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Abstract 

In electric vehicle applications, the aging of lithium-ion batteries is an inevitable 

process that has notable repercussions on the battery’s lifespan, driving range, and 

safety aspects. The degradation rate of the battery is influenced by several factors, 

including charging protocols (such as constant current and pulse current charging), 

ambient temperature variations (including climate and seasonal changes), driving 

conditions (such as road conditions), and individual usage habits (including range and 

frequency). To enhance the battery’s service life, it is crucial to study the underlying 

mechanisms of these external factors and identify the primary causes for battery aging. 

Here, the research objectives were simplified into battery aging in the charging 

process and driving process specific to electric vehicle scenarios, it becomes more 

manageable to study the factors and mechanisms that contribute to battery aging in 

these distinct environments. Therefore, in this thesis, battery state of health 

monitoring, electrochemical analysis, combined with in-situ testing and post-mortem 

analysis, were conducted to explore the aging mechanisms, and influencing factors of 

the battery during both charging and driving phases. 

First, the battery voltage, current, and temperature parameters were monitored 

throughout the battery’s aging process under constant current cycling. Regular 

reference performance tests are conducted to track the detailed degradation process 

using electrochemical analysis. Besides, innovative quantitative methods for post-

mortem analysis of electrodes and materials were proposed, shedding light on the 

aging mechanisms. Those findings highlight the significant role of the solid 

electrolyte interface (SEI) film formation and gradual loss of active materials in 

battery aging. To address this, the pulse current charging protocols was employed to 

extend battery lifetime. In exploring the internal reaction mechanism during pulse 

current charging, in-situ Raman and in-situ synchrotron radiation testing were 

performed on fresh and aged electrodes. It reveals that pulse current charging 

mitigates structural changes in the electrode materials and suppresses alterations in 

the interface film. 

To accurately study the battery’s behavior during the driving process, discharging the 

battery under dynamic operating conditions was used to simulate real-world driving 

scenarios. Specifically, the Worldwide harmonized Light vehicles Test Cycle (WLTC) 

working conditions was used, which provide a comprehensive representation of road 

conditions and driving habits observed worldwide. By subjecting the battery to these 

dynamic load profiles, the battery performance and aging characteristics can be 

evaluated in a manner that closely mimics actual driving conditions experienced by 

electric vehicles. This approach enables to obtain valuable insights into the battery’s 

degradation mechanisms under realistic driving scenarios. Building upon this 

framework, the effects of temperature and depth of discharge during the driving 

process is considered. 
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Therefore, throughout the entire thesis, a comprehensive analysis of the aging 

behavior of the battery during the charging and discharging processes was conducted, 

covering the entire battery system from the cell to the electrode and then to the 

materials levels. This provides important references for the design of battery 

management systems and next-generation batteries. 
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Resume 

I elektriske køretøjsanvendelser er aldring af lithium-ion-batterier en uundgåelig 

proces, der har bemærkelsesværdige konsekvenser for batteriets levetid, 

kørselsrækkevidde og sikkerhedsaspekter. Batteriets nedbrydningshastighed påvirkes 

af flere faktorer, herunder opladningsprotokoller (såsom konstant strøm og 

pulsbaseret opladning), omgivelsestemperaturvariationer (herunder klima og 

sæsonmæssige ændringer), kørselsforhold (såsom vejforhold) og individuelle 

brugsvaner (herunder rækkevidde og hyppighed). For at forlænge batteriets levetid er 

det afgørende at undersøge de underliggende mekanismer for disse eksterne faktorer 

og identificere de primære årsager til batterialdring. Her blev forskningsmålene 

forenklet til batterialdring i opladningsprocessen og kørselsprocessen, specifikke for 

elektriske køretøjsscenarier, hvilket gør det mere håndterbart at studere de faktorer og 

mekanismer, der bidrager til batterialdring i disse distinkte miljøer. Derfor blev der i 

denne afhandling udført overvågning af batteriets sundhedstilstand, elektrokemisk 

analyse samt in-situ-test og post-mortem-analyse for at udforske aldringsmekanismer 

og påvirkende faktorer for batteriet under både opladnings- og kørselsfaser. 

Først blev batterispænding, strøm og temperaturparametre overvåget i hele batteriets 

aldringsproces under konstant strømcyklus. Regelmæssige referencepræstationstests 

udføres for at følge den detaljerede nedbrydningsproces ved hjælp af elektrokemisk 

analyse. Derudover blev innovative kvantitative metoder til post-mortem-analyse af 

elektroder og materialer foreslået, hvilket kaster lys over aldringsmekanismerne. 

Disse fund fremhæver den betydningsfulde rolle, som dannelse af fast 

elektrolytgrænsefladefilm (SEI) og gradvis tab af aktive materialer spiller i 

batterialdring. For at imødegå dette blev pulsbaserede opladningsprotokoller anvendt 

for at forlænge batteriets levetid. Ved at udforske den interne reaktionsmekanisme 

under pulsbaseret opladning blev der udført in-situ Raman- og in-situ 

synkrotronstrålingstests på friske og aldrende elektroder. Det viser, at pulsbaseret 

opladning mindsker strukturelle ændringer i elektrodematerialerne og undertrykker 

ændringer i grænsefladefilmen. 

For at studere batteriets adfærd nøjagtigt under kørselsprocessen blev batteriet afladet 

under dynamiske driftsbetingelser for at simulere virkelige kørescenarier. Specifikt 

blev Worldwide harmonized Light vehicles Test Cycle (WLTC) arbejdsbetingelser 

anvendt, hvilket giver en omfattende repræsentation af vejforhold og kørevaner, som 

observeres globalt. Ved at udsætte batteriet for disse dynamiske belastningsprofiler 

kan batteriets præstation og aldringsegenskaber evalueres på en måde, der tæt 

efterligner de faktiske kørselsbetingelser, som elektriske køretøjer oplever. Denne 

tilgang muliggør indhentning af værdifulde indsigter i batteriets 

nedbrydningsmekanismer under realistiske kørescenarier. Med udgangspunkt i denne 

ramme overvejes virkningerne af temperatur og dybde af afladning under 

kørselsprocessen. 
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Derfor blev der i hele afhandlingen gennemført en omfattende analyse af 

batterialdringsadfærd under opladnings- og afladningsprocesserne, der dækkede hele 

batterisystemet fra cellen til elektroden og derefter til materialeniveauerne. Dette giver 

vigtige referencepunkter for design af batteristyringssystemer og næste generation af 

batterier.
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Chapter 1. Introduction 

1.1 Background 

In past decades, the rapid growth of various industries has led to excessive greenhouse 

gas emissions, resulting in climate and environmental issues, such as global warming. 

As a response to these challenges, governments have felt compelled to set phased-out 

goals for using fossil fuels. For instance, the EU has committed to reducing 

greenhouse gas emissions by at least 55% below the 1990 levels by 2050 [1]. Battery 

energy storage has attracted much attention because it can solve the intermittent and 

unpredictable problems of clean energy, such as wind energy, tidal energy, and solar 

energy, which are being used to replace traditional fossil fuel energy. Batteries can 

supply stored energy during periods when there is no wind, tide, or sunlight available 

or when the renewable energy generation is lower than the demand. Furthermore, the 

adoption of electric vehicles (EVs) is anticipated to play a crucial role in addressing 

greenhouse gas emissions from transportation, which currently accounts for 22% of 

total emissions [2]. Some large-scale, long-term European research programs, such as 

BATTERY 2030+[3], [4]  have been proposed with the vision of developing the 

sustainable batteries of the future.. 

Even though characterized by superior characteristics in comparison to all other 

battery technologies, the utilization of Lithium-ion (Li-ion) batteries in EVs is plagued 

by inevitable degradation issues, including capacity fade and increased internal 

resistance, which pose significant challenges for users and manufacturers alike [5]. 

Consequently, it is crucial to urgently develop a comprehensive understanding of 

battery aging in EVs. This understanding will enable us to (i) optimize battery 

materials, (ii) improve battery design, and (iii) provide valuable insights for the 

development of automotive battery systems. 

Currently, researchers from various disciplines have approached the study of Li-ion 

battery aging from different perspectives. Certain scientists have focused on 

examining the effects of environmental and operational factors on battery degradation 

[6], whereas others have conducted post-mortem analyses of the internal components 

of battery cells to investigate the aging mechanism [7]. However, a comprehensive 

understanding of the direct relationship between battery operation, degradation in EV 

applications, and the corresponding aging mechanism is yet to be established.  

At present, EVs can be classified into three main types based on their primary source 

of energy: Battery Electric Vehicles (BEV), Hybrid Electric Vehicles (HEV), and 

Plug-In Hybrid Electric Vehicles (PHEV). Figure 1-1 illustrates the energy flow 

within these three types of EVs [8]. Battery aging in EV applications is a complex and 

diverse process, influenced by various factors. While driving habits play a role, 
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environmental conditions, such as temperature fluctuations in different seasons and 

regions also impact battery performance. Moreover, individual drivers experience 

differences in vehicle load, driving frequency, mileage, charging habits, and road 

conditions, leading to unique battery usage patterns. Consequently, standardizing 

battery operation in EV applications presents significant challenges, further 

complicating the study of aging mechanisms. However, factors such as driving habits, 

road conditions, and vehicle load predominantly impact battery aging while driving. 

Standardizing the protocol for electric vehicle charging can be achieved through a 

unified charging pile. Moreover, by considering the battery’s working state, the 

battery usage can be divided into three distinct and separate processes: charging, 

driving, and standby. The primary focus of the battery management system design is 

often centered around the charging and discharging processes of the battery.  

 

Figure 1-1 The arrangement from left to right consists of three types of EVs: Battery Electric 
Vehicles (BEV), Hybrid Electric Vehicles (HEV), and Plug-In Hybrid Electric Vehicles 

(PHEV), from left to right, and the battery operation modes in EV applications. Source 

[J1][8]. 

In order to meet the demanding requirements of EVs in terms of energy density and 

safety, Li-ion batteries have continuously improved and new chemistries have been 

proposed. Currently, Nickel Manganese Cobalt (NMC)-based Li-ion batteries have 

become the main choice for most EV manufacturers due to their superior performance 

(such as high gravimetric and volumetric energy density, low cost, and environmental 
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friendliness [9]) in comparison to other chemistries. However, due to their structural 

instability during cycling, thermal instability and poor storage properties, especially 

for high-nickel ternary materials, NMC-based batteries are degrading fast, when used 

in EVs. Usually, the battery performance, such as available capacity, energy, and 

power, will usually degrade with the long-term battery operation. The aging 

performance has significant consequences on reliability and safety of a Li-ion battery 

system, as shown in Figure . 1[10]. Generally, the estimation of the battery health 

influenced by the history is also called as state of health (SOH) estimation. Based on 

the SOH result, the battery could be used properly without abuse and safety 

accidents[11]. The influence of the electrical, mechanical and/or thermal factors on 

the SOH needs to be analyzed based on the aging mechanism and degradation models. 

Then to guarantee the battery system’s life, the design of the battery system could be 

optimized. An in-depth understanding of aging mechanisms is helpful to improve the 

lifespan of Li-ion batteries and subsequently increase the economic viability of these 

energy storage devices. 

In analyzing battery mechanisms, a comprehensive understanding of battery aging 

often requires integrating electrochemical analysis and material detection techniques. 

It is crucial to identify reliable indicators that effectively capture battery aging, which 

can include monitoring changes in electrochemical performance and material 

structure throughout the aging process. The battery aging mechanisms are closely 

intertwined with the specific application scenario, with constant current charging and 

discharging conditions being the most prevalent. Besides, there is an urgent need to 

investigate mechanisms that optimize charging protocols to extend battery lifespan 

and gain insights into battery aging within real-world driving scenarios. 

1.1.1 Diagnostic Methods 

The battery diagnostic method includes electrochemical methods and physical 

methods. Typically, electrochemical methods such as battery charging-discharging 

curves, incremental capacity - differential voltage (IC-DV) curves, and 

electrochemical impedance spectroscopy (EIS) impedance spectrum, all can be used 

to diagnose the battery degradation level. The peak intensity in the IC-DV curves is 

connected to the amount of electrode materials, and the shift of peaks is related to the 

battery polarization. Besides, the increased impedance is shown in the evolution of 

the impedance spectrum obtained from EIS measurements. Those changes will be 

chose as diagnostic indictors. However, when using those method to diagnose the 

battery degradation, the indictors are challenging to select. Because different battery 

chemistries will have different evolution of the indictors during aging. Therefore, it is 

necessary to select the most meaningful indictors for selected batteries for 

electrochemical diagnostic. 

