity in visual appearance and electrode materials morphology on 

both anode and cathode from the [CC, 25oC] cell. The delamination of the cathode occurred in 
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cells cycled at 60oC. This delamination was homogeneous at all locations (side and center), as 

shown in Figure 5-3 (d, f). In this case, the delamination mechanism could be related to the 

cycling temperature. In contrast, the cathodes from cell cycled at 25oC generally remain intact 

and showed no sign of delamination. The only exception is the center part of the cathode from 

[CC, 25oC] cell (Figure 5-3 (c)). This suggests that the cycling at high temperature is not the only 

cause for the delamination of the cathode. Other factors, which we will discuss later, also weigh 

in the cathode delamination. Moreover, the inhomogeneity in surface chemistry of the cathode 

materials is also manifested through XPS measurement. The difference in the XRD peak shift 

(Figure 5-7) indicates the difference in the level of lithiation. Moreover, electrochemical testing 

(Figure 5-9) shows that the cathode at the side has less capacity than that on the center.  

 

Figure 5-12. Temperature difference of [CC, 25oC] cell between center and positive/negative points along with the 

corresponding voltage profile during cycling. The current is 2A for both charge and discharge step with voltage cut-

off at 2.5V and 4.2V 

 

All the results above suggest there is inhomogeneous aging of the cathode aged as [CC, 25oC] 

cell over the electrode area, while this is not the case for the cathode cycle aged using the 

[CCCV, 60oC] condition. In-situ thermal measurements were also conducted during cycling 



 
 

61 

(Figure 5-12). There is uneven thermal distribution in the cell. This is due to the difference in the 

heat dissipation rate at difference zone. At the center zone, the cell has less exposure to the air, 

reducing its heat dissipation rate. The surface temperature difference between location and two 

end locations the 18650 cells was no more than 1.5 oC. With this temperature difference, the 

difference in the thermal volume expansion or change of conductivity along is not likely to cause 

such inhomogeneity.70 The published papers71-73 using CT-scan showed that there was room for 

electrodes near the top and bottom of the 18650 cell, suggesting the electrodes near the top and 

bottom of the 18650 cell did not experience “corner force” by the case. These results indicate 

that the inhomogeneity in the cathode did not originate from the uneven pressure distribution 

caused by the cell manufacturing.  

 

While these effects are difficult to understand and interpret, we offer a potential causal 

mechanism that is based on the evolution of internal cell pressures in those cells that lost 

capacity most rapidly during testing (ie. CC,25˚C).  The effects are separated into three stages 

(Figure 5-13):  At stage 1, which is before cycling, there is no secondary layer growth on the 

anode surface anywhere. The secondary SEI layer we mentioned here is the layer of materials 

that covers the anode electrode surface where it interfaces with the separator; this is not the same 

SEI formed during formation cycle in the course of manufacturing. During stage 2, which occurs 

over the first several hundred cycles (under [CC, 25oC] in this case), the secondary SEI starts to 

form at anode surface near the top and bottom of the cell. As the secondary SEI gradually grows  
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Figure 5-13. Cross sectional schematic of inhomogeneous aging in the electrodes from [CC, 25oC] cell. The figure 

on the left shows the growth of the secondary layer on the anode surface in different stages while the figure on the 

right shows the pressure changes in both direction and size suggested by the arrows. The Y-axes is along the radical 

direction and the Z-axes is along the axial direction. The arrow of the pressure is along the Y-axes. Stage 1 is before 

the long-term cycling, stage 2 is during long-term cycling and stage 3 is after long-term cycling. 

 

thicker, the pressure on the electrodes near the top and bottom of the cell increases due to limited 

space available inside the case. This increased pressure then decreases the local porosity and 

increases the tortuosity of the separator and electrodes, which then further limits lithium 

diffusion path through the separator and the porous anode.74-75 This leads to further growth of the 

secondary SEI (as fewer ions can reach the electrode interior and instead react or deposit), 

becoming a self-reinforcing cycle.  



 
 

63 

 

 At stage 3, which is the last several hundreds of cycles, the SEI with a thickness of 1.5 µm on 

the anode surface, accounts for about 1.5% thickness of the pristine anode and the partial 

delamination of cathode then happens at the center location. Some of the cathode at the center 

delaminated and lost electronic contact during long-term cycling so that this material was not as 

fully used as the cathode at the material at the side locations, resulting in less loss of its 

electrochemical capacity as suggested by the area-specific coin cell testing. Moreover, even after 

complete discharging of the18650 cell before tear-down, there was still a significant difference in 

the level of lithiation between the cathode materials depending on location, also consistent with 

the concept that the some of the cathode at the center lost electronic contact during cycling. 

These findings also allow us to rule out a mechanism wherein the cathode located in the center 

region was cycled more heavily, since this  doesn’t match the results in Figure 5-9 (b, c), where 

the harvested cathode materials from the side regions actually provided lower capacities than the 

cathode material at the center.    

 

5.5 Conclusion 

Commercial 18650 cells were tested under different cycling conditions and were disassembled 

for post-mortem study. Comprehensive characterization and analyses suggest that the aging level 

of cathode materials is closely related to the cycling conditions of cell, and that in some cases the 

cathodes aged very differently as a function of position in the cell/electrode. We suggest that in 

order to better evaluate the aging level of cathode materials, cell cycling condition, cell aging 

mechanism and inhomogeneous aging need to be taken into consideration.  We find that it cannot 

be concluded that all of the cathode material within a cell is in the same condition/state of 
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lithiation, since some of it could be in an area that was under cycled due to the formation of 

secondary SEI. We proposed a mechanism based on the evolution of internal mechanical 

pressure to describe the observed effects based on the inhomogeneous evolution of this SEI on 

the anode and the electrochemical and mechanical implications of this layer. To prove/disprove 

the proposed mechanism, we suggest that techniques, such as in-situ X-ray computed 

tomography (CT) scanning 71, 76, should be used in the future to non-destructively detect the 

effect of mechanical stress inside 18650 cell while the cell is cycling.  
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Chapter 6. Towards Practical Application of 

Direct Relithiation of Aged Cathode: Effect of 

Process Variables and Contaminant 

6.1 Overview 

Now that we know the difference in the aged cathode properties, the next step is to understand 

how to deal with these differences through the recycling process and get consistent recycled 

product. To do that, we first need to understand the effect of the various recycling process 

parameters on the recycled product. This chapter is going to investigate the effect of three 

process variables on the recycling cathode active materials using solid-state approach. The three 

variables are: lithium source type (Li2CO3 or LiOH), aged cathode to lithium source molar ratio, 

and graphite anode content. Furthermore, the potential mechanism behind the effect of each 

variable will be discussed. The reasons that these three variables are picked up among other 

process variables is to reduce the cost of recycling cost. Based on the cost model of the direct 

recycling2, the cost of lithium source used in the direct recycling has a big effect on the overall 

cost of recycling process. Li2CO3 has the similar price to LiOH in term of $/kg of Li but requires 

high temperature during calcination process. The optimized ratio of lithium source to aged 

cathode ratio can reduce the amount of lithium source used. As for graphite content, the 

collection of “pure” aged cathode materials is done by separating it from anode materials, which 

is mostly graphite. Currently, the separation efficiency is less than 90% at larger scale, meaning 

the cathode materials collected after the separation has more than 10% anode. To further 
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increasing the separation efficiency, multiple separation steps are needed, which increases the 

overall cost of recycling process. Here, we try to investigate the effect of graphite content on the 

recycled product in order to find the optimal point between cost and recycled product 

performance.  

 

Hypotheses: 

• Relithiation of aged cathode material can be done by using Li2CO3 or LiOH. 

• For the aged cathode active materials from 18650 cell [CC, 25 oC], an optimal molar ratio 

of Lithium source to the aged cathode , in the range between 0.5:1 and 3:1, will be found 

to get relithiated product with the highest electrochemical capacity, when other process 

variables are the same.  

• Graphite will reduce the metal-ion during calcination process to create a reduced phase 

on the surface of relithiated cathode and cause the decreasing of capacity.  

 

6.2 Experimental  

The aged cathode acquirement procedure was described in Chapter 3 after the 1000 cycles. The 

collected aged cathode materials from 18650 cell [CC, 25 oC] will be used as source of aged 

cathode materials.  

 

6.2.1 Direct recycling process via solid-state method 

The recycling process was composed of two calcination steps. Before the first calcination, aged 

NCA cathode powder and Lithium source were mixed using mortar & pestle for 10 min in the 

air. Graphite, if needed, was added to the mixture powder and mixed again using mortar & pestle 
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for 10 min. The total mass for the mixture powder was around 200 mg. Then under O2 flow rate 

60 sccm, the mixture was heated at 480oC for 3h with rate of a 10oC/min for heat-up and cool-

down. After the first calcination step, the mixture was taken out and re-mixed using mortar & 

pestle for 10 min. Then under O2 flow rate 60 sccm, the mixture was heated at 730oC for 12h 

with a rate of 10oC/min for heat-up and cool-down. The crucibles used in the heating step are 

aluminum crucible with a volume of 5mL. In this paper, three factors have been invested: type of 

lithium source, the molar ratio of aged cathode to lithium source, and w% of graphite 

contaminant in the aged cathode.  

• Type of lithium source: LiOH and Li2CO3, are chosen based on the cost and the 

environmental effect of side product. 

• Molar ratio of aged cathode to lithium source:  for simplicity, we assume that the mass of 

aged NCA cathode power equals to mass of aged NCA active materials (though in reality 

the binder and conductive filter took up ~5% mass based on TGA) and that the 

stoichiometry of aged NCA cathode active materials is the same as fresh NCA active 

materials (1 lithium-ion per NCA). Four different molar ratio, 0.5:1, 1:1. 2:1, and 3:1 

were investigated. For example, the molar mass of aged NCA is 183 g/mol. The molar 

mass of LiOH*H2O is 42 g/mol. The mass of NCA is weighted as X, the mass of 

LiOH*H2O is A∗BC
DEF

∗ D
G.I	
(𝑟𝑎𝑡𝑖𝑜), if 0.5:1 ratio is used.  

• Graphite content: note that there is around 2-3 wt% conductive filer, such as carbon black 

in the aged cathode and the graphite wt% is against total mass of aged cathode. Graphite 

with 0 wt%, 3 wt% and 6 wt% of the total mass of aged NCA cathode powder were 

investigated. The graphite used has a purity of 99% with the particle size of 44 

micrometer (50-70%). 
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6.2.2 Sample Naming  

In this chapter, fresh cathode materials will be referred as Fresh NCA. The collected aged 

cathode materials from 18650 cell [CC, 25 oC] will be referred as aged NCA. The base-line of 

the recycling process will use the following condition: LiOH as lithium source, 1:1 molar ratio of 

age cathode to LiOH and no graphite added. The product of the base-line relithiation process will 

be referred as R-NCA. When one of the factors is changed, the name is the product will be R-

NCA-changed condition. For example, if Li2CO3 was used instead of LiOH, the product will be 

referred as R-NCA-Li2CO3. If 3% graphite was added, the product will be referred as R-NCA-

3% graphite.  