Furthermore, the electrochemical methods are always dependent on the a priori 

knowledge of the user, and their accuracy is limited for aging mechanism studies, 
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especially for the case of complex battery aging conditions. Post-mortem analysis and 

materials test are necessary to confirm and enrich the aging mechanisms identification.    

1.1.2 Constant Current Cycling 

In practical scenarios, the CV mode is often excluded because it consumes a 

significant amount of time due to the gradual reduction of the charging current, despite 

resulting in a relatively decreased charged capacity [12]. The typical constant current 

- constant voltage (CC-CV) [13] and constant current (CC) [14] charging profile are 

shown in Figure 1-2. After omitting the CV stage, the battery’s aging mode will 

deviate from that observed in the CC-CV scenario. Throughout the aging process, it 

becomes essential to provide more information concerning the battery’s heightened 

temperature, increased impedance, reduced capacity, fluctuations in voltage plateau, 

and the evolution of battery internal degradation. 

 
Figure 1-2 Voltage and current curves for the battery in constant current - constant voltage 

(CC – CV) (top) and constant current (CC) (bottom) charging mode. 

1.1.3 Pulse Current Charging 

Pulsed current charging has been proven to be one of the most promising battery 

charging protocols as shown in Figure 1-3, due to it is potential of extending the 

battery lifetime. As illustrated by Huang et al.[15], especially for the pulsed current 

with a high frequency (e.g., 2000 Hz and 100 Hz) the battery lifetime can be doubled. 

However, the aging mechanisms behind this behavior are unclear at present. 
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Figure 1-3 Voltage and current curves for a battery in pulsed current charging mode. 

1.1.4 Real Life Driving 

Unlike most of batteries aging in laboratory, which is performed with constant current, 

in real-life the batteries are discharged with an unregular current, which is influenced 

by vehicles, road conditions, climate and driving habits. To clarify the battery aging 

mechanisms during real life driving, batteries need to be discharged by some 

simulated dynamic working conditions, such as Urban Dynamometer Driving 

Schedule (UDDS) [16], New European Driving Cycle (NEDC) [17], and Worldwide 

Harmonized Light Vehicles Test Cycle (WLTC) driving cycles [18], as shown in 

Figure 1-4 [J1]. 

 
Figure 1-4 Driving profile of (a) UDDS, (b) NEDC, (c) WLTC. Source [J1][8]. 

1.2 State-of-art 

Li-ions batteries are rapidly advancing and show promise. Innovations in battery 

technology are crucial. Understanding battery degradation and mechanisms is vital for 
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improving battery performance and lifespan through optimized operational profile, 

battery cells design and materials synthesis. Therefore, it’s crucial to choose precise 

electrochemical and material testing methods for diagnosing the battery’s degradation. 

This is particularly significant for analyzing commonly used CC charging and the 

potentially valuable mechanism of PC charging. Additionally, investigating the 

mechanisms of battery in driving process should closely resemble actual automotive 

operating conditions. 

Electrochemical analysis and material testing technologies for diagnosing battery 

degradation have reached a relatively mature stage. During the analysis of the full 

battery aging, the most commonly used techniques include IC-DV curve and EIS [19]. 

When the IC-DV curve is used to diagnose battery degradation, the characteristic 

representing battery degradation typically deviates based on materials chemistries, 

battery cell parameters, and the magnitude of applied current [20]. It is necessary to 

identify the curve features that can represent specific battery aging before use. 

Furthermore, post-analysis and material testing have become increasingly diverse. In 

addition to common analyses such as X-ray Powder Diffraction (XRD), Scanning 

electron microscope (SEM), Raman, and X-ray photoelectron spectroscopy (XPS), 

operando testing and high-energy synchrotron radiation are also being gradually 

employed for the study of commercial battery mechanisms[21]. This, to some extent, 

supplements the qualitative/semi-quantitative of electrochemical research methods. 

There are numerous studies on battery testing under constant current cycling; however, 

there are very few papers that delve into the underlying mechanisms in depth. Zhu et 

al. [22] conducted a comparison of battery aging under constant current (CC) and 

constant current-constant voltage (CC-CV) charging modes. They discovered that the 

battery’s lifespan is significantly extended under CC charging conditions, attributing 

this effect to lesser lithium loss and reduced degradation of active materials. However, 

the relative quantities of lithium loss and active electrode material degradation remain 

unclear. The process of aging and its underlying causes are even harder to discuss. 

Pulse charging is considered a promising method for electric vehicle charging, as it 

can significantly prolong the battery lifespan of commercial batteries[22]–[25]. In 

addition, pulse current charging can effectively extend the lifespan of lithium metal 

batteries[26], [27]. Its mechanism is explained by the fact that pulse current effectively 

balances the issue of uneven distribution of Li-ionss[28]. The molecular dynamics 

mechanism behind how pulse current charging improves stability in commercial 

batteries is still unclear, and the effect of pulse current on electrode materials is not 

yet well understood. 

In real-life application scenarios, battery aging will be even more complex. Stroe et 

al.[29], discharge the battery with a WLTP driving profile to simulate the driving 

conditions of the battery in real-life applications. However, the aging mechanisms of 
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commercial battery in real-life applications is still unclear, especially in the influence 

of temperature and depth of discharge. 

1.3 Research Motivation 

A clear understanding of the battery’s aging mechanisms during actual operation, 

including both the aging processes during charging and during driving, is especially 

important for extending the battery lifespan. The application of electrochemical 

methods requires a precise understanding of the physical significance of the 

electrochemical curves (e.g., IC-DV and EIS), necessitating the identification of the 

most significant aging characteristics. Besides, the battery aging mechanisms in 

constant current charging and pulse current charging remains unclear, which hinders 

the development of battery charging techniques. Furthermore, battery aging under 

real-world driving conditions is a complex process, and there are limited available 

references. The impact of temperature and discharge depth remains largely unknown, 

highlighting the need for in-depth research. 

1.3.1 Research Objective 

The objective of this Ph.D. thesis is to select accurate electrochemical analysis 

methods and material testing techniques to analyze battery aging mechanisms towards 

real life battery operation driving. Firstly, it is necessary to uncover the intrinsic 

mechanisms of battery aging under CC charging conditions, including the aging 

pathways of the full battery and the physical degradation of electrodes and materials. 

Additionally, revealing the mechanisms by which pulsed current charging methods 

mitigate this degradation is necessary. Furthermore, the aging mechanisms of batteries 

in realistic EV operation and the influence of temperature and depth of discharge need 

to clarify. Thus, the technical objectives of this thesis can be summarized as follows: 

O1: Finding effective methods for diagnosing the battery degradation. 

O2: Unraveling the Li-ion battery aging mechanism during constant current cycling. 

O3: Unraveling the Li-ion battery aging mechanisms during aging with pulsed current 

charging. 

O4: Assessing the influence of the environmental and operating conditions on the 

degradation behavior of Li-ion battery. 

O5: Understanding the Li-ion batteries aging mechanisms during real-life battery 

operation in EVs. 
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1.3.2 Project Limitations 

Despite extensive efforts invested in mechanistic analysis, certain limitations persist 

in this Ph.D. thesis. These limitations can be summarized as follows: 

L1: In this work, the most used NMC532/Graphite battery on the market was selected 

to reveal its aging mechanism under different working conditions. Due to the different 

electrode systems, these mechanisms may not be applicable in other high-nickel 

batteries. 

L2: The mechanisms corresponding to the pulsed current charging to improve battery 

life were revealed, but the specific optimal charging frequency was not identified. 

Thus, its industrial potential needs to be further explored. 

L3: To simplify the research objectives, the temperature used for aging the batteries 

is constant for each test case, which is inconsistent with the actual situation of battery 

operation in EVs. Therefore, the generated data might not be directly used for battery 

SOH estimation in practical use. 

1.4 Thesis Outline 

This Ph.D. thesis presents the findings and outcomes achieved during the Ph.D. 

period. It is structured into two primary sections: a research report and a collection of 

publications. The research report comprises six chapters, with the content aligning 

with the journal and conference outputs as illustrated in Figure 1-5. 
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Figure 1-5 Thesis structure with related outcomes. 

Chapter 1 – Introduction 

An overview of Li-ion batteries employed in electric vehicles is introduced in this 

chapter. It describes the existing challenges and issues within this field, highlights the 

research objectives, and acknowledges the limitations of this research. Additionally, 

this chapter outlines the framework and lists the publications associated with this Ph.D. 

thesis. 

Chapter 2 – Battery aging and diagnosis methods 

This chapter provides the battery parameters utilized, the battery aging conditions, 

and the test platform employed. Additionally, various electrochemical methods are 

analyzed for battery health diagnosis, along with post-mortem analysis methods. 

Material testing methods, particularly battery impedance testing methods, are also 

described. 

Chapter 3 – Aging mechanisms of battery during constant current cycling 

In this chapter, the aging mechanism of batteries under constant current cycling was 

revealed. The electrochemical analysis and post-mortem study demonstrate that the 
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capacity fading of commercial Li-ions batteries during constant current cycling 

conditions can be primarily attributed to the increase in interfacial film resistance and 

the loss of active materials. 

Chapter 4 – Aging mechanism of battery during aging with pulsed current charging 

In this chapter, the mechanism through which pulse charging enhances the lifespan of 

commercial batteries is explained. Pulse charging is essential for enhancing the 

mechanical stability of graphite during the Li-ions intercalation process, facilitating 

the kinetic process of Li-ions diffusion, and minimizing graphite cracking. 

Furthermore, pulse charging effectively suppresses the occurrence of interfacial side 

reactions.  

Chapter 5 – Aging mechanism of battery during real life EV operation/driving 

In this chapter, dynamic condition is employed to discharge the battery, aiming to 

unveil the aging mechanism of the battery in real-life driving scenarios. the effects of 

depth of discharge and temperature on the battery’s health were explored and the 

underlying mechanisms behind these impacts were thoroughly analyzed. 

Chapter 6 – Conclusions and future work  

In this chapter, the main findings and conclusions of the thesis are summarized, and 

an outlook for future work is given based on the current research results. 

1.5 List of  Publications 

Journal Papers 

J1. J. Guo, Y. Li, K. Pedersen, and D. I. Stroe, “Li-ion battery operation, degradation, 
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17. pp. 1–22, 2021 

J2 J. Guo, Y. Li, J. Meng, K. Pedersen, L. Gurevich, and D. I. Stroe, “Understanding 

the mechanism of capacity increase during early cycling of commercial 

NMC/graphite Li-ions batteries,” Journal of Energy Chemistry, vol. 74, pp. 34–

44, 2022 

J3 J. Guo, Y. Che, K. Pedersen, and D. Stroe, “Battery impedance spectrum 

prediction from partial charging voltage curve by machine learning,” Journal of 

Energy Chemistry, vol. 79, pp. 211–221, 2023 
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Chapter 2. Battery Aging and Diagnosis 

Methods 

In this chapter, a detailed listing of selected battery parameters, aging conditions, and 

degradation diagnostics methods is provided. Furthermore, the understanding of 

various electrochemical diagnostic methods is summarized. The related scientific 

outcome is listed as follows: 

J2 J. Guo, Y. Li, J. Meng, K. Pedersen, L. Gurevich, and D. I. Stroe, “Understanding 

the mechanism of capacity increase during early cycling of commercial 

NMC/graphite lithium-ion batteries,” Journal of Energy Chemistry, vol. 74, pp. 

34–44, 2022 

J3 J. Guo, Y. Che, K. Pedersen, and D. Stroe, “Battery impedance spectrum 

prediction from partial charging voltage curve by machine learning,” Journal of 

Energy Chemistry, vol. 79, pp. 211–221, 2023 

J6 J. Guo, Y. Xu, P. Li, K. Pedersen, and D. I. Stroe, “Can electrochemical impedance 

spectrum be replaced by constant current techniques for battery test?” Submitted 

to Chemelectrochem 

C1 J. Guo, Y. Che, S. Jin, K. Pedersen, D. I. Stroe, “Machine learning to predict 

electrochemical impedance spectra (EIS): Can EIS be replaced by constant current 

techniques?” EIS 2023 12th International Symposium on EIS (EIS 2023), Beijing, 

China, 2023 

2.1 Introduction 

During the operation of commercial Li-ions batteries, it is inevitable that they will 

undergo capacity degradation, voltage platform reduction, and resistance/impedance 

increase, which will lead to a decrease in the EV mileage or range. To comprehend 

the aging mechanism of Li-ions batteries, it becomes crucial to conduct accelerated 

aging studies specifically on the widely employed NMC532/graphite batteries found 

in the market[30]. These studies aim to analyze the aging process and elucidate the 

underlying mechanisms involved in these batteries. 

To ensure relevance to the practical application of electric vehicles, researchers 

advocate for adopting the Worldwide Harmonized Light Vehicles Test Procedure 

(WLTP) working condition when studying battery discharging [31]. In terms of 

charging, constant current charging and constant current constant voltage charging are 

the prevailing methods commonly employed in recent research [32]. The aging 

process of batteries primarily revolves around the charging and WLTP discharging 

processes, as these conditions closely resemble real-world scenarios encountered in 
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electric vehicle usage. By focusing on these aspects, researchers can gain valuable 

insights into the battery's aging behavior and performance in practical applications. 

Battery state of health (SOH) analysis requires parameters like capacity, voltage, 

impedance, and information from charge and discharge curves. DC impedance 

measurements and electrochemical impedance spectroscopy (EIS) are important 

techniques for battery health diagnosis. During battery usage, the charging curve, 

specifically the increment capacity (IC) or differential voltage (DV) curve[20], is 

commonly used for degradation analysis, enabling the examination of the 

electrochemical process and voltage relationship. EIS is a non-invasive technique that 

examines changes in individual electrochemical processes over time. It helps diagnose 

battery health comprehensively. Material testing methods can be combined with 

electrochemical analysis to understand internal mechanisms better and enhance 

accuracy. 

This section will introduce the batteries used for the analysis and the considered aging 

protocols. To assess the battery degradation, electrochemical methods such as IC-DV 

curve analysis and EIS testing was employed. These techniques allowed to analyze 

the changes in capacity and voltage relationships, as well as the electrochemical 

processes occurring within the battery. In addition to electrochemical methods, 

materials tests were also conducted to further examine the electrodes and materials 

degradation. By integrating these material testing techniques with electrochemical 

analysis, a comprehensive understanding of the battery aging and the underlying 

mechanisms involved was obtained. 

2.2 Battery and Battery Test 

2.2.1 Full Cell Parameters 

This thesis investigates the aging of NMC 532/Graphite batteries, which are widely 

used in various daily-life applications, most notably EVs. Two batches of batteries 

were acquired from different companies for conducting aging tests and detailed 

analysis. Batch A was obtained from Shandong Golden cell Electronics Technology 

Co., Ltd., while Batch B was sourced from HAIDI company. The specific parameters 

of these battery batches are provided below Table 2-1: 

These parameters were obtained by consulting the manufacturers and further validated 

through disassembling fresh battery cells for electrochemical and materials testing. 

The capacity of the electrodes was measured by assembling coin cells, and the 

physical parameters of the materials were obtained through microscopic 

measurements. 
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Table 2-1 Battery model and specific parameters for batch A and batch B 

Item Batch A Batch B 

Models HTCNR 18650-2200mAh-

3.6V 

HDCNR 18650-2200-

3.7V-3C Normal capacity 2200 mAh@0.5C 2200 mAh@0.5C 

Standard Voltage 3.6 V 3.7 V 

Cut-off voltage 4.2 ± 0.05 V 4.2 ± 0.05 V 

Max. continuous Discharge current 6600 mA 6600 mA 

Max. charge current 2200 mA 6600 mA 

Electrodes materials NMC532/Graphite NMC532/Graphite 

Electrolyte - LiPF6 12-20% (wt.) in 

EC, DMC, and EMC Positive electrode areal density (two sides) 29 mg/cm2 29 mg/cm2 

Negative electrode areal density (two sides) 19.6 mg/cm2 19.6 mg/cm2 

N/P - ~1.1 

Thickness of Al current collector  15 ± 2 μm 15 ± 2 μm 

Thickness of Cu current collector  9 ± 2 μm 9 ± 2 μm 

2.2.2 Battery Cell Test Station 

The battery cells’ aging, and reference performance tests were conducted using a 

Digatron test station (Digatron industrie-Elektronik GmbH, 52068 Aachen, 

Germany), as illustrated in Figure 2-1. The Electrochemical Impedance Spectroscopy 

(EIS) tester used in the experiments worked in a frequency range from 10 mHz to 6.5 

kHz. During testing, the batteries were placed in ovens and climatic chambers to 

guarantee a reliable and uniform temperature. 

 
Figure 2-1 Equipment and platform for full cell aging. 
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2.2.3 Battery Test Protocols 

In this study, the primary focus was to study the aging and mechanism for batteries 

under typical constant current cycling conditions. The effectiveness of pulse current 

charging in extending battery life was explored, and tests were conducted to evaluate 

battery degradation during discharging using realistic electric vehicle (EV) profiles. 

The study was divided into three categories, namely:  

Constant Current Cycling: This involved subjecting the batteries (Batch A) to 

continuous cycling under constant current conditions. By repetitively charging and 

discharging the batteries at a constant current, the aim is to simulate common battery 

testing scenarios and observe the effects of aging over time.  The battery batch A was 

employed to study the degradation mechanisms. The battery aging process was 

conducted in a climatic chamber maintained at a temperature of 35 °C. During the 

aging process, the battery underwent charging at a current of 2.2 A (equivalent to a 1 

C-rate) from 2.5 V to 4.2 V, followed by discharging at a rate of 4.4 A (equivalent to 

a 2 C-rate) until reaching 2.5 V. Between the charge and discharge cycles, neither a 

constant voltage stage nor a rest period was included (Figure 2-2).  

 
Figure 2-2 Constant current cycling protocols for the battery aging with battery batch A. 

Pulsed current charging: In addition to constant current cycling, the influence of 

pulsed charging on battery aging was studied. Pulse charging involved delivering 

short bursts of high-current pulses during the charging process. The objective was to 

analyze how pulse charging influenced battery performance and degradation, with the 

aim of identifying strategies to enhance battery lifespan.  

Pulse charging is implemented based on the constant current cycling condition by 

introducing equal interval relaxation periods to the charging process. The battery 

batch A is employed. During pulse charging, the charging current is intermittently 

paused at regular intervals, while maintaining the average charging current 
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unchanged. This charging strategy is depicted in Figure 2-3. The discharge process, 

which involves discharging the battery at a rate of 2 C, remains constant throughout 

the pulse charging experiments. However, the frequency of the charging current 

pulses is varied, ranging from 100Hz to 2000Hz. This adjustment in the pulse 

frequency allows for the investigation of different charging strategies and their 

mechanisms for battery performance improving. The duty cycle of pulse charging is 

50% for all cases.  

 
Figure 2-3 Pulse current charging protocols for the battery aging with battery batch A[33]. 

Battery Driving Simulation: WLTP discharge profile that emulated battery discharge 

during driving scenarios was performed at various temperature (5 °C, 25 °C, 35 °C, 

and 45 °C) and discharge of depths (45%, 75%, and 100%). By monitoring battery 

performance under simulated driving conditions, the aim is to optimize battery 

charging protocols to meet the demands of practical applications. 

To better replicate the battery’s aging process during real-world driving, the 

Worldwide Harmonized Light Vehicles Test Procedure (WLTP) condition is 

transformed into a current curve using (2-1) [29], enabling the battery to discharge 

accordingly. WLTC was developed with the aim of establishing a universally 

accepted standard for evaluating pollutant levels, energy consumption, and electric 

range in light-duty vehicles. This comprehensive standard was established based on 

extensive data collected from diverse regions, including the EU, USA, India, Korea, 

and Japan, encompassing approximately 765,000 kilometers of driving data. The 

dataset comprises various road types such as urban, rural, and motorway, as well as 

different driving conditions such as peak, off-peak, and weekend scenarios. It covers 

a wide range of vehicle categories, engines, and manufacturers, mirroring the real-

world driving experience. The driving data specifically includes four categories of 

speed: low (L/60 km/h), medium (M/80 km/h), high (H/110 km/h), and extra-high 

(Ex-H/>110 km/h), which correspond to urban, rural, and motorway classifications 

(Figure 2-4) [34] [J1]. 
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                                          𝐼 =
1

2
∙𝜌∙𝑆∙𝐶𝑥∙𝑣3+𝐶𝑟∙𝑚𝑡∙𝑔∙𝑣+𝑚𝑡∙𝑎∙𝑣

𝜂∙𝑉
                                    (2-1) 

Where, ρ is the air density, S is the vehicle frontal area, Cx is the drag coefficient, v is 

the speed of the vehicle, Cr is the rolling coefficient, mt represents the mass of the 

vehicle, g is the gravity constant, η represents the overall efficiency of the 

vehicle[J1][8]. 

 
Figure 2-4 The WLTP driving cycle profile for a class 3 vehicle. Source: [J1][8]. 

Based on Eq. 2-1, the speed-time profile undergoes a conversion process, resulting in 

the generation of a corresponding current profile, which can be used to discharge the 

battery. The number of WLTP cycles is adjusted to accommodate variations in the 

depth of discharge (DOD), thereby ensuring that the cycles reflect aging patterns 

across different DOD levels, as shown in Figure 2-5. Besides, the batteries from batch 

B were aged at different temperatures, and the details are shown in Table 2-1. 

 
Figure 2-5 Battery batch A undergoes discharge according to the WLTP profile and cycling at 

various depths of discharge. 
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Table 2-1 The battery aging at different temperature with WLTP discharge profiles. 

Items 45% DOD 75% DOD 100% DOD 

45 °C 2 cells 2 cells 2 cells 

35 °C 2 cells 2 cells 2 cells 

25 °C   1 cell 

5 °C  1 cell  

 

By the exploration of these different aging conditions, comprehensive insights into 

battery aging mechanisms were aimed to be gained, and strategies for improving 

battery performance and lifetime were sought to be identified. 

2.3 Electrochemical Diagnosis Method 

2.3.1 Incremental Capacity and Differential Voltage (IC-DV) 

An IC curve is created by using Eq. (2-2) to distinguish the battery capacity with 

respect to the voltage change, where Qt and Vt refer to the capacity and voltage at time 

t [35], [36]. The resulting IC diagram demonstrates the capacity contribution from 

various voltage plateaus of batteries and can be classified by peak height, position, 

and area. The process in which IC-DV evolves from the charging curve during a 

typical charging process is shown as Figure 2-6, including Graphite/Li, NMC/Li and 

NMC/Graphite batteries. More details can be found from [J3]. 

                                   𝐼𝐶 =
𝑑𝑄

𝑑𝑉
=

∆𝑄

∆𝑉
=

𝑄𝑡+1−𝑄𝑡

𝑉𝑡+1−𝑉𝑡
                                                (2-2) 

Using Eq. (2-3), a DV curve is defined as the voltage derivative in relation to the 

discharge or charge capacity, reflecting an increase in voltage with the capacity 

decrease [37]: 

                                   𝐷𝑉 =
𝑑𝑉

𝑑𝑄
=

∆𝑉

∆𝑄
=

𝑉𝑡+1−𝑉𝑡

𝑄𝑡+1−𝑄𝑡
                                             (2-3) 

However, depending on the type of electrode materials and electrode configurations 

in a full cell, the correlation between the indicators (such as changes and shifts in 

peaks) in IC and DV curves and the degradation behavior differs. Understanding the 

connection between the IC-DV indications and the related performance of the 

battery’s electrodes is essential. Deriving electrochemical curves is frequently used to 

look at degradation indicators. However, obtaining comprehensive information of 

nearly one hundred factors for battery is a challenging work [39]. Even a minor 

parameter error can lead to an inaccurate result, even misinterpretation the 

degradation indicators. In this study, the disparities in IC and DV curves were 
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compared by using coin cell batteries. Following that, the deterioration indicators will 

be carefully examined at the levels of the electrode. 