 

6.2.3 Characterization 

Both physical, including XRD and XPS, and electrochemical characterization, such as GCPL, 

follow the procedure described in Chapter 3.  

 

6.3 Result 

Figure 6-1 shows XRD patterns of fresh NCA, aged NCA, R-NCA after 1st and 2nd calcination 

and R-NCA_Li2CO3 after 1st and 2nd calcination. Fresh NCA shows hexagonal layered phase in 

the R-3mspace group (α-NaFeO2-type structure) with typical twin-peak shape for (108) peak 

and (110) peak. For aged NCA, the structure remains but the (003)/(104) peak ratio is lower than 

fresh NCA. Moreover, the separation of (108) peak and (110) peak suggests a lower level of 

lithiation in structure due to the change in the lattice parameters. For both R-NCA and R-

NCA_Li2CO3 after 1st calcination, the layered structure remains , but there is merging of (108) 
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peak and (110) peak. Also, they both show a sign of peak for Li2CO3 [00-0830145], as suggested 

by black dashed lines. For both R-NCA and R-NCA_Li2CO3 after 2nd calcination, the layer 

structure still remains and the twin-peak shape of (108) and (110) is back but not completely for 

R-NCA_Li2CO3. They both show the peaks from impurity phases of Li2CO3 but the R-

NCA_Li2CO3 also shows the peaks from impurity phases of Li4AlO5 [00-0270-209] with much 

high intensity, suggested by the orange dash line.  
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Figure 6-1. XRD patterns of (a) fresh NCA, (b) aged NCA, (c-d) R-NCA after 1st and 2nd calcination, (e-f) R-

NCA_Li2CO3 after 1st and 2nd calcination. The black dash lines stand for peaks location of Li2CO3 and the orange 

dash lines stand for peaks location of Li4AlO5 

 

Figure 6-2 shows the shows XRD patterns of R-NCA_3% graphite and R-NCA_6% graphite 

after 1st and 2nd calcination. In general, all four samples still show the layer structure mainly and 

peaks from impurity phases of Li2CO3 other than of R-NCA_3% graphite after 2nd calcination. 

For R-NCA_3% graphite after 2nd calcination, it shows the peaks from impurity phases of 

Li4AlO5. 

 

 

Figure 6-2. XRD patterns of (a-b) R-NCA_3% graphite after 1st and 2nd calcination and (c-d) R-NCA_6% graphite 

after 1st and 2nd calcination. The black dash lines stand for peaks location of Li2CO3 and the orange dash lines stand 

for peaks location of Li4AlO5 
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Figure 6-3. XRD patterns of (a-b) R-NCA_0.5:1 ratio after 1st and 2nd calcination, (c-d) R-NCA_2:1 ratio after 1st 

and 2nd calcination and (e-f)R-NCA_3:1 ratio after 1st and 2nd calcination. The black dash lines stand for peaks 

location of Li2CO3 and the orange dash lines stand for peaks location of Li4AlO5 

 

Figure 6-3 shows the shows XRD patterns of R-NCA, R-NCA_2:1 ratio and R-NCA_3:1 ratio 

after 1st and 2nd calcination. After 1st calcination, the twin-peak shape remains for the three 

conditions but the peaks from impurity phases for Li2CO3 decreases with a lower ratio of LiOH 

(less LiOH per NCA). After 2nd calcination, the level of the merging of twin peaks increases with 

a lower ratio of LiOH.  
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Table 6-1. the calculated value for c-axis of NCA layered structure based on the Si peak 

correction.  

 

Figure 6-4 shows XPS spectra of O 1s, F 1s and Ni 2p of all the samples. In general, O 1s spectra 

of different samples have two peaks other than R-NCA_Li2CO3, with no peak at lower binder 

energy. For fresh cathode and aged cathode, these two peaks are at 530.67 eV and 528.31 eV 

while for all recycled product, the location for both peaks is slightly shifted towards higher 

binder energy, around 530.6 eV and 529.1 eV. In term of relative intensity for the peak at lower 

binding energy (around 529 eV) in O 1s, R-NCA_Li2CO3 didn’t have it at all and R-NCA_6% 

graphite and R-NCA_3% graphite show the small peak while the other samples show the peak 

much higher intensity. In F 1s spectra, in general, all the samples, other than the fresh and aged 

cathodes, show two peaks. The locations for these two peaks are at around 687.6 eV (F from 

PVDF binder) and 684.8 eV (F from LiF potentially) respectively. In Ni 2p spectra, all the 
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samples show typical peaks for Ni ions other than R-NCA_Li2CO3 in which no obvious Ni peak 

is shown. 

 

Figure 6-4. XPS spectra of O 1s, F 1s and Ni 2p for(a) fresh cathode, (b) aged cathode, (c) R-NCA, (d) R-

NCA_Li2CO3, (e) R-NCA_3% graphite , (f) R-NCA_6% graphite, (g) R-NCA_3:1 ratio, (h) R-NCA_2:1 ratio and 

(i) R-NCA_0.5:1 ratio. In O 1s spectra, the red dashed and dot lines sit on 530.67 eV and 528.31 eV separately. In F 

1s spectra, the blue dashed and dot lines sit on 687.71eV and 684.74 eV separately. In Ni 2p spectra, the green line 

sits on 855.42 eV. The etch time per step is 40s.  
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Figure 6-5 shows the electrochemical capacity at 0.1 C rate of different samples. The NCA 

active materials mass is used for the calculation of the specific capacity. The fresh cathode and 

aged cathode show discharge capacity at around 170 mAh/g and 140 mAh/g respectively. In 

term of lithium source, R-NCA shows discharge capacity of 160mAh/g, which is higher than 

aged cathode but slightly lower than fresh cathode but R-NCA_Li2CO3 shows nearly no 

discharge capacity. In term of graphite content, the higher graphite content, the worse the 

 

Figure 6-5. Comparison of the reference cycle of (a) fresh cathode, (b) aged cathode, (c) R-NCA, (d) R-

NCA_Li2CO3, (e) R-NCA_3% graphite , (f) R-NCA_6% graphite, (g) R-NCA_0.5:1 ratio, (h) R-NCA_2:1 ratio and 

(i) R-NCA_3:1 ratio. For reference cycle, the coin cell is cycled at 0.1C rate for both charge and discharge with 2.5 

V and 4.2 V voltage cut-off. 
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performance is. In term of the aged cathode to lithium source reactants ratio, when the ratio is ³ 

1, the higher the ratio (less LiOH per NCA), the worse the performance. The data from R-

NCA_0.5:1 ratio is to be collected.  

 

6.4 Discussion 

In this section, we will discuss the results of the three process variables in three sub-sections. 

 

6.4.1 Effect of lithium source 

As shown in Figure 6-5 (c), R-NCA, which is the best result among all the conditions, show 

improvement of discharge capacity over aged cathode but still slightly lower than fresh cathode 

materials. Figure 6-5 (d) shows that R-NCA_Li2CO3 has even much worse performance than the 

aged cathode. To investigate the reason behind the two phenomena, three aspects are taken into 

consideration: bulk structure of NCA active materials, the near-surface structure of NCA active 

materials and surface layer on the NCA active materials. Firstly, XRD pattern of both samples in 

Figure 6-1 (d, f) shows that the bulk structure of both samples remains as layered structure. 

Based on twin-peak shape for (108) and (110),77-78 Li/Ni ordering level is relatively the same in 

the bulk. But for that R-NCA_Li2CO3, the peaks from impurity phases of Li4AlO5 suggest 

decomposition of NCA to a certain degree. Secondly, O 1s spectra data in Figure 6-4 (c) shows 

that the peak at lower binder energy, which is from the metal-O bond, is shifted to higher binder 

energy when compared to the fresh cathode. Based on the previous paper, binder energy of 

metal-O bond is higher in the reduced surface layer, such as cubic NiO phase, than in layer 

structure phase (where Ni3+ is present).79-80 Thirdly, XRD pattern in Figure 6-1 (d,f) show the 

existent of the peaks from impurity phases of Li2CO3 for both samples and Li4AlO5 for R-
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NCA_Li2CO3. O 1s spectra of both samples shows peak at around 530.6 eV, which is likely to 

belong to the bond in Li2CO3. Moreover, since the analysis depth of XPS is between 3-10nm, the 

surface contaminant layer of R-NCA_Li2CO3 is thicker than the analysis depth and that of R-

NCA is less than the analysis depth since the metal-O bond peak disappears in R-NCA_Li2CO3 

while there is metal-O bond peak in R-NCA. For R-NCA_Li2CO3, even after etching, there is still 

no peak for metal-O bond. With all the result we have above, the reasons that R-NCA didn’t 

return to full capacity as fresh cathode could be: (1) near-surface layer is electrochemical 

resistant, though it is very thin; (2) the surface contaminant such as Li2CO3, though thin, is still 

electrochemical resistant. For R-NCA_Li2CO3, the worst performance could be mostly due to the 

thick layer of contaminants on the surface, such as Li4AlO5 and Li2CO3, which create high 

resistance.81 So when comparing the two different lithium source during relithiation reaction, 

LiOH is better than Li2CO3. The reason could be that for Li2CO3, the activation energy is higher 

than that of LiOH, which means that the kinetics of relithiation process is slower when reacting 

with Li2CO3. Also, LiOH is in the form of molten salt during the 1st calcination (melting point is 

around 460oC) while Li2CO3 is still solid. Molten salt/solid would have better contact than 

solid/solid so that the reaction is more homogeneous when using LiOH as the reactant.  

 

6.4.2 Effect of graphite content  

Based on Figure 6-5 (c, e, f), the general trend is that the higher the graphite content in reactants 

mixture, the worse the electrochemical performance of the recycled product has. Three aspects of 

factors as-above are considered to analyze the data. Firstly, XRD patterns of the three samples in 

Figure 6-1 (d) and Figure 6-2 (b,d) show that the bulk structure of the samples remains as layered 

structure, though R-NCA_3% graphite shows slightly higher Li/Ni disordering as suggested by 
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the merging of twin-peaks (108) and (110). Secondly, O 1s spectra data in Figure 6-4 (e, f) show 

that the peak for metal-O bond is shifted to higher binder energy when compared to the fresh 

cathode which is a sign of reduced surface layer as we mentioned in part 1. Thirdly, R-NCA_6% 

graphite shows much high intensity of the impure peak of Li2CO3 than the other two samples in 

XRD pattern and lower the metal-O bond in XPS O 1s spectra. These two phenomena suggested 

that the surface contaminant layer of R-NCA_6% graphite, containing more Li2CO3 relatively, is 

thicker than that of the other two samples. Based on the result above, the effect of graphite 

content during relithiation process could be that during the 2nd calcination, Ni3+ at the surface 

layer of NCA materials is reduced to Ni2+ by graphite so that a reduced surface layer is formed. 

Based on the previous publications, there are two paths of the reaction:82-84 (1) graphite directly 

reacts with NCA active materials; (2) graphite firstly react with O2, forming CO2 which further 

reacts with NCA active materials. (M here stands for metal element including Ni, Al, Co).  