 

Figure 2-6 Typically IC-DV curves for Graphite/Li, NMC/Li, and NMC/Graphite batteries. 

Source: [J3][38]. 

The charging-discharging (Q-V) curves for coin cells made of NMC/Li, 

NMC/Graphite, and Graphite/Li are plotted in Figure 2-7 (a). Similar shapes can be 

seen in the NMC/Li and NMC/Graphite curves, which both show a clear high voltage 

plateau of the NMC positive electrode. However, there are notable differences 

between the two curves, primarily attributed to the voltage of the graphite electrode, 

which transitions between pure graphite and LiC6. This variation accounts for the 

discrepancy in voltage plateau magnitude between NMC/Li and NMC/Graphite, as 

well as the rapid voltage increase during the early stages of the charging curve for 

NMC/Graphite. Figure 2-7 (b) depicts the corresponding discharge-voltage (DV) 

curves based on the Q-V curves in Figure 2-7 (a). The transitions between the 

neighboring voltage plateaus seen in Figure 2-7 (a) correlate to the peaks seen in the 

DV curves. Since the length of time of the voltage plateaus is related to the amount of 

active material in the electrodes, a change in the positions of these peaks denotes a 

change in that quantity. A decrease in the amount of Li-intercalated active material in 

the specific electrode is shown by a leftward shift of the DV peaks. On the contrary, 

a move to the right of the DV peaks denotes an increase in the amount of Li-

intercalated active substance. Three distinct peaks identified as “a”, “b”, and “c” can 
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be seen in the DV curves for the NMC/Graphite cell, and these peaks match those in 

the DV curve for the Graphite/Li cell. On the contrary, the DV curve for NMC/Li does 

not exhibit any prominent peaks, indicating a smooth variation in the positive 

electrode potential during charging. Therefore, the peaks labeled as a, b, and c in 

Figure 2-7 (b) are solely attributed to the graphite anode transitioning from a state of 

pure carbon C to LiC6. Additionally, the capacity of the battery during the constant 

current period when charging at a low current is typically related to the remaining 

lithium stock [20], [40]. As a result, LLI is often quantified using the endpoint of the 

DV curve (max(Q)1)), as shown in Eq. (2-4) [J2]. 

 
Figure 2-7 Electrochemical curves from coin cell test. Different electrode material 

combinations, including NMC/Li, NMC/Graphite, and Graphite/Li were used in the tests. (a) 

The charging and discharging curves for all three different kinds of coin cells; (b) the DV curves 

that represent the charging process in a full cell; (c) IC curves of the graphite; and (d) the IC 

curves of the NMC/Li and NMC/Graphite electrodes. Source: [J2][41]. 

Peaks in the IC curves indicating the phase transitions that take place during 

electrochemical reactions; these transitions are accompanied by plateaus in the 

voltage profiles and valleys in the DV curves.  

Instead of depending exclusively on capacity degradation curves to determine the state 

of the battery, IC curves offer a more meaningful reference for measuring battery 

degradation as a function of voltage than DV curves do [42]. Three sets of 

oxidation/reduction peaks are present in the graphite, as shown in Figure 2-7 (c), 

which accounts for the difference in the IC curves for NMC/Li and NMC/Graphite, 

as shown in Figure 2-7 (d). Specifically, in the NMC/Li cell, the IC curve 

demonstrates a single pair of primary oxidation/reduction peaks, aligning well with 
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the lone DV valley observed in Figure 2-7 (b). The graphite anode is responsible for 

an additional pair of peaks in the NMC/Graphite cell that are designated as e and e'. 

As a result, the strength of the e peak represents the graphite anode's capability within 

a given voltage plateau, providing information about the amount of available graphite. 

To estimate the degradation mode of LAM batteries based on Eq. (2–5), Dubarry et 

al. [20], [40], [42] used simulation techniques. In this equation, the subscript “1” 

denotes the battery in its initial state, while “i” represents the cycle number 

corresponding to its aging process. 

                   LLI𝑖 =
max(𝑄)1−max(𝑄)𝑖

max(𝑄)1
∙ 100                                                 (2-4) 

                   LAM𝑖 =
max(

∆𝑄

∆𝑉
)

1
−max(

∆𝑄

∆𝑉
)

𝑖

max(
∆𝑄

∆𝑉
)

1

∙ 100                                          (2-5) 

Based on Eqs. (2) and (3), LAM can be assessed by looking at the lower peak (III) in 

the IC curve, which relates to the shortness of the major plateau (III) in the charging 

curve and the shallower main valley (III) in the DV curve. By expressing the charge 

capacity provided by the constant current charging stage in the charge curve, the 

endpoint of the DV curve acts as an indicator of LLI. LLI can also be measured using 

the region between the IC curve and the X-axis. For a comprehensive understanding 

of the IC and DV curves, their relationship to the electrodes, and the associated aging 

mechanisms, please refer to Table 2-2. More details can be seen in [J3]. 

Table 2-2 The primary degradation modes for graphite/Li, NMC/Li, and NMC/graphite 

connection with charge, IC, and DV curves [J3][38] 

Change in charge 

curve 
Change in IC curve Change in DV curve 

Most 

pertinent DMs 

Full cell: smaller 

charging capacity, and 

upward trend. 

Anode: smaller 

lithiation capacity, and 

upward trend. 

Cathode: smaller 

delithiation capacity, 

and upward trend. 

Full cell: shift toward 

lower or higher voltage, 

decrease of the height of 

the peaks. 

Anode: shift toward 

higher or lower voltage. 

Cathode: shift toward 

lower or higher voltage. 

Full cell: shift toward 

lower capacity. 

Anode: shift toward lower 

capacity. 

Cathode: shift toward 

lower capacity. 

LLI 

Quantified by 

Eq. (4) 

Full cell: shorten of 

main plateau (Ⅲ) 

Anode: shorten of A3 

plateau. 

Cathode: shorten of 

C2 plateau. 

Full cell: decrease of the 

highest peak (Ⅲ). 

Anode: decrease of the 

A3 peak 

Cathode: decrease of the 

C2 peak 

Full cell: decrease the 

depth of the main valley 

(Ⅲ). 

Anode: decrease of the 

depth of the A3 valley. 

Cathode: decrease of the 

depth of the A3 valley. 

LAM 

Quantified by 

Eq. (3) 
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2.3.2 Electrochemical Impedance Spectroscopy (EIS) 

A schematic based on actual studies performed on a full 18650 cell is shown in Figure 

2-8. The bulk resistance, which is correlated with the electrical conductivity of the 

electrolyte, separator, connector, and connection wires, can be represented by the Rohm 

parameter [43]. The solid-state interface layer that forms on the electrode surfaces 

causes resistance, which is represented by the Rsei. Its value can be determined by 

fitting the EIS results [J2]. 

The frequency range from 50 to 0.2 Hz is referred to as the charge-transfer resistance, 

or Rct. Finally, the straight line seen in the low-frequency region mostly relates to the 

concentration-polarized Li-ion diffusion resistance [44]. The obtained impedance data 

can be effectively fitted using an equivalent circuit, such as the one shown in the 

inserted section of Figure 2-8 (a), by employing ZsimDemo 3.30 software[45]. 

The calculation of the Li+ diffusion coefficient (DLi+) in the electrode materials 

involves utilizing Eq. (2-6), while determining the Warburg factor (σ) requires 

applying Eqs. (2-7) and (2-9) [46], [47]. 

                               𝐷𝐿𝑖+ =
𝑅2𝑇2

2𝐴2𝑛2𝐹2𝐶2σ2                                                    (2 − 6) 

                          𝑍𝑟𝑒 = 𝑅𝑜ℎ𝑚 + 𝑅𝑐𝑡 + σω−1/2                                        (2 − 7) 

                                            ω = 2π𝑓                                                        (2 − 8) 

                                             𝑌0 =
1

𝜎√2
                                                       (2 − 9) 

Where, R represents the gas constant (8.314 J mol-1K-1), T represents the absolute 

temperature (298 K), A represents the surface area of the electrode, n denotes the 

quantity of electrons exchanged per molecule, F represents the Faraday constant 

(96485 C/mol), C represents the concentration of Li+, and ω represents the angular 

frequency.  

Since R, A, n, F, C, and T remain constant in this study, it is possible to calculate the 

relative change in Li-ion diffusion rate (DLi+ / initial DLi+). This can be done using the 

following equation: D1 : D2 : D3 : D4 = 1/σ₁² : 1/σ₂² : 1/σ₃² : 1/σ₄², where the Warburg 

factor (σ) corresponds to the slope of the fitted line depicted in Figure 2-8 (b). With 

this method, it is possible to calculate impedance values and determine the change 

trend of the Li-ion diffusion rate. More details can be seen in [J2]. 

Rsei and Rct are linked to LLI. Additionally, the tail seen in the low-frequency area of 

the impedance spectrum, which corresponds to Y0, is linked to LAM. The degradation 
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contribution from each aging mode has been quantified using Eqs. (2-10) and (2-11) 

based on these relationships [J2]. 

                              LLI = 100
(𝑅𝑠𝑒𝑖,𝑖+𝑅𝑐𝑡,𝑖)−(𝑅𝑠𝑒𝑖,1+𝑅𝑐𝑡,1)

𝑅𝑠𝑒𝑖,1+𝑅𝑐𝑡,1
                                     (2 − 10) 

                         LAM = 100
(𝑌0,1−𝑌0,𝑖)

𝑌0,1
                                                            (2 − 11) 

Likewise, in Eqs. (2-10) and (2-11), the subscript “1” denotes the battery in its initial 

state, while i represents the cycle number corresponding to its aging process. The 

relationship between the aging modes and the variations in impedance spectrum 

characteristics can be described using these equations, as summarized in Table 2-6. 

 
Figure 2-8 (a) EIS and corresponded equivalent circuit; (b) the relationship between Z' and ω^(-

1/2). Source [J2][41]. 
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Table 2-6 Relationship between the most important degradation modes and the impedance 

spectrum. Source [J2][41]. 

AR-ECM component Most pertinent DMs 

Increase in Rsei and Rct LLI    Quantified by Eq. (2-10) 

Increase in Y0 LAM  Quantified by Eq. (2-11) 

 

2.3.3 Coin Cells for Performance Evaluation 

To assess the performance of the aged electrodes, coin cells consisting of a Li metal 

anode and aged electrodes were assembled. These coin cells were then compared to 

coin cells assembled with fresh electrodes. By conducting this comparison, the 

electrode aging can be evaluated and analyzed. Haidi Company supplied pristine 

NMC positive electrodes and graphite negative electrodes that come from the same 

batch as the electrodes used in 18650 cells. If purchasing fresh electrodes directly 

from the manufacturer is not possible, another option is to remove the electrodes from 

fresh 18650 full cells. This approach can provide a viable solution for researchers or 

individuals who are unable to obtain fresh electrodes. 

In order to create counter electrodes, discs of lithium metal with a diameter of 15 mm 

were combined with discs of both the positive electrode material and the negative 

electrode material that were both cut into 14 mm diameter discs. These electrode pairs 

were subsequently assembled into 2016-coin cell cases. The electrolyte used was 1 M 

LiF6 in a mixture of dimethyl carbonate (DMC) and diethyl carbonate (DEC) with a 

1:1 ratio. Each coin cell contained 5 drops of electrolyte, dispensed using a 1 ML 

pipette. The separator is polyethylene (PE). 

2.3.4 Considerations and Advancements Related to the EIS Method 

As the understanding of EIS continues to evolve, some constant current techniques 

now offer impedance information that was traditionally obtainable only through EIS. 

Furthermore, with the advancements in machine learning, it is now possible to predict 

the complete EIS spectrum using constant current charging curves. 

2.3.4.1 EIS and DC impedance show similar results in impedance test 

Both EIS and DC impedance measurements can be used to identify different battery 

electrochemical processes, such as the Rsei, Rct, and Rmt[48], [49] (Figure 2-9). The 

EIS results are obtained based on the changing of the current frequency. With the 

frequency (1/T) changing, the transfer (electron conductive and Li-ions diffusion) 

process can be identified from the EIS spectrum. Similarly, DC constant current also 

can be used to measure the battery impedance. According to the duration of current 

applied, the battery impedance corresponding to different electrochemical processes 

can be calculated. This means that both EIS and DC constant current techniques can 
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obtain battery impedance results, which are dependents on the rate of the chemical 

reaction process. Stolz et al[48]. summarized the mechanisms of EIS impedance and 

DC impedance, respectively. They stressed the advantages of constant current 

measurement techniques. Consistent with Stroe's study, the advantage of the DC pulse 

technique is that you can extract the impedance/resistance directly from the battery's 

real-life operation[50].  

Considering that the same measure object, the battery system, both AC and DC 

measurement principles rely on discerning the reaction rates of diverse 

electrochemical processes to achieve process separation. Therefore, it is anticipated 

that DC technology may eventually replace EIS identification in impedance testing. 

However, how to distinguish the time period for Rmt, Rct and Rsei in constant current 

tests is still a challenge. This is expected to be solved with the help of developments 

in computing science, such as employ advanced data fitting or prediction methods to 

ascertain the duration required for each individual reaction process. 

 

Figure 2-9 EIS and DC impedance measurements, e.g. constant current techniques both can be 

used to quantify the battery impedance for Rohm+sei, Rct, and Rmt[48]. Source: [J6]. 

2.3.4.3 EIS spectrum can be predicted from constant current charging curve 

With the development of machine learning, it was found that the constant current 

charging curve can be used to predict the EIS spectrum with a very low error[51], 

[52]. The prediction process is shown in Figure 2-10. The model was trained using an 

extensive dataset of early measurement data. Obsoletely, EIS measurement can be 

replaced by constant current techniques with the support of machine learning. 

Moreover, this implies that a connection exists between EIS spectra and battery 

constant current charging curves. Thus, it can be concluded that the constant-current 
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charging process also exhibits characteristics associated with Li-ion diffusion. 

However, the underlying mechanism remains to be clarified [C1]. 

Here, the implementation of DC measurement method demonstrates the potential to 

serve as a substitute for EIS in application. The development of machine learning can 

help DC charging curve replace the function of EIS to study and diagnose the battery 

electrochemical behavior.    

 

Figure 2-10 The EIS spectrum can be predicted by the battery constant current charging curve 

by machine learning method, and the training process is based on a huge dataset collected in 

early stage. Source: [J3][51]. 

Simplified DC impedance measurement instead of EIS measurement or the use of 

machine learning algorithms to estimate the battery impedance from extensive battery 

charging datasets have the potential to achieve realistic automotive battery impedance 

identification and further battery diagnosis and health estimation. Moreover, 

prediction methods such as machine learning can also realize the prediction from DC 

test curve to EIS by capturing the correlation between DC test curve and EIS results. 

This undoubtedly reflects the consistency between the DC impedance test and the AC 

impedance test. 

2.4 Materials Test Methods 

Post-mortem analysis 

The 18650 cells were disassembled inside a glove box under an argon atmosphere 

using a sharp knife. The positive electrode and negative electrode were individually 

washed with DEC (diethyl carbonate). Subsequently, the washed electrodes were 

dried inside the glove box for several hours and then sealed in bags for testing 

purposes. 
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Scanning Electron Microscopy (SEM) 

A Zeiss 1540 XB model of a Field Emission Scanning Electron Microscope (FESEM) 

was used to examine the morphology of the materials. The operation voltage is 20 

KeV for imaging and analysis purposes. This instrument provides high-resolution 

imaging capabilities, allowing for detailed examination of the electrodes and particles 

morphology. 

Raman test 

Raman measurements were conducted using a Renishaw QONTOR instrument with 

a 532 nm laser. In-situ Raman tests were performed for fresh electrode in the support 

of the in-situ cell and biology Potentiostat SP 150. 

X-ray diffraction analysis (XRD) 

In section 4 and 5 ex-situ tests were conducted at the synchrotron P02.1 beamline at 

PETRA III (DESY, Hamburg) using a high-energy monochromatic X-ray beam (97.6 

keV) in a transmission geometry. The purpose of the test was to evaluate the 

degradation of the electrode structure. 

X-ray photoelectron spectroscopy (XPS) 

A Specs XR50 apparatus fitted with a non-monochromated Al K (1487 eV) X-ray 

source and a Phobos 150 1D-DLD electron detector was employed to perform X-ray 

photoelectron spectroscopy (XPS) studies. By measuring the kinetic energy of the 

photoelectrons released, this arrangement enables the investigation of the samples' 

elemental composition and chemical states. The XPS technique provides valuable 

information about the surface chemistry and electronic structure of the aged electrode 

materials. 

X-ray absorption spectroscopy (XAS) 

During the first two cycles, NMC samples at various levels of charge were subjected 

to both in situ and ex situ X-ray Absorption Spectroscopy (XAS) measurements. The 

measurements were carried out at Berlin, Germany’s BESSY-II synchrotron light 

source KMC-2 beamline. At the KMC-2 beamline, XAS measurements were carried 

out at the Ni, Co, and Mn K-edges, allowing for the investigation of the electronic and 

structural properties of these elements in the NMC samples. The measurements 

provided valuable information about the oxidation states and local coordination 

environments of Ni, Co, and Mn during different stages of the charge-discharge 

process and the aged state. 
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For accurate energy calibration, pure metal foil samples were measured 

simultaneously with each NMC sample. This calibration ensured precise 

determination of the XAS spectra and allowed for accurate interpretation of the 

energy-dependent features. The ex-situ XAS samples were measured in the 

transmission mode, where the X-ray beam passes through the sample. This 

measurement configuration enabled the characterization of the samples' absorption 

spectra and provided insights into the electronic structure and chemical bonding of 

the NMC materials under investigation. The acquired spectra from the XAS 

measurements underwent data processing using the Athena Software package, 

including background correction, normalization, k2-weighting, and Fourier 

transformation [53], [54]. 

2.5 Summary 

The battery parameters, aging conditions, and diagnosis methods were presented in 

this chapter. The most widely used NMC 532 type commercial battery was chose for 

aging. The battery working conditions such as constant current cycling, pulse current 

charging, and real-life driving condition, using the standardized WLTC driving cycle, 

were performed. For mechanisms study, electrochemical methods, post-mortem 

analysis, and materials test were employed. Especially for electrochemical methods, 

the indictors in IC-DV curves for selected battery were explored and selected. 

Besides, in-situ tests such as in-situ Raman, in-situ XAS and operando EIS were 

performed. 
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Chapter 3. Aging Mechanism for Battery in 

Constant Current Cycling  

In this chapter, the constant current cycling-induced aging of widely utilized 

commercial Li-ions batteries was studied. The operando EIS of both fresh and aged 

batteries, electrochemical cycling, and real-time temperature monitoring were 

recorded at full cell level. It’s revealed that the capacity fade observed during battery 

operation is primarily caused by polarization. The formation of the solid-electrolyte 

interphase (SEI) and cathode-electrolyte interphase (CEI) are the main reasons for 

battery polarization as find out through post-mortem analysis results. Moreover, the 

irreversible loss of Li resulting from Li plating and SEI formation were quantified, 

which accounts for 16.8% of the total Li inside battery. These findings deepen the 

comprehension of the mechanisms of commercial LIBs degradation, and offer 

direction for the rational development of charging and discharging protocols with the 

goal of enhancing cycling stability and prolonging cycle life. The related scientific 

outcome is listed as follows: 

J4 J. Guo, S. Jin, X. Huang, Y. Xu, Y. Li, P. Kristensen, D. Wang, K. Pedersen, L. 

Gurevich, and D. I. Stroe, “Unravelling and quantifying the aging processes of 

commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite lithium-ion batteries under constant 

current cycling,” Journal of Materials Chemistry A, vol. 11, pp. 41–52, 2023 

C2 J. Guo, Y. Li, K. Pedersen, L. Gurevich, and D.-I. Stroe, “Unravelling the aging 

process of commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite lithium-ion batteries under 

constant current cycling” ISE Meeting Abstracts, Lyon, France, 2023 

3.1 Aging of Full Cell 

3.1.1 Cycling Performance 

Battery degradation mechanisms were initially assessed using ICA and cte-OCV 

techniques. Figure 3-1 (a) displays the charging and discharging voltage profiles 

obtained from 11 RPTs. With battery aging, the charge plateau gradually increases 

while the discharge plateau diminishes. The disparity between the charging and 

discharging curves corresponds to battery impedance and progressively widens over 

time. Simultaneously, the voltage plateau considerably shortens, leading to a reduced 

capacity. To delve deeper insights into the voltage plateau evolution, the charging-

discharging curves in Figure 3-1 (a) were subjected to ICA analysis, yielding the 

results presented in Figure 3-1 (b) [J4]. 

The “a” peak in the IC curves arises from redox reactions occurring in both the 

graphite anode and cathode materials. The “b” peak in the IC curves primarily 

originates from the oxidation-reduction potential of the anode side. As the battery 
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ages, both “a” and “b” peaks in the IC curves exhibit significant intensity reductions. 

Furthermore, all peaks noticeably shift to the right, with the “b” peak displaying the 

most pronounced change. Typically, the decrease in the peak intensity is correlated 

with the loss of active material within the battery. On the other hand, the shift of the 

peak is associated with the internal polarization of the battery, reflecting the changes 

in electrochemical processes and impedance within the battery. Battery aging is 

predominantly attributed to electrode material loss and the emergence of internal 

polarization [J4].  

 

Furthermore, those findings revealed a consistent correlation between the movement 

of the “b” peak and the capacity fade of the battery (Figure 3-1 c). As the “b” peak 

shifted upright, it corresponded to a decline in the overall condition and performance 

of the battery. This further shows that battery aging is related to the internal impedance 

of the battery [C2].  

 

 
Figure 3-1 (a) Charge and discharge curves; (b) IC curves; (c) evolution of SOH and the right 

shift of the b peak in (b); (d) Charging and discharging cte-OCV curves. Source: [J4][14]. 

To analyze the evolution of the behavior of the open-circuit voltage (OCV) with 

battery aging, a close-to-equilibrium cte-OCV test was conducted[55], as depicted in 

Figure 3-1 (d). The discharging cte-OCV exhibits a gradual increase, primarily 

attributed to the rising polarization within the battery. As anticipated, there is no 

comparable rise in the charging cte-OCV; instead, a little decline is seen. As a result, 

the battery’s overall capacity for discharging and charging decreases, as well as the 

charging and discharging OCV range. 
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3.1.2 Impedance Analysis 

To assess the polarization, operando electrochemical impedance spectroscopy (EIS) 

tests were conducted in the interval 6500 – 0.01 Hz. Figure 3-2 (a) and (b) present the 

Nyquist plots obtained from these measurements. After 1000 cycles, the EIS 

spectrums obviously increase in both real and imaginary parts, which means the 

battery impedance increases. In this case, the Rohm component is not included in the 

equivalent circuit model because of the unstable ohmic impedance that is brought on 

by the unstable connector of the electrochemical workstation [J4]. 

 
Figure 3-2 Electrochemical impedance spectroscopy (EIS) spectrum at various states of charge 

(SOC) for both a fresh cell (a) and an aged cell (b). Source: [J4][14]. 

The EIS spectrum exhibits four distinct regions at different frequency ranges, each 

representing different aspects of the battery’s behavior, as shown in Figure 3-3 (a). In 

the extra high-frequency range (> 2000 Hz), the spectrum reflects the bulk resistance 

(Rohm). The high-frequency (2000 – 10 Hz) range is related to the solid electrolyte 

interface resistance (Rsei), while the middle frequency range (10 – 0.1 Hz) denotes the 

charge transfer resistance (Rct). Finally, in the low-frequency range (< 0.1 Hz), the 

spectrum provides information about the lithium diffusion process within the battery. 

The Nyquist plots shown in Figure 3-3 (a) were fitted using an equivalent circuit 

model, and the fitted result are shown in Figure 3-3 (b,c). Following 1000 cycles, the 

Rsei experienced a substantial four-fold increase from below 8 mΩ to approximately 

30 mΩ, as illustrated in Figure 3-3 (b). Additionally, the Rct exhibited an increase to 

over 20 mΩ, as depicted in Figure 3-3 (c). These findings indicate a notable 
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degradation in the electrode interface and charge transfer processes within the battery. 