Path 1:  

LiMOC + C → LiCO + MO + COC    (1) 

Path 2:  

C + OC = COC  (2) 

LiMOC + 0.5x	COC → 0.5x	LiCCOF + LiD[\MOC[\ + 0.25x	OC   (2) 

The exact path of reaction during relithiation is beyond the scope of this chapter. But whichever 

the path, the side products are reduced phase and Li2CO3, which explains the higher intensity of 

Li2CO3 for R-NCA_6% graphite. These two side products are electrochemical resistant, causing 

lower capacity.82, 84 Although R-NCA_3% has higher Li/Ni disordering level, it might not play as 

important role as the two side products mentioned above, though the exact reason for the higher 

level of disordering is unknown so far.  
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6.4.3 Effect of molar ratio of aged cathode active materials to lithium source 

The general goal for this section is to understand whether the optimal ratio of aged 

cathode active materials to lithium source exists or not, with which the recycled cathode 

shows best electrochemical performance. To do so, we firstly would pick the ratio 

number at the boundary where the lithium source is over-amount (0.5:1 ) and less-amount 

(3:1) and then narrow down the boundary. Based on Figure 6-5 (c, h, i), the general trend is 

that when the ratio is ³ 1, the higher the ratio (less LiOH per mol of NCA), the worse the 

electrochemical performance of relithiated product shows. Three aspects of factors as-above are 

considered to analyze the data. Firstly, XRD pattern of the three samples in Figure 6-3 (b, d, f) 

show that the bulk structure of the samples remains as layered structure. But R-NCA_2:1 and R-

NCA_3:1show high Li/Ni disordering as suggested by the merging of twin-peaks (108) and 

(110). Secondly, O 1s spectra data in Figure 6-4 (g, h) show that the peak for metal-O bond in R-

NCA_2:1 and R-NCA_3:1 is shifted to higher binder energy when compared to the fresh cathode 

which is a sign of reduced surface layer as we mentioned in part 1. Thirdly, R-NCA_2:1 and R-

NCA_3:1 shows relatively high intensity of metal-O bond when compared with the bond from 

Li2CO3, suggesting that surface contamination layer is thinner for these two samples when 

compared with R-NCA. With the result above, the effect of reactant ratio (when ³ 1) during 

relithiation process could be explained through disordering/decomposition reaction vs 

relithiation reaction. The background information in 2.2.5.1 shows the 

disordering/decomposition reaction to start at temperature lower than 200oC and the set-on 

temperature varied depending on the level of lithiation and other factors, such as oxygen partial 

pressure. The TGA result of aged cathode used in this case shows that the 
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disordering/decomposition reaction starts at around 210oC. During the calcination process, two 

types of reaction compete with each other, disordering/decomposition reaction vs relithiation 

reaction. The lower the level of lithiation and the higher temperature, the faster rate the 

disordering/decomposition reaction has. For relithiation reaction, higher temperature and higher 

concentration of lithium source lead to a higher rate. So, to reduce the disordering/decomposition 

reaction, it is better to have high level of lithiation of NCA during calcination processes, 

especially 2nd one with high temperature. In the cases of R-NCA_2:1 and R-NCA_3:1, where the 

amount of available LiOH per NCA is low, lithium-ion can’t diffuse into the structure 

(relithiation reaction) fast enough so that the decomposition or disordering reaction of NCA 

dominate. The decomposition product, based on the previous result,58 should be NiO-like 

compound mainly along with other side products, as shown by the equation below. We haven’t 

detected NiO phase in XRD pattern, potentially due to the amount is too low. But we do see the 

NiO-like phase peak in O 1s spectra.   

Li^Ni\CoaAldO → LiCO + NiO + CoFOB + AlCOF + OC 

Based on Figure 6-5 (c, g), the general trend is that when the ratio is £ 1, the smaller the ratio 

(more LiOH per mol of NCA), the worse the electrochemical performance of relithiated product 

shows. XRD result in Figure 3 (b) and XPS result in Figure 6-4 (i) suggest that there is layer of 

materials, potentially composed of Li4AlO5 and Li2CO3, on the surface of R-NCA_0.5:1 ratio 

material, creating high electrochemical resistance. This is very similar to the R-NCA_Li2CO3 

samples. The difference here is that the reason to causes formation of Li4AlO5 is not due to the 

improper mixing of Li2CO3 and aged NCA, but due to the excess available of LiOH per aged 

NCA.   
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One more point that is worth discussion. In the F 1s spectra of all the samples, there is one peak 

at around 685 eV, which potentially comes from LiF. For all the recycled product, the relative 

intensity from LiF increases with more etching during XPS. The source is LiF is not clear. It 

could be from the decomposition product of LiPF6 (salt in the electrolyte) or the reaction of SEI 

on the cathode surface with lithium source during the calcination. Also, the effect of LiF is not 

clear. It seems that LiF covers NCA active materials but doesn’t cause high resistance as Li2CO3.    

 

6.5 Conclusion 

In general, the effect of three process variables of solid-state recycling approach on the recycled 

product has been investigated.  

• For the type of lithium source, using LiOH as the source of lithium shows a better result 

than Li2CO3, potentially due to better contact of reactants and lower activation energy, 

though both lithium source can relithate the aged cathode materials during the calcination 

process. 

• Graphite content shows a negative effect on the final product due to the reduction effect 

of graphite on the Ni-ion on the surface to form NiO-like phase.  

• As for the reactant ratio, when the ratio is ³ 1, the higher the ratio (less LiOH per mol of 

NCA), the worse the electrochemical performance of relithiated product shows. The 

lower LiOH content causes a lower rate of relithiation reaction. Therefore, 

disordering/decomposition reaction dominates and cause the decreasing of 

electrochemical capacity. When the ratio is £ 1, the higher the ratio (less LiOH per mol of 

NCA), the better the electrochemical performance of relithiated product. The excess 



 
 

81 

LiOH causes impurities such Li2CO3 and Li4AlO5, creating high electrochemical 

resistance.  

The result in this chapter would contribute to optimizing the relithiation of aged NCA and 

reducing the cost of recycled NCA. Further, the conclusion could be applied to other layered 

structure commercial cathode materials, such as Li(NixCoyMnz)O2 (x+y+z=1) NCM cathode 

materials.  
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Chapter 7. Effect of properties of aged cathode 

active materials on recycled product  

7.1 Overview 

Aged NCA materials collected from different sources have inhomogeneous properties. For direct 

recycling, it is crucial to prove that the direct recycling process can handle the aged NCA 

materials with inhomogeneous properties in one batch and produce consistent recycled NCA.  

The aged NCA collected from cells cycled under different condition shows more than just one 

difference in properties. It is hard to understand which process parameter is important to deal 

with certain difference in aged NCA properties. In this paper, we will investigate the direct 

recycling process factors that address the effect of three properties of aged LiNi8.15Co1.5Al0.35O2 

(NCA) materials: variation of state-of-charge (SoC) of the aged NCA, the existence of a surface 

reconstruction layer within the aged NCA, and the growth of the solid electrolyte interface (SEI) 

on the aged NCA. We will explore how each property impacts the consistency of the recycled 

NCA in terms of several key materials properties. 

 

Hypotheses: 

• Under the same relithiation process parameter, the aged cathode with high level of 

lithiation will have product with better electrochemical performance.  

• Under the same relithiation process parameter, the aged NCA with thin SEI will 

have product with better electrochemical performance. 
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•  Under the same relithiation process parameter, the aged NCA with lower content 

of surface reconstruction phases will have product with better electrochemical 

performance. 

 

7.2 Experimental  

7.2.1 Preparation of materials 

7.2.1.1 Preparation of NCA with different SoC 

The pristine NCA (NCAP) with the composition (Ni: Co: Al=8.15: 1.5: 0.35) was purchased 

from MTI corporation. Br2 with 99.99% purity from Sigma was used for chemical delithiation of 

the pristine NCA. The more delithiation the NCA has, the higher its SoC. For the preparation of 

the NCA with a higher level of SoC, 400 mg of NCA was added to 40 mL acetonitrile solvent in 

the beaker and stirred for 5 min. Then 40 𝜇L oBr2 was added to the mixture solution and stirred 

overnight. All the steps were done in the glovebox filled with Ar gas and the O2 content was less 

than 2 ppm. Next, the mixture was transferred out and the delithiated NCA was separated from 

the solution by centrifuge. The delithiated NCA was washed with 20 mL acetonitrile solvent and 

separated by centrifuge again. The washing process was repeated 3 times to make sure the 

residual Br2 and any other by-products of the reaction were washed away. Finally, the delithiated 

NCA was dried under vacuum at 60oC overnight. The prepared delithiated NCA materials with a 

high level of SoC was named NCAHSoC. To prepare the delithiated NCA materials with a low 

level of SoC, the same procedures were used other than that the volume of Br2 was 10 𝜇L instead 

of 40 𝜇L. The name for the delithiated NCA materials with a low level of SoC was NCALSoC.  
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7.2.1.2 Preparation of NCA with different level of structure transformation 

To prepare NCA materials with different levels of structure transformation, NCAHSoC was treated 

under different temperatures. To prepare NCA materials with a high level of structure 

transformation, NCAHSoC was transferred into the tube furnace with constant O2 flow (60 scsm).  

The heating process was: from room temperature to 650oC with a rate of 10oC/min, hold at 650oC 

for 3h, cool down to room temperature with a rate of 10oC/min. The prepared material was 

named NCAHSoC_650oC. To prepare NCA materials with a low level of structure transformation, the 

same procedure as above was used other than the temperature was 350oC instead of 650oC. The 

prepared material was named NCAHSoC_350oC. 

 

7.2.1.3 Preparation of NCA with SEI  

To prepare NCA with SEI formed on the surface, 400 mg of NCAHSoC was submerged in 20 mL 

electrolyte (DEC:EC=1:1, 1M LiPF6) for 14 days. Then the post-treated NCA was separated 

from electrolyte by centrifuge and then rinsed with DEC solvent twice to wash away residual 

electrolyte. Then, the materials were dried under vacuum at 60oC overnight. The prepared sample 

was named NCAHSoC_Electrolyte_14d.  

Table 7-1. Naming of samples in this chapter 

[1] NCA with high level of SoC by chemically delithiation NCAHSoC 

[2] NCA with low level of SoC by chemically delithiation NCALSoC 

[3] NCA with high level of SoC [1] treated under 350oC for 3h NCAHSoC_350oC 

[4] NCA with high level of SoC [1] treated under 650oC for 3h NCAHSoC_650oC 
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[5] NCA with high level of SoC [1] treated with electrolyte for 14d NCAHSoC_Electrolyte_14d 

Recycled product using any above-mentioned samples (This refers 

to final product after 2nd sinter process and wash step unless 

otherwise specified) 

R-sample name 

(one of the above)  

 

7.2.2 Recycling of prepared NCA materials 

For the recycling of the prepared NCA, the general procedures were that (1) the prepared NCA 

sample and LiOH•H2O were weighted with 1: 1 molar ratio; (Note: NCA samples have different 

molar mass due to loss of Lithium or Oxygen. The molar mass of NCA used for weighing was 

based on the composition LiNi0.815Co0.15Al0.035O2 regardless of its actual compositional changes 

just for the convenience of calculation.) (2) mixture of NCA sample and LiOH•H2O was 

transferred them into alumina crucible boat; (3) the 1st  heat treatment under O2 flow from room 

temperature to 480oC  with a heating and cooling rate of 10 oC/min and hold at 480oC for 3h; (4) 

took out the mixture and re-mixed again; (5) the 2nd heat treatment under O2 flow from room 

temperature to 730oC  with a heating and cooling rate of 10 oC/min and hold at 730oC for 12h. 