According to the findings reported in reference [55], the SEI film experiences partial 

rupture at high state of charge (SOC) due to the increased volume of the lithiated 

graphite. However, during the subsequent discharge process, the SEI film recovers 

and reforms. As a result, the Rsei tends to decrease during battery charging (i.e., when 

the SOC increases). Additionally, a higher SOC also indicates the active stage of the 

chemical process as well as a higher voltage. Consequently, a lower Rct is observed at 

higher SOC conditions [J4]. 

 
Figure 3-3 The EIS Nyquist plot is fit by (a) an equivalent circuit, and the fitted results for (b) 

Rsei; (c) Rct. Source: [J4][14]. 

 
Figure 3-4 The temperature of battery outer surface. Source: [J4][14]. 

Furthermore, the temperature during the aging process is monitored using temperature 

sensors placed on the surface of the battery, as depicted in Figure 3-4. Throughout one 

dis/charge process, the temperature exhibits a similar trend to the state of charge 

(SOC) variations. As the battery state of charge (SOC) increases, the temperature 

gradually rises accordingly. Over the course of 1000 cycles, the battery temperature 

exhibits a consistent upward trend. This can be attributed to the heightened battery 

impedance, which generates additional Joule heat, resulting in further side reactions 

side reactions. 

3.2 Post-mortem Analysis 

After disassembling both the 1000 EFCs aged battery and a fresh battery, a post-

mortem analysis was conducted for electrodes and materials. After washed by DEC, 
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the electrodes are illustrated in Figure 3-5. The surface of the aged electrode is gritty, 

while the fresh electrodes are smooth. Notably, the aged positive electrode exhibits 

evident peeling off from cathode particles, while the negative electrode showcases 

uneven lithium plating on its surface. more details can be seen in [J4]. 

 
Figure 3-5 The negative and positive electrodes. Source: [J4][14]. 

3.2.1 Loss of Li-ions 

Li-ion loss, leading to capacity reduction, primarily takes place on the negative 

electrode either as Li plating or surface film deposition. Smooth and well-rounded 

graphite particles can be seen on the new negative electrode in the scanning electron 

microscope (SEM) image shown in Figure 3-6. The aged graphite, on the contrary, 

shows a collapsed structure surrounded by a rough surface layer and numerous 

microscopic particles (Figure 3-6 (a, b)). The rough surface layer is identified as the 

SEI film, while the small particles are believed to be Li dendrites [56].  

A portion of the disassembled negative electrode was washed with DEC and then 

submerged in water to produce a strong reaction and many bubbles were observed, 

proving the presence of irreversibly bound Li on the surface of the aged negative 

electrode. Upon reacting with water, the negative electrode undergoes a 

transformation, revealing a clean surface, as illustrated in Figure 3-6 (c) [J4].  

Most of the particles and the rough surface layer vanish, revealing a collapsed 

graphitic structure. Water reacts with Li or Li compounds to produce this change. 

Table 3-2 [57] summarizes these Li compounds’ possible reactions and solubility. 

Alkaline soluble LiOH is the reaction’s main byproduct. In the manufacturing of 

nickel-rich materials, pH measurements have been widely used to quantify residual 

lithium [58]. The irreversible lithium in this study, which can react with water and 

dissolve as Li+ and OH- ions, is quantified using the pH value. Figure 3-6 (d) shows 
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this procedure, which is followed by an assessment of the total lithium loss on the 

graphite anode using XPS [C3]. 

 
Figure 3-6 Negative electrode SEM images from (a) fresh battery, (b) aged battery and washed 

with DEC, and (c) aged negative electrode washed by DEC and by water. (d) The mechanism 

diagram of lithium compounds dissolved in water; (e) the quantified result of LiOH content; 

the Li 1s XPS results for (f) fresh battery and (g) aged battery. Source: [J4][14]. 

The pH values of the aged and fresh negative electrodes are measured as 10.64 and 

8.81, respectively, as depicted in Figure 3-6 (e). Additionally, XPS analysis of the Li 

1s peak was performed on the electrodes from Figure 3-6 (a) and Figure 3-6 (b), and 

the results are shown in Figure 3-6 (f) and Figure 3-6 (g), respectively. The aged 

negative electrode exhibits three fitted peaks corresponding to LiF, Li2CO3, and Li/Li-

O compounds, representing 73.66%, 19.79%, and 6.55% of the total lithium, 

respectively. The Li/Li-O compounds align with the pH-quantified portion (1.10%). 

As a result, the aged negative electrode’s quantifiable lithium loss is 16.82%. It is 

significant to note that during voltage recovery from a totally low SOC, some active 

Li is introduced into the graphite. As a result, the findings of the pH test and XPS 

show that the lithium loss is substantially less than the capacity loss (over 50%). More 

details are shown in [J4][14]. 
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Table 3-2 The anode’s dissolved species of lithium or lithium compounds, or their 

interactions with water. Source: [J4][14]. 

Components Reactions with water Species in 

solution Li 2Li + 2H2O = 2LiOH+H2↑ 

Li+, OH- 
Li2O Li2O + H2O = 2LiOH 

CH3Li CH3Li + H2O = LiOH +CH4↑ 

ROLi ROLi + 2H2O = 2LiOH +H2↑ 

LiOH N.A. 

LiF N.A. Li+, F- 

Li2CO3 N.A. Li+, CO3
2- 

 

3.2.2 Degradation of Positive Electrode 

SEM cross-section pictures of the fresh and old positive electrodes are shown in 

Figure 3-7 (a) and (b), respectively. According to Figure 3-7 (a), the fresh positive 

electrode is 137 μm. After 1000 aging cycles, the average thickness experiences an 

increase to 153 μm, corresponding to a 11.7% increment, as shown in Figure 3-7 (b). 

Additionally, the presence of cracks is evident, extending towards the inner part of the 

electrode. This phenomenon leads to particle disintegration and the formation of intra-

electrode voids, contributing to the overall increase in electrode thickness. Then, this 

further leads to the impedance increase [J4]. 

The leftward shift of the X-ray diffraction (XRD) pattern in Figure 3-7 (i) indicates 

that the cathode grains have expanded, which is another cause for the increased 

electrode thickness. Longer routes for charge transfer and Li diffusion as well as a 

higher internal resistance are the results of this expansion. In addition, a decrease in 

the splitting peaks (006/012) represents a decrease in crystallinity and an increase in 

the ratio of I(003)/I(104) point to increased Li/Ni cation mixing in the aged positive 

electrode [59] [J3]. 

Moreover, the particle shape clearly shows the degradation of the electrode material. 

The fresh cathode particles have a smooth surface (Figure 3-7 (d)). After aging, 

pulverization and cracking occurs (Figure 3-7 (e)). The presence of residual powders 

on the cathode particles surface is interface compositions, which will be examined 

using X-ray photoelectron spectroscopy (XPS) later. These cracks are also visible in 

the Raman spectrum (Figure 3-7 (f)), where the layered LiNiO2 and LiCoO2 in NMC 

(nickel-manganese-cobalt) cathode contribute to the Raman-active modes, 

particularly the A1g mode at 609 cm-1 and the Eg mode at 503 cm-1, representing out-

of-plane M-O stretching and in-plane O-M-O band, respectively [60]. LiMnO2 is 

causes the emergence of additional weak bands. Indicating a higher abundance of the 

in-plane O-M-O band after aging, the increased Eg mode intensity is consistent with 

the development of cracks and the exposing of inner surfaces in Figure 3-7 (e). 
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Figure 3-7 SEM results of cross-section for (a) fresh positive electrode and (b) aged positive 

electrode, respectively; (c) XRD results. The SEM images for (d) fresh and (e) aged NMC 

particles, respectively; (f) Raman spectra; (g) EDS for aged positive electrode (h) XPS spectrum 

for aged positive electrode; (i) charge and discharge curve. Source: [J4][14]. 

According to reports[61], when the electrolyte is damaged, hydrofluoric acid (HF) 

may be released. This acid may insert into the cathode particles and cause undesired 

side reactions, such as the dissolving of transition metals and their deposition on the 

negative electrode’s surface. The presence of the transition metal elements Ni, Co, 

and Mn was verified by energy-dispersive X-ray spectroscopy (EDS) point scans, as 

shown in Figure 3-7 (g). Additionally, the XPS examination of the worn-out negative 

electrode surface (Figure 3-7 (h)) demonstrates the presence of Ni, Co, and Mn 

elements. According to earlier reports [62], [63], the deposition of Co on the graphite 

surface can hasten graphite exfoliation and seriously impair the performance of the 

entire battery. 

From coin cell testing, it is possible to determine electrode degradation. The aged 

positive electrode has a larger charge plateau and a lower discharge plateau in Figure 

3-7 (i), which suggests that polarization has occurred. Due to the increased internal 

resistance, the voltage reaches upper voltage quickly, causing an extended constant-

voltage charging period and a reduction in battery capacity. But the battery keeps over 

86% of its initial capacity [J4]. 
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3.2.3 Degradation of Negative Electrode 

After aging, the negative electrode undergoes a significant increase in thickness. 

Initially, the fresh negative electrode has a thickness of 200 μm (Figure 3-8 (a)), which 

subsequently expands to 271 μm (i.e., a 30.5% increase) (Figure 3-8 (b)). The aged 

negative electrode exhibits a large number of cracks and exfoliated particles, resulting 

in electrode thickening. Additionally, material detachment from the current collector 

results in an augmented charge Rct, as shown in Figure 3-8 (e). 

 
Figure 3-8 (a) fresh negative electrode and (b) aged negative electrode cross-section images; 

top surface of (c) the fresh negative electrode and (d) aged negative electrode; SEM image of 

(e) fresh graphite particles, (f) aged graphite particles; (g) Raman spectra, (h) XRD patterns, 

and (i) charge and discharge voltage curves. Source: [J4][14]. 

A top-view examination reveals a thick and cracked surface film atop the aged 

negative electrode (Figure 3-8 (d)). Furthermore, the SEM image (Figure 3-8 (f)) 

shows that the edges of the graphite particles are surrounded by a surface coating. 

This film is primarily responsible for the surface impedance experienced in batteries. 

Moreover, as the graphite degrades, the particles are deformed and take uneven forms. 

Using Raman measurements with a laser wavelength of 532 nm, the interface structure 

of both the new and used negative electrodes was assessed (Figure 3-8 (g)). However, 

the Raman spectrum solely detects a faint graphitic phase at the interface of the aged 

negative electrode, suggesting that the interfacial precipitates have a thickness close 
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to 500 nm. To evaluate structural changes, XRD patterns were used (Figure 3-8 (h)). 

These patterns showed that during aging, the graphite particles size changed, leading 

to volume expansion. The expansion serves as an additional factor contributing to the 

electrode’s thickening as well as the increased battery impedance. 

Figure 3-8 (i) provides an illustration on the negative electrode’s capacity for fresh 

and aged negative electrodes by lithiation and delithiation the graphite in the range of 

1.0 - 0.001 V. Less than 15% of the lithium-intercalated graphite was lost throughout 

the lithiation process, as noticed by the capacity fade that was seen. The initial 

charging voltage, mostly brought on by internal impedance, does, however, 

significantly influence the de-lithiation process. This results in a 44.4% capacity loss 

in the de-lithiation process compared to the fresh negative electrode since the aged 

negative electrode only has a 65.6% coulombic efficiency [J4]. 

3.2.4 Degradation of Interface 

A SEI layer is created on the negative electrode surface through plating of Li 

compounds and other solvents. Similar terminology is used to describe the top layer 

of the positive electrode, which is known as the CEI”. The SEI and CEI layers are 

often combined and referred to as the “electrode electrolyte interphase (EEI)”[64]. A 

thermodynamics potential gap between the electrodes and the electrolyte is created by 

the creation of the EEI layer, leading to a drop in battery potential during cycling [64]. 

This phenomenon is a major contributing factor to the overall performance 

degradation of the battery. 

Impedance increase is identified as the primary cause of battery capacity degradation. 