Some of the samples were heated at 730oC for 24h. (6) took out the sample, washed it with 

water, and dried it under vacuum. This step was skipped for some samples and will be indicated 

by the sample legend in the figures. To make the naming easier, we use “R” for samples having 

been recycled. For example, if the prepared NCA sample was NCAHSoC, the recycled product of it 

after going through the above-mentioned procedures was named R-NCAHSoC.  
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7.2.3 Characterization of materials 

7.2.3.1Thermo-gravimetric (TG) analysis (TGA) 

The sample with around 10mg mass was weighed and transferred into the TGA intrument. TGA 

was carried out on SDT Q600. The heating procedure for TGA was: (1) jump to 120oC and hold 

for 20min; (2) heat from 120oC to 700oC with a heating rate of 5min/oC; (3) cool down. The 

TGA test was done under O2 flow with a rate of 100 mLmin-1.  

 

7.2.3.2 X-ray Diffraction (XRD) 

Silicon powder (99% purity) with 10wt% of the total sample mass was mixed with the prepared 

NCA sample for peak correction. XRD patterns of samples were characterized on a PANalytical 

X’pert diffractometer with a Cu Ka radiation with a scan range from 15－70o 2𝜃. Three scans 

were collected per sample for better resolution quality.  

 

7.2.3.3X-ray photoelectron spectroscopy (XPS) 

XPS was performed using an ESCALAB 250Xi X-ray photoelectron spectrometer microprobe, 

with a 650 μm spot size. Elements were analyzed using monochromatic Al K𝛼 (1486.6 eV) 

radiation as the primary excitation source. For the etching step, 3kV voltage was used and etch 

time was 40 s per step.  

 

7.2.3.4 Transmission electron microscopy (TEM) 

Samples were prepared through suspending 5 mg of active material powder in 20 ml et-OH, then 

sonicating for at least 1 hour before allowing the solution to settle for ~3 hours, after a pipette 

was filled with solution from the middle of the vial and 10 drops were deposited onto the Ted 
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Pella copper grid and allowed to dry in a fume hood overnight. TEM imaging and electron 

diffraction patterns were done using a FEI Tecnai F20 Field Emission Transition Electron 

Microscope. A Dual tilt stage was used to hold the samples. The microscope was set to the high-

tension accelerating voltage of 200 kV, with spot size 1, alignment followed standard procedures 

as outlined in the Tecnai user manual. Images were taken in brightfield mode.  

 

7.2.3.5 Electrochemical test 

Electrode preparation:  

NCA active materials, carbon black and Polyvinylidene fluoride (PVDF) powder were weighed 

with a weight ratio of 9:0.5:0.5 and N-methyl-2-pyrrolidone (NMP) was gradually added into the 

mixture to make a black slurry. Then the black slurry was screened onto Al foil using the doctor 

blade and the aluminum foil was transferred into a vacuum oven and held at 80oC overnight.  

Coin cell assembly: 

The prepared electrode was paired with Li foil in the 2032 coin cell. The Celgard battery 

separator and commercial electrolyte (1 M LiPF6 in 1:1 ethylene carbonate (EC): diethyl 

carbonate (DEC)) from Sigma were used. For each sample, three coin cells were made for 

repeatability 

Coin cell test:  

The coin cell was rested for 4h before start cycling. The cycling condition for the reference cycle 

was a 0.1C rate current (using 180mAh/g as theoretical capacity) for both charge and discharge 

with 2.5 V and 4.2 V voltage cut-off. For each coin cell, four reference cycles were conducted. 

All the reference cycle tests were conducted at 25oC.  
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7.3 Result and discussion part 

7.3.1 Preparation of materials for recycling  

Pristine NCA was chemically delithiated by Br2 with different concentrations in order to get 

NCA with different SoC. The XRD pattern in Figure 7-1 shows that after Silicon peak (111) 

correction, there was a shift in (003) peak to lower angle and split of twin-peak at around 65o for 

delithiated NCA (NCAHSoC and NCALSoC) when compared to NCAP (space group R3gm). These 

changes suggest that we did create NCA with different SoC.85-86 Furthermore, the open-circuit-

voltage (OCV) of coin cell using NCAHSoC and NCALSoC as cathode materials shows different 

OCV, which again suggests that the difference in the SoC between NCAHSoC and NCALSoC.  

 

 

 
Figure 7-1. XRD of NCAP and chemically delithaited NCA materials, NCAHSoC and NCALSoC. (003) and (104) peaks 

from NCA materials are labeled. The blue dot is for Silicon (111) peak location which is used as reference point. 
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Figure 7-2. XRD of NCAP (black) and R-NCAHSoC (blue) and R-NCALSoC (red) after 1st and 2nd sinter treatment. 

(003) and (104) peaks from NCA materials are suggested. The blue dot is for Silicon (111) peak location which is 

used as the reference position for all the samples  

 

 
 

Figure 7-3. TGA of NCAHSoC, NCALSoC, and NCAP with LiOH with 1:1 molar ratio from 120 oC to 700oC with 

heating rate 5 oC/min under O2 flow. The mass after holding at 120oC for 20min is used as 1 for mass ratio 

calculation. During the holding step, the H2O in LiOH•H2O is removed.  



 
 

90 

 

 
Note: the lattice parameter c is calculated based on the peak location of (003) after the peak location correction 

based on Silicon powder (111) peak location. The 0.002 error comes from the variance of Silicon power (111) peak 

location from a 4-time repeated test.   

 
7.3.2 Effect of difference SoC 

Understanding of relithiation process  

Before we discuss the effect of the difference in SoC of NCA materials on the recycled NCA, we 

wish to first understand the relithiation step. Figure 7-2 shows the XRD pattern of R-NCAHSoC 

and R-NCALSoC after 1st sinter process which is at 480oC for 3h. The result suggests that for both 

samples, the twin-peak at 65o disappears when compared to NCAHSoC and NCALSoC in Figure 7-1. 

Moreover, the lattice parameter c of R-NCAHSoC and R-NCALSoC after the 1st sinter process is very 

close to NCAP (Table 7-2). Since for NCA with layer structure, the lattice parameter c is a good 

indication for the level of Lithium content in the structure at the low SoC range87, the result 

suggests that both R-NCAHSoC and R-NCALSoC are fully relithiated after the 1st sinter treatment.  
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Figure 7-4. Mass differential curve with respect to temperature for samples (NCAHSoC  , NCALSoC and NCAHSoC  with 

LiOH•H2O with 1 to 1 molar ratio) from 120 oC to 500 oC. The heatingrate is 5 oC/min.  

 
To further understand the relithiation reaction during the 1st sinter treatment, TGA assessments 

the of NCAHSoC, NCALSoC, and NCAP with LiOH samples are done and the data is shown in 

Figure 7-3. In general, there are three stages: 

1) For 1st stage, the sample, NCAP +LiOH, barely lost mass while for the other two 

samples, NCAHSoC +LiOH and NCALSoC + LiOH, there are 1.8% and 4.1% mass loss 

respectively. There are two sources for the mass loss. The 1st source is the oxygen 

evolution and phase transformation of the charge (Lithium poor) NCA (NCAHSoC,  

NCAHSoC) due to unstability of layer phase in the charged NCA. The less Li in the 

structure (the higher SoC), the greater its unstability86. The rate of oxygen evolution 

reaction is maximized at 250oC for NCAHSoC (Figure 7-4).  The 2nd source the reaction 

between LiOH and the charged NCA. When LiOH is presenting with the charged 

NCA, LiOH reacts with charged NCA before the oxygen evolution reaction of 

charged NCA during heating. This can be supported by the dm/dT curve in Figure 7-
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4). The temperature at which the maximum mass loss rate is reached is lower (225oC) 

for the charged NCA in the presence of LiOH than the charged NCA without LiOH 

(250oC).  

2) For the 2nd stage, the mass of all the samples (NCAP +LiOH, samples, NCAHSoC +LiOH 

and NCALSoC + LiOH) remains stable. For NCAHSoC +LiOH and NCALSoC + LiOH, no 

obvious mass loss suggests that the reaction between LiOH and the charge NCA 

(NCAHSoC , NCALSoC) is done before the 2nd stage.  

3) For the 3rd stage, all the three samples, NCAP +LiOH, samples, NCALSoC + LiOH, 

NCAHSoC +LiOH and, show mass loss of 6.5%, 4.8% and 3.5% respectively. The 

source of mass loss is the decomposition of LiOH. When the charged NCA is not 

present, LiOH does not decompose until the temperature reaches 3rd stage. In contrast, 

when the charged NCA is present, some of the LiOH reacts with the charged NCA 

during the 1st stage and the remaining LiOH does not decompose until the 

temperature reaches the 3rd stage. Therefore, the mass loss is larger for NCAP +LiOH 

(6.5%) than NCALSoC +LiOH (4.8%) and NCAHSoC + LiOH (3.5%).  

 

Another thing to notice for the 1st stage is that the actual reaction rate for the oxygen evolution 

reaction of the charged NCA with the presence of LiOH and the reaction between LiOH and the 

charged NCA cannot be calculated with TGA. In-situ XRD analysis could be helpful in the 

future to tackle this puzzle. But this is beyond the scope of this chapter.  

 

In general, when the charged NCA and LiOH are present during heat-treatment, LiOH starts to 

react with the charged NCA during 1st stage (120oC--360 oC). Therefore, the relithiation reaction 
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is complete (meaning charged NCA is fully relithiated) during the 1st sinter process (480oC for 

3h), regardless of the SoC of the charged NCA as long as there is sufficient LiOH (in this case 

1:1 molar ratio of reactant makes it sure).  

 
 
Effect of difference in SoC 

For a specific SoC value of the charged NCA, corresponding optimal amount/ratio of LiOH is 

needed. For example, some researchers firstly used inductively coupled plasma (ICP) to analyze 

the composition of to-be-recycled cathode materials.10, 88 Then they calculated the appropriate 

amount of Lithium source needed. However, as mentioned in the introduction, it is not practical 

to implement this method since the SoC and therefore the degree of lithiation of aged cathode 

materials from different collected aged Li-ion batteries will vary significantly. To overcome this 

problem, we proposed that there are two key factors in the process: utilization of an excess of 

LiOH and implementing a washing step after 2nd sinter step. 

 

Our previous result in chapter 6  suggests that when less-than-stoichiometric LiOH was brought 

into contact with charged NCA, the final recycled product shows the transformation of layer 

phase to spinel/rocksalt phase due to insufficient Li in structure to stabilize the layered structure 

during the high temperature process85, which then results in  poor electrochemical performance 

and/or low specific capacity material. Based on the result and the understanding of the 

relithiation steps discussed above, we submit that it is critical to have a significant excess of 

LiOH (more than stoichiometry) when compared to the charged NCA. In this paper, we used 1:1 

molar ratio to make sure that the charged NCA with different SoC can be fully relithiated 

regardless of their SoC. This is supported by the XRD result in Figure 7-2 and Table 7-2, where 
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both R-NCAHSoC and R-NCALSoC shows a layer structure and full relithiation based on lattice 

parameter c.  

 
Figure 7-5. XPS O1s and C1s spectrums of samples, (a-b) NCAHSoC, (c-d,g-h) R-NCAHSoC, with/without wash step 

after 2nd sinter process and (e-f, i-j) R-NCALSoC with/without wash step after 2nd sinter process. The black line is 

recorded data. The blue dashed lines are peaks deconvolution. The red line is for simulated peaks based on 

deconvoluted peaks. 

 

The problem with using an excess of LiOH is the residual surface layer materials. R-NCAHSoC 

and R-NCALSoC without wash step after 2nd sinter step were characterized by XPS (Figure 7-5). In 

O 1s spectrum, the peak around 528.31 eV is from the metal-O bond. Both R-NCAHSoC and R-
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NCALSoC without the wash step present much lower intensity or no intensity of metal-O bond at 

all when compared to NCAHSoC and NCALSoC. This is due to the fact that a layer of materials with 

a certain thickness covers the NCA particle surface so that the XPS signal of metal-O bond from 

NCA is shielded by this layer of materials.66 At the same time, we also notice the strong XPS 

peak signal at 531.50 eV, indicated by red dashed line, is from C-O in CO3
2-.66, 80 This suggests 

that the layer of materials that covers the NCA particle surface is from Li2CO3 which is likely to 

be the product of air and residual LiOH/Li2O after the 2nd sinter process. To further confirm this 

finding, TEM imaging of the R-NCALSoC without the wash step was collected (Figure 7-6). The 

effect of this layer of Li2CO3 on the recycled product is obvious. The electrochemical test in 

Figure 7-7 shows that both R-NCAHSoC and R-NCALSoC without the wash step show large 

polarization even at 0.1C rate and barely any usable capacity, mainly due to resistance of surface 

Li2CO3.  

 

 
 

Figure 7-6. TEM image of R-NCALSoC without(b) wash step after 2nd sinter process.   
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Figure 7-7. Electrochemical test of 4 samples in coin cells, R-NCAHSoC with/without wash step after 2nd sinter 

process and R-NCALSoC with/without wash step after 2nd sinter process. For each sample, three coin cells were tested, 

indicated by three colors. For each coin cell, it was cycled in between 2.5V and 4.2V with a 0.2c rate for 4 cycles.  

 

In order to resolve this problem, we added a wash step by washing recycled products with DI-

water and then dried it. For R-NCAHSoC and R-NCALSoC with the wash step, the peak at 528.31 eV 

appears again and the relative intensity of peak at 531.50 eV decreases, indicating that the 

thickness of the Li2CO3 surface layer is reduced. As for the electrochemical performance, R-

NCAHSoC and R-NCALSoC with the wash step show consistent and as good discharge capacity as 

NCAP, which is around 175 mAh/g. By comparing the samples with/without the wash step, we 

can see the wash step can wash away some Li2CO3 on the surface due to the excess of LiOH, 

reduce the resistance, and help improve the recycled product electrochemical performance. 

 

No Li-rich cathode phase is formed in R-NCALSoC and R-NCAHSoC even when excess of LiOH is 

used. This was supported by the coin cell test where no plateau was present at high voltage89 (up 
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to 4.8V) and XRD pattern where no corresponding peak for Li-rich phase90. The potential reason 

is that the Li-rich phase (xLi2MnO3·(1–x)LiMO2) is Mn-based. For NCA materials, there is no 

Mn so that Li-rich phase thermodynamically not stable.  

 

In general, we used the excess Li strategy to deal with variation in SoC of different NCA and to 

make sure they can all be fully relithiated. Then, we use a water wash step to remove 

excess/residual Li2CO3. With these two strategies, the effect of different SoC of aged NCA 

materials on the recycled NCA can be resolved.   

 

7.3.3 Effect of surface reconstruction layer  

As mentioned in the introduction part, NCA is likely to have surface reconstruction when cycled 

under high temperature or high voltage, where the layer phase transforms into spinel/rocksalt 

phases. To investigate the effect of the surface reconstruction layer, we firstly create NCA 

materials with different levels of the spinel/rocksalt phases by treating NCAHSoC at two different 

temperatures, 350oC and 650oC.86 For NCAHSoC_350oC (Figure 7-8 (a)), the peak ratio of (003)/(104) 

decreases and the twin-peak at 65o merged into one peak. All these suggest transformation from 

the layered phase to the spinel/rocksalt phases.85-86 For NCAHSoC_650oC, the peak ratio of 

(003)/(104) is even lower, which qualitatively suggest a higher level of spinel/rocksalt phases for 

NCAHSoC_650oC when compared with NCAHSoC_350oC. Here, the general trend was clear but the 

quantitative calculation of the percentage of layer, spinel, and rocksalt phases was not done due 

to overlap of peaks for three phases in XRD pattern and resolution of XRD facility we have.91 

For the future, XRD with in-situ mass spectra of O2 can be used for quantitative analysis87. 

Electrochemical test results in Figure 7-9 (a,d) match with the XRD result as NCAHSoC_350oC 
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shows lower impedance and higher discharge capacity than NCAHSoC_650oC due to less content of 

spinel/rocksalt phases.  

 

After the recycling process with a 12h 2nd sinter step, both of the recycled products show XRD 

peaks similar to that of the layered structure (Figure 7-8). However, the peak ratio of (003)/(104) 

for R-NCAHSoC_350oC is 0.92, which is slightly higher than that of R-NCAHSoC_650oC (0.86). As for 

electrochemical performance, Figure 7-9(b,e) show that R-NCAHSoC_350oC shows slightly lower 

discharge capacity than NCAP while R-NCAHSoC_650oC shows lower capacity and less stability. 

There are two possible reasons behind the difference. First, it is known that the spinel/rocksalt 

phase is a thermodynamically more stable phase than the layer phase92 and they cause large 

resistance due to the lower Li diffusion rate. While NCAHSoC_350oC and NCAHSoC_650oC went through 

the same recycling process, NCAHSoC_650oC needs more kinetic driving force93-94 (longer time, 

higher temperature or more Li source) to transform the spinel/rocksalt phase back to the layer 

phase as NCAHSoC_650oC contains more spinel/rocksalt phases than NCAHSoC_350oC. Second, the 

recycled products contain the layered phase. However, there is Li/Ni disordering that happened 

in the bulk of recycled products.77 As both reasons could lead to a lower ratio of (003)/(104) in 

XRD pattern and lower electrochemical performance77, it is hard to differentiate which is the 

major cause. High-resolution XRD would help to the differentiation in the future. But this is not 

within the scope of this paper. Based on these two potential causes, we did experiments where 

we extended the 2nd sinter time to 24h while keeping the rest of the process parameters the same. 

In Figure 7-8 (a,b), for samples with 2nd sinter time of 24h,  ratios of (003)/(104) for R-

NCAHSoC_350oC and R-NCAHSoC_650oC further increased to 1.11 and 0.98 from 0.91 and 0.86, 
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respectively. The electrochemical performance (Figure 7-9 (c.f)) of both samples shows similar 

discharge capacity and stability as NCAP.   

 

In general, the result in this part suggests that with the presence of a Lithium source, a 

appropriate temperature, we can transform the spinel/rocksalt phases of NCA back to layered 

phase in order to regain electrochemical capacity. The longer 2nd sinter time may be needed to re-

construct/ re-order NCA with a different level of spinel/rocksalt phases. One thing to mention is 

that other factors could affect the recycled NCA when the longer sinter time is used, for example, 

evaporation of the Lithium source. Here, since we used a 1:1 molar ratio for reactants, we make 

sure there was enough Lithium source to compensate for evaporation even if the 2nd sinter time is 

24h. Although increasing the temperature is another way to offer more kinetical driving force, 

higher temperature (>730oC) could result in more problems, such as more evaporation of Li and 

decomposition of NCA.95 

 
Figure 7-8. XRD of samples (a) NCAHSoC_350oC, R-NCAHSoC_350oC with different 2nd sinter time (12h and 24h) and (b) 

NCAHSoC_650oC, R-NCAHSoC_650oC with different 2nd sinter time (12h and 24h) 
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Figure 7-9. Electrochemical test of 6 samples in coin cells, NCAHSoC_350oC, R-NCAHSoC_350oC with different 2nd sinter 

time (12h and 24h) and (b) NCAHSoC_650oC, R-NCAHSoC_650oC with different 2nd sinter time (12h and 24h). For each 

sample, three coin cells were tested, indicated by three colors. For each coin cell, it was cycled in between 2.5V and 

4.2V with a 0.2c rate for 4 cycles.  

 
Note that we are describing the bulk NCA (particle size > 500 nm) change in between layered 

phases and spinel/rocksalt phases. For typical aged NCA materials, the layer of surface 

reconstruction (spinel/rocksalt phases) normally has a thickness less than 20nm.92, 96 The 

percentage of spinel/rocksalt phases in total phases is very small so that less thermal driving 

force (sinter time) is needed. Therefore, the 2nd sinter time used here may be too long to re-

construct/ re-order surface reconstruction layer of aged NCA materials.  

 
7.3.4 Effect of SEI 

As mentioned in the introduction part, NCA will form SEI during cycling, which has been found 

to be a combination of organic and inorganic compounds. To investigate the effect of the SEI on 

the recycled NCA, we firstly create NCA with thick SEI on the particle surface by immersing 

NCAHSoC in the electrolyte (DEC:EC=1:1, 1M LiPF6) for 14 days. As  
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Figure 7-10. XPS O1s, P2p and F1s spectrums of NCAHSoC_elecrtolyte_14d (a, c, e) and R-NCAHSoC_elecrtolyte_14d (b, d, f). 

The black line is recorded data. The blue dashed lines are peaks deconvolution. The red line is for simulated peaks 

based on deconvoluted peaks.  

 

shown by XPS result in Figure 7-10 (a,c,e), NCAHSoC_elecrtolyte_14d shows a change of surface 

chemistry, suggesting formation of SEI on NCAHSoC surface. In O 1s spectrum (Figure 7-10 (a)), 

the deconvolution of the O1s by 3 peaks is used. The peak at 528.69 eV corresponds to the 

metal-oxygen bond in NCA. The peak at 530.39 eV corresponds to Li2CO3. The peak at 532.35 

eV corresponds to C=O bond, which is likely to be lithium alkyl carbonate species.80 The peak at 

133.4 eV in P 2p (Figure7-10 (c)) is likely to be LixPFyOz.66 In the F 1s spectrum (Figure 7-10 
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(e)), the peak at 684.44 eV corresponds to LiF and the peak at 686.32 eV corresponds to 

LixPFyOz.66  

 
Figure 7-11. Electrochemical test of 2 samples in coin cells, NCAHSoC_elecrtolyte_14d (a) and R-NCAHSoC_elecrtolyte_14d (b). 

For each sample, three coin cells were tested, indicated by three colors. For each coin cell, it was cycled in between 

2.5V and 4.2V with 0.2c rate for 4 cycles. 