Figure 3-9 (a) and (b) provide a comparison of the impedance evolution during cycling 

for both positive and negative electrodes; the fitted results are depicted in Figure 3-9 

(c). The aged positive electrode exhibits a high Rcei value of 574.5 Ω compared to the 

fresh electrode (42.47 Ω); a second semicircle can be seen in the impedance spectra 

of the deteriorated positive electrode (Figure 3-9 (a)), showing a reduced electronic 

conductivity that is a result of cathode cracks and pulverization. Similarly, the 

impedance spectra of the negative electrode are presented in Figure 3-9 (b), with the 

aged negative electrode displaying an Rsei value of 1052 Ω, significantly higher than 

the Rsei value of 183 Ω for the fresh electrode. Therefore, the electrode impedance is 

primarily influenced by the interfacial film [J4]. 

XPS analysis was used on the fresh and aged batteries to investigate the compositional 

details of the EEI. The CEI composition was identified through XPS, and the tested F 

1s, O 1s, C 1s, and Li 1s are displayed in Figure 3-9 (d). Notably, the percentage of 

lattice oxygen significantly increases in the O 1s spectrum for the aged positive 

electrode, which correlates with crack formation and the exposure of fresh surfaces 

within secondary particles[65], consistent with the SEM analysis in Figure 3-8 (f).  
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Figure 3-9 EIS result of (a) positive electrodes and (b) negative electrodes, (c) fitted results; 

XPS results of (d) positive electrodes, and (e) negative; and (f) quantified results. Source: 

[J4][14]. 

Regarding the SEI film, the formation of LixPyOFz is attributed to reactions between 

trace amounts of H2O and LiPF6 in the electrolyte [66], representing the primary 

precipitated solid that can decompose to form Li3PO4 and LiF [67], [68]. In the Li 1s 

spectrum, Li2CO3 primarily arises from electrolyte decomposition [67]. Additionally, 

Li2O (peak at 52.4 eV) can be ascribed to Li reducing CO2 originating from the 

decomposition of Li2CO3 at high voltages (approximately 4.2 V) [69]. 

It is worth noting that the proportion of Li-O observed in this study is relatively lower 

compared to other related reports [70]. This is explained by the use of a lower upper 

cut-off voltage in this study (4.2 V) and the lack of a constant voltage charging step. 

Additionally, the reduction of the electrolyte solvent, such as Diethyl carbonate 

(DEC), is where the C-O and C=O compounds are produced. 

To further analyze the XPS data quantitatively, Figure 3-9 (f) illustrates that inorganic 

compositions serve as the predominant components of the electrode electrolyte 
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interphase (EEI), which are essential for generating the EEI’s electronic insulation 

[64]. The decomposition of ethylene carbonate (EC), which is linked to electrolyte 

deterioration, is responsible for a higher concentration of organic compounds (such as 

C-O and C=O) on the aged negative electrode for the SEI film [66]. Moreover, Li+ 

diffusion is primarily mediated by Li2CO3 and LiF as ionic carriers. The decreased 

percentage of LiF in the aged anode impedes the diffusion of Li-ions and contributes 

to the increased Rsei observed in Figure 3-3 (b) and Figure 3-9 (b). In contrast to the 

SEI film, the CEI film predominantly consists of LixPyOFz and organic components, 

primarily resulting from LiPF6 decomposition at high voltages on the positive 

electrode side [66]. Furthermore, the percentage of inorganic compounds (LixPyOFz, 

Li2CO3, LiF, Li2O, and LiOH) increases after aging, indicating further CEI 

reformation. As a result, both the negative and positive electrodes experience changes 

in surface composition throughout cycling [J4]. 

3.3 Summary and Prospective 

In conclusion, as illustrated in Figure 3-10, the battery capacity drops by 52% during 

CC cycling due to active material loss, Li ions loss, and increased interfacial 

impedance. Active material loss is below 15% on each electrode, while Li ions loss 

accounts for 16.8% of the capacity fading. The main factor impacting capacity 

retention is the increased resistance, which results in a 44% loss for the negative 

electrode and a 14% loss for the positive electrode. To enhance battery life, measures 

can be taken at the full-cell, electrode fabrication, and material levels. Implementing 

reasonable charging/discharging protocols like dynamic pulse current [71] and 

adjusting depth of discharge can stabilize the SEI film [72] and extend battery lifetime. 

Managing temperature through heat dissipation or cooling systems prevents side 

reactions and metal dissolution. Using durable binders, optimizing electrode thickness 

(N/P ratio), and employing single-crystal cathode materials can reduce active material 

loss and impedance increase. Constructing artificial SEI films inhibits particle 

pulverization and volume expansion, improving cycling stability[73]. 
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Figure 3-10 A description of how battery capacity loss occurs, along with suggestions for 

extending the battery’s cycle life. Source: [J4][14]. 

3.4 Summary 

In this section, the aging of commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite batteries is 

investigated  when subjected to CC cycling. After 1000 cycles, the capacity drops by 

52% due to increased internal impedance. Both electrodes show significant impedance 

increase, mainly at both negative and positive electrode interface between electrode 

and electrolyte due to the EEI film formation. This leads to faster voltage collapse and 

reduced capacity. Higher impedance also increases heat generation, accelerating 

battery degradation. NCM particle cracking, transition metal dissolution, and 

increased interfacial impedance degrade the positive and negative electrodes. Li-

plating and SEI films contribute to a 16.8% loss of active Li ions. These findings guide 

the development of cycling protocols for enhanced battery stability. 
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Chapter 4. Aging Mechanism for Battery in 

Pulse Current Charging 

In this chapter, electrochemical diagnosis, post-mortem analysis, and in-situ testing 

methods were employed to investigate the mechanism underlying the lifetime 

improvement of commercial batteries  by pulsed current charging. The application of 

pulsed current charging effectively mitigates the rise of battery impedance and 

minimizes the loss of electrode materials. Besides, the in-situ electrochemical test and 

post-mortem analysis further confirm that pulse current charge can reduce the 

degradation in both positive and negative electrodes, and inhibits the thicking of 

interface film. Therefore, through pulsed current charging, specifically at a frequency 

of 2000 Hz, the battery’s lifespan is significantly extended, resulting in a remarkable 

increase that exceeds twice its original service time. The related scientific outcome is 

listed as follows: 

J5 J. Guo, Y. Xu, P. Adelhlem, M. Exner, X. Huang, P. Kristensen, D. Wang, K. 

Pedersen, L. Gurevich, and D. I. Stroe, “Unravelling the mechanism of pulse 

current charging for enhancing the stability of commercial Li-ion battery”. 

Submitted to Advance Energy Materials 

4.1 Introduction 

Batteries are gradually degraded over time, leading to a decrease in capacity, 

resistance/impedance increase, and safety issues. This limitation has posed challenges 

for both consumers and manufacturers, particularly in the case of the widely used 

NMC 532 battery chemistry[74]. Although several pulse charging protocols have been 

proposed to enhance battery performance and lifespan [75]–[77], the underlying 

mechanisms responsible for these improvements remain unclear [J5]. 

Pulse current has been employed for some types of batteries such as LFePO4/Li [78] 

NMC/Graphite[79]–[81], LfePO4/Carbon-based[82], [83], LCO/Graphite [84], and 

battery formats from coin cell to commercial battery. These studies have yielded 

encouraging outcomes, suggesting that pulsed current has the potential to significantly 

enhance battery stability, with improvements ranging from 0.5% to 34%. Li et al. [28] 

clearly clarify the mechanisms behind the stability improvement of Li-metal batteries, 

which is due to a loose association between cations and anions facilitates the transport 

of Li+ ions and ultimately stabilizes the process of lithium electrodeposition. 

However, in commercial NMC/Graphite battery cells, the Li metal anode is not 

present, so the main mechanisms will be different. 

Basically, the polarization, loss of Li-ions, and loss of active materials are the main 

reasons for battery degradation [85]. Previous work has demonstrated that the 
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degradation of the battery is primarily attributed to two key factors: the formation of 

an interface film and the loss of active materials [14]. The formation of the interfacial 

film not only consumes Li-ions but also increases the internal impedance of the 

battery, resulting in a smaller OCV voltage range. The degradation of cathode and 

anode materials involves both structural deterioration and particle fragmentation. 

Therefore, the battery capacity drops. 

Pulsed current charging is a promising technique to prolong the battery lifetime. The 

hysteresis of Li-ion diffusion creates concentration gradients near the electrodes 

during constant current charging. Pulsed current is expected to be used to alleviate the 

internal polarization of the battery. Furthermore, the relaxation time of the pulse 

current can facilitate the partial recovery of electrode materials' structural integrity. 

Here, the batteries were aged with constant current and pulse current charging, 

respectively. The electrochemical analysis, in-situ test, and post-mortem analysis 

were performed to reveal the mechanism of pulse charging for improving battery 

stability. 

4.2 Electrochemical Performance of Full Cell 

Batteries show different cycling performance with constant current (CC), 100 Hz 

pulse current, and 2000 Hz pulse current. In the case of constant current (CC) aging, 

the battery exhibits a lifetime of only 500 cycles, before it reached 20% capacity fade. 

However, in the 2000 Hz aging case, the battery's lifetime extends beyond 1000 

cycles, as shown in Figure 4-1. Undoubtedly, the implementation of pulsed current 

charging method effectively enhances the battery’s cycle performance [J5]. 

 
Figure 4-1 The stability of batteries was evaluated over 1000 cycles using three different 

currents: constant current, 100 Hz current, and 2000 Hz current. Source: [J5].  

When comparing the charging and discharging curves during the initial cycle, it is 

observed that in all three cases (Figure 4-2 (a1-c2)), there is a clear upward trend in 

the charging plateaus and a corresponding downward trend in the discharging plateaus 

for the batteries after 1000 cycles. This effect is particularly pronounced in the case 
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of the CC-aged battery and is attributed to the internal polarization occurring within 

the battery. As the pulse frequency increases, the range of plateaus shifts decreases, 

implying a lower polarization of the battery. Dubarry et al[86]. employed the shift of 

the Ⅱ peak in the incremental capacity (IC) curve to quantify the increase in 

polarization. Here, the Ⅱ peak in the IC curve shifts 0.166 V, 0.086 V, and 0.078 V 

for CC, 100Hz, and 2000Hz aging cases, respectively. Obviously, pulsed current 

charging demonstrates a mitigating effect on the internal polarization of the battery 

when compared to constant current (CC) charging. Peak I in the charging curve serves 

as an indicator for the loss of active materials in both the positive and negative 

electrodes[41].  

 
Figure 4-2 The aging condition, dis/charge curves, and incremental capacity (IC) curves for 

batteries aging with (a1-a3) CC, (b1-b3) 100 Hz, and (c1-c3) 2000 Hz aging conditions. Source: 

[J5].   

Under CC charging, the intensity of peak I gradually diminishes and can nearly 

disappear after approximately 1000 cycles, indicating a substantial loss of active 

materials from both positive and negative electrodes. However, in the case of 2000 

Hz pulse charging, peak I remains prominent even after 1000 cycles. This observation 
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suggests that compared to CC charging, pulse charging significantly reduces the loss 

of active material. Preliminary diagnosis using electrochemical methods has revealed 

that the application of pulsed charging current helps alleviates the material loss and 

reduces the polarization inside the battery. 

The impedance spectra obtained through Electrochemical Impedance Spectroscopy 

(EIS) for the batteries aged under CC charging, 100Hz, and 2000 Hz pulsed current 

are shown in Figure 4-3. The EIS test was performed at 90%, 70%, 50%, 30%, and 

10% SOC. Since the ohmic impedance is greatly affected by the connector, the ohmic 

impedance will not be considered here, and the impedance will be moved to the 

coordinate origin. The impedance spectrum curve clearly shows that the impedance 

of the battery after aged under 2000 Hz pulsed current charging is significantly lower 

than that of the battery aged under after constant current CC charging. This indicates 

that the pulse current charging method effectively suppresses the internal polarization 

of the battery. 

 
Figure 4-3 The electrochemical impedance (EIS) for the battery aged after 1000 cycles CC, 100 

Hz, and 2000 Hz pulse charging current, from left to right. Source: [J5]. 