 

As for the electrochemical performance, NCAHSoC_elecrtolyte_14d shows large polarization and low 

capacity, which is likely due to the thick SEI formed on the NCA particle surface. After the 

recycling process, the surface chemistry of R-NCAHSoC_elecrtolyte_14d is very different from 

NCAHSoC_elecrtolyte_14d. No peak is observed in P 2p and F 1s spectrums, suggesting P and F 

containing compounds in the SEI, such as LixPFyOz and LiF, reacted with LiOH and were 

eliminated during the recycling process. As for the electrochemical performance, R-

NCAHSoC_elecrtolyte_14d (Figure 7-11) shows similar performance as NCAP.  

 

In general, SEI on the NCA surface will not have an obvious effect on the recycled product as 

long as LiOH is present during the high temperature(730oC) sintering step since the SEI reacts 

with LiOH during the sintering step.  
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7.4 Conclusion 

In this chapter, we investigated process factors that affect the evolution of three properties of 

aged LiNi8.15Co1.5Al0.35O2 (NCA). We did this separately on the recycled products, and we 

examined the influence of state-of-charge (SoC), surface reconstruction layer, and SEI 

formation. To address the difference in SoC of aged NCA, an excess of LiOH and a wash step 

after 2nd sinter process were found to be critical. For the surface reconstruction layer, a longer 2nd 

sinter time was necessary to provide enough thermal driving force, provided that enough LiOH is 

present. As for the SEI, we found that LiOH reacts with the SEI and decomposes it during the 

sintering process. As such, no additional steps were needed. Therefore, it is practical to use direct 

recycling to deal aged NCA with the difference in these three properties and get homogeneous 

recycled NCA. In the future, other properties of aged NCA materials, including cracking and 

metal dissolution, should be investigated further to find out the corresponding key process 

step/factor to address the difference in each property.  
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Chapter 8. Direct Recycling of Aged LiMn2O4 

Cathode Materials used in Aqueous Lithium-ion 

Batteries: Processes and Sensitivities  

8.1 Overview 

Chapter 6 and 7 is focused on NCA materials from the organic-electrolyte Li-ion battery system. 

In this chapter, we used aged LMO cathode material from a large-format aqueous lithium-ion 

battery. We applied two direct recycling methods with different process parameters: solid-state 

method and hydrothermal method and compare the sensitivity of two processes to starting 

materials. The recycled products of the two methods are compared in terms of phase purity and 

electrochemical energy storage capacity. Moreover, we created aged LMO with different state of 

charge (SoC), applied the same direct recycling method to them and compared the results.  

 

Hypotheses: 

• Lost electrochemical capacity of aged LiMn2O4 can be recovered by either one of these 

methods: solid-state reaction method and hydrothermal reaction method. After cycling, 

LiMn2O4 cathode materials lost electrochemical capacity compared with fresh LiMn2O4. 

Exposing the aged and low-capacity LiMn2O4 to LiOH solid by two-step heat treatment 

(solid state method) or to LiOH solution by hydrothermal reaction (hydrothermal 

method) can recover lost electrochemical capacity of the aged LiMn2O4. 
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• The lithium content in aged LiMn2O4 influences the recycled product regarding phase 

purity and electrochemical capacity. Aged LiMn2O4 with less lithium content shows 

lower thermal stability. Under the same regeneration process, aged LiMn2O4 with lower 

thermal stability is more likely to decompose or transform into another phase, resulting in 

more impure phase and lower electrochemical capacity for recycling product. 

 

8.2 Experimental  

This section will describe the collection of both aged and fresh LMO and creation of the aged 

LMO with different SoC using electrochemical titration. Two different recycling methods were 

applied to the aged cathode. Different properties and electrochemical characterization of recycled 

products are described. The naming of different samples used in the paper is introduced in Table 

8-1.  

Table 8-1. Outline for Sample Name 
Description Name 

Collected LMO without being cycled in 
battery Fresh LMO 

Collected LMO cycled in battery for 
over hundreds of cycles Aged LMO 

Recycled product of aged LMO 
through solid-state reaction LMO-SS 

Recycled product of aged LMO 
through hydrothermal reaction 

LMO-HT (molar ratio of reactants 
LMO:LiOH, reaction temperature, 

reaction time) 
 
8.2.1 Collecting of aged LMO and fresh LMO 

Details of synthesis of LMO, LMO electrode making procedure and cycling of LiMn2O4 were 

described previously.97 Briefly, LiMn2O4 was synthesized through the solid-state reaction 

between electrolytic manganese dioxide and lithium carbonate. Li2CO3 was ball milled with 

electrolytic manganese dioxide (EMD, Tronox) (Spex 8000, silicon nitride crucible) or attritor 
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milled (Union Process, 2 mm diameter media) in the proper molar ratio for 60–120 min. This 

precursor mix, held in alumina crucible, was fired at 750–800 °C in ambient air for 8–12 h with 

heating and cooling ramp rates of 5 °C min−1. The composite cathode electrode pellet consisted 

of LiMn2O4, carbon black, natural graphite and binder in 80:2:10:8 mass ratio. The cathode was 

cycled in full aqueous battery stack over hundreds of cycles and the cycling data is shown in SI. 

The aged LMO was collected by taking out cathode electrode pellet after cycling, cleaning 

cathode electrode materials with DI water for three times and drying at 80oC overnight. The fresh 

LMO was collected by taking out the cathode electrode pellet that sat in the aqueous battery for 

the same period but without cycling, cleaning with DI water for three times and drying at 80oC 

overnight. 

 

8.2.2 Creating aged LMO with different SoC 

The aged LMO with different SoC was created by electrochemical titration. A three-electrode 

cell was used that was comprised of Teflon Swagelok with the aged LMO as a working electrode 

(around 100mg), activated carbon as a counter electrode and Hg/Hg2SO4 (MSE) as a reference 

electrode. The mass load of the counter electrode was four times that of the working electrode to 

ensure that the working electrode reached voltage limit first. The full cell was exposed to 

galvanostatic cycling with potential limitation at a low rate (less than 0.05C) to get the full 

capacity of the working electrode. Then the aged LMO with different SoC was created by 

charging the working electrode for different times in the second cycle based on the slow-rate 

cycling capacity data in the first cycle.  

 

8.2.3 Recycling of aged LMO through solid-state reaction method 
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The final product of this method will be referred as LMO-SS, as shown in Table 1. In short, aged 

LiMn2O4 and LiOH were mixed in 1:1 molar ratio and were ball-milled (Spex 8000 Mixer Mill) 

for 30 minutes. Then the mixture was heated to 350oC at the rate of 5oCmin-1, hold at 350oC for 2 

hours and cooled down in the air. The intermediate product was collected by washing the 

mixture after the first heat-treatment with DI water three times and dried overnight at 80 oC. Then 

the intermediate product was fired at 750oC for 6 hours with heating and cooling rate of 5oCmin-1 

in the air. The final product was washed with DI water three times and dried at 80 oC overnight. 

For comparison, one sample was recycled through the two steps of heat-treatments without 

washing in between them. As shown in a  previous paper,98  the source of lithium (ie what type of 

salt), did not have an obvious effect on the structure or performance of LiMn2O4. 

 

8.2.4 Recycling of aged LMO through hydrothermal reaction method 

The final product of this method will be referred as LMO-HT, as shown in Table1. In short, the 

aged LMO and LiOH  molar ratio (1:10,1:1,10:1) were added into 50 mL DI water and were 

stirred for 1 hour. The solution was then transferred into a Teflon-lined stainless steel autoclave. 

The autoclave was sealed and heated at the chosen temperature (145oC, 165oC, 185oC) for the 

different time (12h, 24h,48h). The product was washed with DI water for 3 times and dried at 

80oC overnight.  

 

8.2.5 Materials property characterization 

XRD, SEM, and TGA were conducted based on the description in Chapter 3.  

 

8.2.6 Electrochemical characterization 
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Both cyclic voltammetry (CV) and galvanostatic cycling with potential limitation (GCPL) were 

conducted by Bio Logic VMP3 Multi-Channel Potential/Electrochemical Impedance 

Spectrometer. For the electrochemical test of the fresh and aged LMO electrode materials, the 

collected electrode materials were used without adding more binder and carbon black. LMO-SS, 

and LMO-HT electrode materials were prepared by mixing 80 wt% of recycled LMO materials 

(LMO-HT samples had a certain amount of graphite that came from aged LMO sample and did 

not react during the hydrothermal recycling process), 10 wt% carbon black and 10 wt% 

Polyvinylidene fluoride (PVDF) with N-methylpyrrolidone (NMP) and dried at 80oC overnight. 

For CV test, LMO electrode materials (around 5 mg) were pressed onto stainless steel mesh with 

an area of around 0.3 cm2. Samples were scanned between 0 V and +0.7 V vs Hg/Hg2SO4 (MSE) 

with scan rate 0.25 mVs-1 (all voltage values used in CV were versus MSE otherwise 

mentioned). The electrodes were tested in three-electrode cells containing 1M Li2SO4 aqueous 

electrolyte with a platinum wire as the counter electrode and MSE as the reference electrode. The 

current density normalized by mass percentage of LMO active materials. For GCPL test, three-

electrode Teflon Swagelok cells with stainless steel rods as current collectors and 1M Li2SO4 

aqueous electrolyte were used. The cathode was prepared by pressing 50 mg LMO electrode 

materials in a 10 mm die set. The anode was made by pressing the 500 mg NaTi2(PO4)3 electrode 

materials used in a previous paper97 in a 10 mm die set. MSE was used as reference electrode. 

The mass difference between anode and cathode ensured that the cathode was voltage limiting 

electrode. The cell was cycled with voltage limits of the cathode in the range from +0.24 V to 

+0.57 V at a C/6 rate. Only cathode charge-discharge curves are shown in this work. The 

capacity is normalized by mass percentage of LMO active materials. 
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8.3 Result  

8.3.1 TGA 

TGA data were collected and the mass percentage of active materials LMO was determined for 

LMO-HTs by different hydrothermal recycling conditions, aged LMO and fresh LMO by 

calculating mass at the end of TGA over mass at the beginning of TGA, as shown in Table 8-2. 

The mass difference before and after TGA test mainly results from burning of graphite, carbon 

black and binder.  

 
Table 8-2. Mass Ratio of LMO Active Materials in Products 

𝒎𝒆𝒏𝒅

𝒎𝒊𝒏𝒊𝒕𝒊𝒂𝒍
 145oC 165oC 185oC 

LMO:LiOH=10:1 24hr 0.640 0.666  

LMO:LiOH=1:1 

12hr  0.683  
24hr 0.645 0.658 0.652 
48hr  0.711  

LMO:LiOH=1:10 24hr  0.693 0.683 

Aged LMO 0.775 

Fresh LMO 0.792 
 
8.3.2 SEM 

Figure. 8-1 (a-c) show that primary particle size and particle shape are the almost the same for 

the aged LMO, LMO-SS, and LMO-HT(1:1, 165oC, 24hr). LMO-SS in Figure 8-1 (b) shows 

larger secondary particle while LMO-HAT in Fig. 1c shows more homogeneous particle size. In 

Figure 8-1 (d) for LMO-HT(10:1, 165oC, 24hr), there are flake-like and stick-like shape particles 

shown on the surface of bulk materials.  
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Figure 8-1.  SEM images of a) aged LMO, b) LMO-SS recycled from aged Li0.7Mn2O4 with washing in between 

two-step of heat treatments, c) LMO-HT(1:1, 165oC, 24hr) recycled from aged Li0.7Mn2O4, d) LMO-HT(10:1, 

165oC, 24hr) recycled from aged Li0.7Mn2O4 . 

 

8.3.3 XRD 

Figure 8-2 shows XRD patterns of fresh LMO and aged LMO at different SoC. The peaks shift 

to higher 2𝛩 value when SoC of aged LMO increases. No peaks of impurity phases are present 

in the XRD patterns of any of the samples. Figure 8-3 shows XRD patterns of fresh LMO, LMO-

SS recycled with/without washing in between two steps of heat-treatments and LMO-SS 

recycled from aged LMO at different SoC. Silicon powder was added into samples and its peaks 

are located at 28.5o(111), 47o(220) and 56o(311). Graphite peaks are located at 26o(002) and  

55o(004). The LMO-SS from aged Li0.3Mn2O4 without washing shows peaks of impurity phases 

at around 21o, 45o and 67o. Other recycled products don’t show any peaks of impurity phases. 
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Figure 8-4 shows XRD patterns of fresh LMO, LMO-HT(1:1, 165oC, 24hrs) recycled from aged 

LMO at different SoC. Graphite peaks are located at 26o(002), 55o(004). Both recycled products 

don’t show any peaks of impurity phases are present.  

 

 

Figure 8-2. X-ray diffraction patterns of a) fresh LMO, b) aged LMO, c) aged Li0.7Mn2O4, d) aged Li0.5Mn2O4 and e) 

aged Li0.3Mn2O4 

 



 
 

112 

 

Figure 8-3. X-ray diffraction patterns of a) fresh LMO, b) LMO-SS recycled from aged Li0.3Mn2O4 without washing 

between two steps of heat-treatments, LMO-SS recycled with washing between two steps of heat-treatments from c) 

aged LMO, d) aged Li0.7Mn2O4 and e) aged Li0.3Mn2O4.  

 

 

Figure 8-4. X-ray diffraction patterns of a) fresh LMO, b) LMO-HT(1:1, 165oC, 24hrs) recycled from aged 

Li0.7Mn2O4, c) LMO-HT(1:1, 165oC, 24hrs) recycled from aged Li0.3Mn2O4 
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Figure 8-5. X-ray diffraction patterns of a) LMO-HT recycled from aged Li0.7Mn2O4 through different hydrothermal 

recycling conditions, b) and c) Fitting of peaks of impurity phases in LMO-HT samples in (a). Small blue dots are 

originally data points and solid lines are fitting line.   and • indicate peaks of impurity phases are present.  

 

In order to investigate the effect of different hydrothermal process conditions on the recycled 

product, three process parameters (molar ratio of reactants, reaction temperature and reaction 
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time) were chosen and investigated. In Figure 8-5 (a), LMO-HT samples with recycling 

condition LMO:LiOH=1:1 do not show any peaks of impurity phases, while LMO-HT samples 

with recycling condition LMO:LiOH=10:1 and 1:10 show peaks of impurity phases but at 

different 2𝛩. Figure 8-5 (b-c) show enlarged image of peaks of impurity phases. The solid lines 

are the fitting of raw data points and they match with raw data points, which suggests the 

existence of these peaks of impurity phases.  

 

8.3.4 Electrochemical Results 

 

Figure 8-6. OCV of fresh LMO and aged LMO with different SoC using electrochemical titration. The black dot is 

OCV point. 

 

Figure 8-6 shows open circuit voltage (OCV) of the fresh LMO and the aged LMO with different 

SoC. The aged LMO with higher SoC has higher OCV versus MSE. Figure 8-7 shows the OCV 

of the intermediate product of LMO-SS. The OCV of the intermediate products is closer to the 

OCV of the fresh LMO than the aged LMO with different SoC in Figure 8-6.  
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In Figure 8-8, compared with fresh LMO, all LMO-SS samples, and its intermediate samples 

show lower peak current density other than LMO-SS from aged Li0.3Mn2O4 in Figure 8-8 (a). 

With decreasing of aged LMO SoC, the peak current densities of LMO-SS in CV decrease and 

CV peak shape of LMO-SS changes from typical twin-peak to one broad peak, as shown in 

Figure 8 a-c. The peak current density of LMO-SS becomes relatively lower than its intermediate 

product as aged LMO SoC decreases, as shown in Figure 8 (a-c).  

 

 

Figure 8-7. OCV of fresh LMO and intermediate product of LMO-SS from aged LMO with different SoC. The 

black dot is OCV point.  

 



 
 

116 

 

Figure 8-8. Cyclic voltammetry comparison between fresh LMO, aged LMO, intermediate product and final 

recycled product LMO-SS with washing between two steps of heat-treatments from a) aged Li0.3Mn2O4, b) aged 

Li0.7Mn2O4, c) aged LiMn2O4, d) aged Li0.3Mn2O4 without the wash in between two steps of heat-treatments.  

 

In Figure 8-9, compared with fresh LMO and aged LMO, both LMO-HT samples show higher 

peak current densities than aged LMO and relatively the same peak current densities as fresh 

LMO. They both show typical twin-peak shape curve.  
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Figure 8-9. Cyclic voltammetry comparison between fresh LMO, aged LMO and LMO-HT(1:1, 165oC, 24hrs) from 

a) aged Li0.7Mn2O4 and b) aged Li0.3Mn2O4.  

 

In Table 8-3, the second oxidation peak height of the second cycle in CV (after normalized by 

active materials mass) is used as an indicator of capacity. The ratios of second oxidation peak 

height of LMO-HT to that of fresh LMO are listed. The peak current density of LMO-HT 

samples with LMO:LiOH=1:1 shows similar or higher height than fresh LMO while peak current 

density of the LMO-HT samples with LMO: LiOH=1:10 and 10:1 is smaller than that of fresh 

LMO. Within the condition LMO:LiOH=1:1, the LMO-HAT samples with different reaction 

time and reaction temperature show relatively the same peak intensity.  
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Table 8-3. Second oxidation peak intensity ratio in CV of 
LMO-HT to fresh LMO 

𝑰/𝑰𝒐 
LMO:LiOH=10:1 LMO:LiOH=1:1 LMO:LiOH=1:10 

24hr 12hr 24hr 48hr 24hr 
145oC 0.87  1.07   
165oC 0.69 1.10 1.04 0.99 0.46 
185oC   1.02  0.39 

 
 

 

Figure 8-10. Comparison of a) cathode charge-discharge curve of 2nd cycle with +0.24 V to +0.57 V at a C/6 rate 

and b) discharge capacity vs cycle number for the first 10 cycles of fresh LMO, aged LMO, LMO-SS with washing 

in between two steps of heat-treatments from aged Li0.7Mn2O4 and LMO-HT(1:1, 165oC, 24hr) from aged Li0.7Mn2O4 

 

Figure 8-10 shows the GCPL result tested in the full cell. LMO-HT(1:1, 165oC, 24hr) from aged 

Li0.7Mn2O4 shows relative the same electrochemical capacity as fresh LMO while the LMO-SS 
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sample with washing in between two steps of heat-treatments from aged Li0.7Mn2O4 shows no 

improvement in electrochemical capacity when compared with aged LMO.  

 

8.4 Discussion  

We will first compare the recycled products from both the solid-state method and the 

hydrothermal method and the effect of SoC in both cases, followed by detailed discussion of 

recycled products form the two methods separately.  

 

8.4.1 Comparison between solid-state method and hydrothermal method 

For the solid-state method, the quality of LMO-SS, including phase purity and electrochemical 

capacity, is hard to control due to the requirement for a stoichiometrically balanced ratio of 

LiOH to the aged LMO with different SoC. In order to avoid impure phase or loss of 

electrochemical capacity of LMO-SS, the stoichiometry of intermediate product needs to be 

close to LiMn2O4 before high-temperature process. Otherwise, if the intermediate product of 

LMO-SS is over-lithiated or under-lithiated, it is not stable at high temperature, leading to the 

impure phase and loss of electrochemical capacity. To have the intermediate product with 

LiMn2O4 stoichiometry, the ratio of LiOH to the aged LMO has to be adjusted based on SoC of 

the aged LMO. There is, however, a significant challenge in accurately determining the lithium 

content in aged LMO, which is hard to measure even if the battery was fully discharged before 

tear-down. Therefore, it is hard to get recycled LMO through a solid-state method without the 

impure phase and with similar electrochemical performance to the fresh LMO.  
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For the hydrothermally processed materials, the quality of the recycled product, including phase 

purity and electrochemical capacity, was easier to control compared to the solid-state method. 

The hydrothermally recycled products from aged LMO with different SoC suggested that SoC of 

the aged LMO didn’t have an obvious effect on recycled products and they showed similar 

electrochemical performance to the fresh LMO. The results of hydrothermally recycled at 

different process parameters indicate that the quality of the recycled product is influenced most 

by the molar ratio of reactants, and less so by reaction temperature and reaction time. 

 

The sensitivity difference between the two processes, we think, results from the two causes: 

thermal activation and amount of accessible lithium source during the reaction. The reaction 

activation temperature is higher in solid-state method than in hydrothermal method. Therefore, 

the higher temperature process in solid-state method provides activation energy for 

decomposition reaction of LMO when the LMO is over-lithiated or under-lithiated while the 

activation temperature of the hydrothermal process is not enough to trigger the decomposition 

reaction even if when the LMO is over-lithiated or under-lithiated. As for the accessible lithium 

source, given the same ratio of the aged LMO to lithium source, the amount of accessible lithium 

source to the aged LMO is higher in hydrothermal reaction than in solid-state reaction due to the 

nature of solid-liquid and solid-solid mixture. While the aged LMO in solid-state reaction has 

only access to inhomogeneously distributed lithium resource nearby, the aged LMO in 

hydrothermal reaction has access to the whole lithium source solution. Therefore, it is easier for 

lithium to diffuse into the spinel structure of the aged LMO during the hydrothermal reaction to 

support the structure before the collapse of the spinel structure.  
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8.4.2 Results from the solid-state reaction method 

In Figure 8-8 (a-c), the peak current density and shape of CV curve of intermediate products of 

LMO-SS recycled from aged LMO with different SoC are relative the same compared with aged 

LMO other than the one from aged Li1Mn2O4 in Figure 8 (c). Moreover, in Figure 8-7, the OCV 

of these intermediate products is closer to that of fresh LMO compared with before the first heat-

treatment in Figure 8-6. Both pieces of evidence suggest that during the first heat-treatment, 

lithium ions diffuse into spinel structure while the spinel structure remains stable.  

 

By comparing LMO-SS samples recycled from the aged LMO with different SoC in Figure 8-8 

a-c, we can see that the peak current density of LMO-SS decreases as the SoC of the aged LMO 

decreases. The reason behind this, we think, is that at a given ratio of the aged LMO and lithium 

source, the level of recycled LMO over-lithiation increases as the resident lithium content in the 

aged LMO increases. The over-lithiated LMO is not stable during high-temperature processing 

and the stability decreases as the level of LMO over-lithiation increases. The over-lithiated LMO 

decomposes by following reaction: Li1+xMn2-xO4àz Li2MnO3 + (1-z) Li1+yMn2-yO4 +z/2 O2, where 

y=(x-z)/(1-z).99-100 Since Li2MnO3 is not electrochemically-active in voltage range below 0.8V vs 

MSE,101 the more Li2MnO3, the lower the peak current density is, as the trend shown in Figure 8-

8. Based on the XRD pattern, the impurity after solid-state recycling process is identified as 

Li2MnO3. However, the quantity of this impurity can’t be calculated at this point.  

We can also see that the twin-peak shape curve of LMO-SS in CV changes to one broad peak 

gradually as SoC of aged LMO decreases. The reason for this phenomenon is that additional Li 

ions in Li1+xMn2-xO4 replace Mn ions on 16d site in a spinel structure, which discourages order-

disorder phase transition by Li ions on 8a sites. As a result, the twin-peak shape diminishes into 
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one broad peak with increasing x.102 The lower the SoC of aged LMO is, the larger x is in the 

Li1+xMn2-xO4 for LMO-SS and the more broad peak in the CV plot due to the change of structure. 

The above reasoning could be examined by the extreme case with no washing between two steps 

of heat-treatments. In this case, extra lithium source wasn’t washed away after the first heat-

treatment. The aged LMO got over-lithiated during heat treatment and decomposed into Li2MnO3 

during the second heat treatment as indicated by the peaks of impure phases in Figure 8-3 (b). 

This sample shows the lowest peak current density and broad peak shape compared with the 

other LMO-SS samples as shown in Figure 8-8.  

 

8.4.3 Results from hydrothermal reaction method 

In Figure 8-9, both LMO-HT(1:1, 165oC, 24hrs) samples recycled from the aged LMO with 

different SoC show higher peak current density than the aged LMO and twin-peak shape curve. 

The results suggest that under this reaction condition, the hydrothermally recycled products don’t 

show any sign of over-lithiation as in LMO-SS and SoC of the aged LMO doesn’t have an 

obvious effect on the LMO-HT as for LMO-SS.  

 

As for the effect on three process parameters, the impure phase peaks appear in LMO-HT with 

the molar ratio of LMO to LiOH at 1:10 and at 10:1 as shown in Figure 8-5 (a). For LMO-HT 

with LMO:LiOH=1:10 in Figure 8-5 (c), a high concentration of LiOH could introduce impurity 

Li2MnO3 during hydrothermal reaction when synthesizing LiMn2O4 according to the previous 

report.103-104 For LMO-HT with LMO:LiOH=10:1 in Figure 8-5 (b), both samples show peaks of 

impure phases that are different from those in LMO-HT with LMO:LiOH=1:10. Although peaks 

of impure phases are hard to identify, it is likely that the peaks come from Mn3O4. As for 
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electrochemical performance, the peak current density ratios shown in Table 8-3 indicate that 

LMO-HT with LMO:LiOH=1:1 show relative the same peak intensity as fresh LMO, indicating 

that lost capacity of aged LMO can be recovered through hydrothermal method in this case while 

this is not the case for LMO-HT with LiOH:LiOH 10:1 and 1:10. Moreover, the SEM images in 

Figure 8-1 (a,c,d) suggest that it is likely that the flake-like and stick-like shape particles in 

LMO-HT with LMO:LiOH=10:1 could be the result of decomposition of LMO on the surface 

into manganese-oxide phase since the shape of these particles is quite different from the primary 

particle in the bulk materials.  

 

The above-mentioned data show the that molar ratio of reactants is more important than reaction 

temperature and reaction time regarding recycled product phase purity and recovery of the lost 

electrochemical capacity of the aged LMO. The reason could be that for the LMO-HT with 

LiOH:LiOH 10:1 and 1:10, some of LMO transforms or decomposes to other phases. It is likely 

that these impure phases aren’t electrochemical-active over the scanned voltage range.100, 103-105 

 

8.4.4 Aged LMO with different SoC  

The peak shifting observed in the aged LMO with higher SoC to higher 2𝜃 in Figure 8-2 

indicates that some of the lithium ions are out from spinel structure, contracting the structure. In 

Figure 8-6 the aged LMO with higher SoC shows higher OCV. The results from XRD patterns 

and OCV confirm that the aged LMO with different SoC was created by electrochemical 

titration. The aged LMO with different SoC retains spinel structure and shows no sign of the 

peaks of impure phases based on Figure 8-2. Based on Figure 8-10, we can see that the 

electrochemical capacity of the aged LMO is lower than the fresh LMO, indicating that aged 
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LMO lost electrochemical capacity during long-term cycling. In term of Li recovery efficiency, 

we purposely completely discharged the battery prior to opening to get as much Li into the 

cathode as possible. With lower SoC, we discharged the battery more fully and have more Li get 

back into the cathode 

 

8.5 Conclusion 

Comparison between these two methods suggests that the hydrothermal method is better than 

solid-state regarding recycled product phase purity and electrochemical capacity. The solid-state 

method shows recovery of lost electrochemical capacity when the molar ratio of LiOH and aged 

LMO is well balanced based on SoC of the aged LMO. The hydrothermally recycled product can 

recover lost electrochemical capacity when the molar ratio of LiOH and aged LMO is 1:1 

regardless of variation of reaction temperature, reaction time and SoC of the aged LMO.  

 

The SoC of the aged LMO has different effects on recycled products from the two recycling 

methods. The recycled product from the solid-state method is sensitive to SoC of the aged LMO 

since the LMO-SS showed different electrochemical performance in CV when SoC of the aged 

LMO varied. In contrast, the SoC of the aged LMO doesn’t have an obvious effect on the 

hydrothermally recycled product since the LMO-HT shows relatively the same electrochemical 

performance when SoC of the aged LMO varied. The different effect on SoC on the recycled 

product through two methods could lie in the different reaction activation temperature and 

accessible lithium source during the reaction. The results suggest that hydrothermal method is a 

more flexible method towards the aged LMO with different SoC than solid-state method.  
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This study points out that the property of aged cathode materials, such as SoC, could influence 

recycled product through direct recycling method depending on the method used. Therefore, it is 

important to pair the property of aged cathode with an appropriate direct recycling method to 

yield a recycled product with higher quality.  
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Chapter 9. Summary and Future Work  

In the body of this work, we set out to understand the cause of the difference in aged cathode 

materials properties under different cycling conditions, arising from both cell and materials 

levels. Through analysis of full cell cycling data and post-mortem characterization, we 

understand that for the same battery system, the cell capacity could end up be anode-limited or 

cathode-limited, depending on how the cell is cycled. This further leads to the difference in the 

degree of aging in cathode in these two cases. Moreover, the inhomogeneous aging in large 

format cells (compared to small cells, coin cell, often examined in academic labs), such as 18650 

cells, can lead to variation in the aging level of cathode materials within one cell. So, it is clear 

that the cause of differences in cathode materials could range from cycling conditions to 

electrode inhomogeneity. This indicates that when it comes to practical application, it is 

unavoidable for the cathode recycling manufacturer to get aged cathode materials with different 

properties.  

 

To overcome inconsistency in aged cathode materials, we investigate the effect of various direct 

recycling process parameters and its relationship with specific aged cathode properties, including 

the level of residual Lithium content, the thickness of SEI and the surface reconstruction layer. 

An optimized direct recycling process has been created which is capable of dealing with the 

difference in above-mentioned properties of cathode materials and producing the consistent 

recycled product.  

 



 
 

127 

For future work, several topics worth further investigation. Other aged cathode properties in 

layered cathode materials, including the dissolution of metal-ion and cracking, should be 

investigated to understand the effects of these properties on the recycled product and direct 

recycling process parameters that can address these differences to get the consistent recycled 

product. This would help the cathode direct recycling community have more a complete 

understanding of what we can/can’t deal with in the aged cathode materials.  

 

Another aspect is that nowadays, the evolution of new cathode materials is occurring rapidly. 

There is a huge demand for higher energy density Li-ion batteries, this trend will continue for a 

relatively long time. Under these circumstance, the recycled cathode materials via direct 

recycling, which is essentially putting it back to where it was when produced years ago, is likely 

to be outmoded in terms of capacity, stability, etc. As such, the recycled product is like to have 

advantage of lower cost based on the calculation of product cost and disadvantage of 

performance competitiveness as compared to the state of the art cathode materials. For example, 

the cathode materials that is ready for recycling long is Li(Ni0.33Co0.33Mn0.33)O2 (NCM111) while 

the up-to-date cathode materials is Li(Ni0.8Co0.1Mn0.1)O2 (NCM811). One interesting question we 

can ask is can we not only put the aged cathode back to where it was but also makes it better. In 

other words, can we directly recycle the aged NCM111 while simultaneously changing its 

composition to NCM811?  
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Disclaimer 
 
Sections of this document have been previously found in the following papers, either as is or 

reworked to fit the form of this thesis. Some of other published works that come from 

collaboration with other groups are also listed here, though not fitted the scope of this thesis.  

 

● Han Wang, Sven Burke, Rui Yuan, Jay F. Whitacre " Direct recycling of cathode: from 

inhomogeneous aged cathode to consistent recycled product". [first Author] [Draft Done] 

(Chapter 7) 

● Han Wang, Jay F. Whitacre " Inhomogeneous aging of cathode materials in commercial 

18650 lithium ion battery cells  ." Journal of Energy Storage [first Author] [Under review] 

(Chapter 5) 

● Yuan, Rui, Han Wang, Mingkang Sun, Jay Whitacre, Krzysztof Matyjaszewski, and Tomasz 

Kowalewski. "Copolymer‐Derived N/B Co‐Doped Nanocarbons with Controlled Porosity and 

Highly Active Surface." Journal of Polymer Science 58, no. 1 (2020): 225-232. [Co-first 

Author] 

● Li, Sipei, Han Wang, Julia Cuthbert, Tong Liu, Jay F. Whitacre, and Krzysztof 

Matyjaszewski. "A Semiliquid Lithium Metal Anode." Joule (2019). [Co-first Author] 

● Han Wang, Frisco S, Gottlieb E, Yuan R, Whitacre JF. Capacity degradation in commercial 

Li-ion cells: The effects of charge protocol and temperature. Journal of Power Sources. 2019 Jun 

30;426:67-73 [First Author]  (Chapter 4) 

● Yuan, Rui, Han Wang, Mingkang Sun, Krishnan Damodaran, Eric Gottlieb, Maciej Kopec, 
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Batteries." ACS Applied Energy Materials (2019). [Co-first Author] 

● Han Wang, and Jay F. Whitacre. "Direct Recycling of Aged LiMn2O4 Cathode Materials used 

in Aqueous Lithium-ion Batteries: Processes and Sensitivities." Energy Technology6.12 (2018): 

2429-2437. [First Author]  (Chapter 8) 

● Sipei Li, Alexander I Mohamed, Vikram Pande, Han Wang, Julia Cuthbert, Xiangcheng Pan, 

Hongkun He, Zongyu Wang, Venkatasubramanian Viswanathan, Jay F Whitacre, Krzysztof 
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