EIS has been proven to be an effective method for analyzing and quantifying the 

polarization phenomena occurring within batteries. This is since the electrochemical 

processes, represented by semicircles, display overlapping patterns in the Nyquist 

plots. Such overlap enables a comprehensive understanding of the impedance 

behavior of the battery, as depicted in Figure 4-4 (a)[87]. After subjecting the batteries 

to 1000 cycles, the values of Rsei and Rct for both the CC and pulsed current aged 

batteries were determined and depicted in Figure 4-4 (b). Across all the curves, the 

Rsei and Rct values exhibit a decreasing trend as the SOC increases. This trend indicates 
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a strong correlation between the battery impedance and its SOC. Notably, the battery 

aged with a 2000 Hz pulsed current demonstrates higher sensitivity to SOC, along 

with lower Rsei and Rct impedances compared to the CC charging case. This can be 

attributed to the significant capacity degradation observed during aging in the CC 

charging case. Consequently, the discharge process becomes limited to a narrower 

capacity and voltage range, resulting in higher impedance and a reduced range of 

impedance variations. The distribution of relaxation times (DRT) analysis is utilized 

to separate the intertwined electrochemical processes in the EIS data at different state-

of-charge (SOC) levels. In the design of the equivalent circuit algorithm for DRT 

calculations, the time constant (τ) values between 10-2 and 10-1 represent the charge 

transfer process, while the crossing of Li-ions through the solid electrolyte interface 

(SEI) occurs between 10-3.5 and 10-2. 

 
Figure 4-4 The EIS analysis was conducted on the batteries after undergoing 1000 aging cycles. 

(a) illustrates the impedance mechanism along with the equivalent circuit diagram, (b) presents 

the fitted results of Rsei (electrolyte resistance) and Rct (charge transfer resistance) at various 

state-of-charge (SOC) levels, specifically 10%, 30%, 50%, 70%, and 90%, (c) displays the DRT 

profiles for the CC-aged sample, while (d) shows the DRT profiles for the pulse-2000-aged 

sample. Source: [J5]. 

The DRT analysis reveals that the battery aged using CC exhibits a higher impedance 

compared to the battery aged using the 2000 Hz pulsed charging. Particularly, the 

impedance attributed to the SEI, which is the limiting factor for the CC aged battery, 

is significantly reduced in the case of the 2000 Hz pulsed charging aged battery. 
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Additionally, the 2000 Hz pulsed charging aged battery demonstrate a decreasing 

trend in the T(s) from 10-1 s to 10-2 s as the SOC increases from 10% to 90%. 

Conversely, the T(s) values of the CC aged battery are less influenced by SOC. This 

indicates that the SEI film of the 2000 Hz pulsed charging aged battery possesses a 

lower impedance and a relatively stable electrochemical process. 

Based on preliminary electrochemical diagnosis, these findings were attributed to the 

effective mitigation of SEI impedance and charge transfer impedance achieved by 

pulse charging. Additionally, pulse charging helps alleviate the loss of positive and 

negative electrode materials, which ultimately results in an extended lifespan for the 

battery. 

4.3 Mechanisms at Electrodes Level 

4.3.1. Graphite Anode 

The impact of pulsed current on the aging of the graphite electrode was assessed 

through synchrotron radiation XRD analysis for fresh and aged graphite negative 

electrodes. The analysis revealed that the positions of the graphite peaks, including 

the (003) peaks, remained unchanged after battery aging, as depicted in Figure 4-5 

(a). This indicates that the layer spacing of graphite remains consistent throughout the 

aging process. However, as the battery ages, the half-peak width of the (003) peak 

significantly increases, indicating pulverization of graphite particles and the collapse 

of the graphite structure, as shown in Fig 4-5 (b). In the case of the aged graphite 

electrode, as the frequency of the pulse current increases, the half-peak width 

gradually decreases. This suggests that the use of pulse current with appropriate 

relaxation time helps reduce the loss the graphite electrode. 

The collapse and cracks of graphite particles have a profound effect on the 

deformation of the entire graphite electrode, resulting in swelling of the aged 

electrodes compared to the fresh ones[14]. However, the volume expansion of 

graphite after aging with pulsed current charging is significantly mitigated compared 

to the aging with constant current, as illustrated in Figure 4-5 (c). The negative 

electrode thickness increase rate decreases from 35% to 15% when subjected to a 

2000Hz pulse, compared to CC. 
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 Figure 4-5 (a) synchrotron Ex-XRD for fresh and aged graphite anode; (b) half-peak width for 

fresh and aged graphite; FE-SEM cross-section for (c) constane current aged graphite negative 

and (d) pulse current aged graphite negative. Source: [J5]. 

To investigate the differentiation between pulsed current charging and CC charging 

processes in relation to the graphite structure, in-situ Raman spectroscopy was 

employed. This technique enabled us to directly observe and analyze real-time 

changes in the graphite structure throughout both charging protocols. Graphite 

commonly undergoes phase transitions, resulting in various interlayer states such as 

LiC48, LiC24, LiC18, LiC12, and LiC6[51], [88]. The arrangement of Li-ions within 

graphite naturally seeks a lower energy state, maximizing the interaction between the 

embedded Li-ions and the graphite material[89]. Consequently, the arrangement of 

Li-ions in graphite is typically determined by the lowest energy state to ensure 

structural stability. In-situ Raman spectroscopy allows for the detection of slight 

structural changes during graphite lithiation, covering the voltage range from 1.0 V to 

0.003 V. In Figure 4-6 (a), the Raman spectrum of graphite during constant current 

lithiation reveals four distinct stages of structural features. In stage I, graphite in the 
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C to LiC48 state is characterized by a single intense G band in the Raman curve. 

Transitioning to stage II, the intensity of the single G band peak decreases, and it 

transforms into a doublet band, indicating the conversion from LiC48 to LiC24 then to 

LiC18 compounds. Moving to stage III, the intensity of the doublet peak continues to 

decrease, with one of the doublet peaks becoming weaker during the LiC18 to LiC12 

transition. In stage IV, the doublet band strengthens once again during the transition 

from LiC12 to LiC6. This observation aligns with previous reports indicating that the 

doublet band in the Raman spectrum of graphite is associated with the uneven 

distribution of Li-ions within the graphite material during the intercalation 

process[90]. However, the application of pulsed current can alleviate this uneven 

distribution. 

The in-situ Raman spectrum of graphite during pulsed current lithiation, as shown in 

Figure 4-6 (b), exhibits notable differences compared to constant current lithiation. 

Notably, there are no significant variations observed in stages I and II between pulse 

current lithiation and constant current lithiation. However, during stage III of graphite 

lithiation, the doublet peak undergoes a steady decrease in intensity, and one of the 

two peaks (left) disappears. By stage IV, only low-intensity single peaks are visible. 

These changes imply that the distribution of Li-ions in graphite becomes more even 

during lithiation, particularly in the stage where the Li-ions are deeply embedded. The 

application of pulsed current facilitates the recovery of graphite-embedded lithium 

towards a stable, low-energy state. 

 

Figure 4-6 In situ Raman spectrun of graphite in (a) constant current and (b) 250 Hz pulse 

current lithiation processes, and the structure of lithiated graphite under (c) constant current and 

(d) 250 Hz pulse current. Source: [J5]. 
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Graphite negative electrode thickness variations were monitored during the lithiation 

and delithiation processes using operando electrochemical dilatometry. As depicted 

in Figure 4-7, the graphite negative electrode displays substantial fluctuations in 

thickness during the CC cycling, indicating its instability process. In contrast, during 

pulsed current charging, the thickness variation notably diminishes. This discrepancy 

underscores the distinct lithium insertion behavior of graphite in these two scenarios. 

Under pulse current charging, lithium integration within the graphite becomes more 

uniform, resulting in reduced volume fluctuations and mitigated mechanical stress that 

might otherwise lead to graphite fracture, which is consistent with the in-situ Raman 

and SEM results. 

 

Figure 4-7 Operando dilatometry was employed to measure the increment of negative electrode 

thickness in constant current charging (a) and in pulse current charging (c); and the 

corresponded electrode potential were shown in (b) and (d), respectively. Source: [J5]. 

In summary, pulse charging plays a crucial role in controlling the structural changes 

of the graphite anode during the lithiation process, promoting more uniform Li-ions 

insertion. The application of pulsed current with appropriate relaxation time 

effectively mitigates the fragmentation and shrinkage of graphite particles. This effect 

is clearly observed in the significantly smaller volume change of the negative 

electrode after aging with pulsed current, compared to aging with constant current. 

Overall, pulsed charging demonstrates its potential in enhancing the stability and 

longevity of the graphite electrode for Li-ions batteries. 
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4.3.2. NMC Cathode 

Ex situ synchrotron XRD and ex situ X-ray absorption near-edge structure (XANES) 

analyses were performed to examine the fresh and aged NMC532 cathodes, aiming to 

understand the degradation of the NMC cathode. The ex situ synchrotron XRD data 

offered detailed structural insights. In Figure 4-8a, the leftward shift of the (003) peak 

in the CC-aged electrode indicates an expansion of the crystal volume or layer spacing 

within NMC materials[91]. Additionally, the (018)/(110) double split peak’s lower 

intensity under CC charging, compared to pulsed current charging, suggests decreased 

crystallinity[92]. In Figure 4-8b, the higher energy state of the Ni K-edge XANES 

spectrum after aging indicates partial nickel reduction in the aged electrodes. This 

reduction results in a significant contraction of the Ni-O bond length (R-distance) in 

the aged positive electrode, as shown in Figure 4-8c. The contraction is due to the 

smaller atomic radius of high-valent Ni (Ni3+ and Ni4+) compared to Ni2+[93], leading 

to a shortened R-distance. Furthermore, the peak intensity of the R-distance positively 

correlates with the coordination number[94], [95]. After aging, Ni exhibits a higher 

coordination number with oxygen atoms, particularly in electrodes aged under CC 

charging, showing a higher coordination number than those aged under pulse current 

charging. Consequently, pulse current charging during aging leads to fewer high-

valent nickel oxides compared to CC charging, with these oxides potentially involving 

deteriorated lithium vacancies[96]. These findings emphasize the benefits of pulsed 

current charging in preserving the crystallinity and layered structure of NMC cathode 

materials. 

Figure 4-8 Post-mortem analysis of fresh and aged NMC cathodes. Ex situ synchrotron XRD 

results (a), and Ni K-edge ex situ XANES (b), R distance (c). Source: [J5]. 
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The XRD findings reveal that the degradation of cathode materials primarily involves 

an expansion of cathode crystal volume and a reduction in the crystallinity of NMC 

cathode materials. Furthermore, XAS analysis highlights the strong connection 

between these deteriorations and the formation of a Li vacancy phase characterized 

by high-valence Ni-O bonding. 

Operando X-ray absorption spectroscopy (XAS) has been employed to investigate the 

local chemical environment surrounding Ni atoms and the charge compensation 

mechanisms of NMC 532 electrode material. In Figure 4-9 (a), the Ni K-edge XANES 

(X-ray Absorption Near-Edge Structure) reveals a rightward shift during the initial 

charging of the battery, followed by a leftward shift to a lower energy position during 

discharging. This shift is associated with charge compensation achieved through the 

redox process between Ni2+ and Ni4+ ions.  

Comparing the pulsed current cases with the CC case, the shift of the Ni edge in the 

pulsed current cases is more pronounced. This indicates that the energy state and 

valence state of the Ni element undergo more significant changes under pulsed current 

conditions. The quantified results, as shown in Figure 4-9 (b), demonstrate that under 

pulsed current charging, the Ni element tends to achieve a higher energy state and 

valence compared to the CC case. 

In addition to Ni K-edge XANES, EXAFS (Extended X-ray Absorption Fine 

Structure) analysis was employed to investigate the correlation between the charge 

state and changes in the intensity of the Ni-O and Ni-transition metal (Ni-TM) bands 

Figure 4-9 (c). During the charging process, the intensity of the Ni-O peak exhibited 

a continuous increase, indicating an increase in oxygen coordination as the Ni valence 

state increased during NMC delithiation. Conversely, the intensity of the Ni-TM peak 

showed a decreasing trend, suggesting a decrease in coordination with the transition 

metals. Moreover, in the subsequent charging and discharging processes, the peak 

intensities of Ni-O and Ni-TM exhibited greater changes in the pulsed current case 

compared to the CC case. This observation aligns with the energy changes observed 

in the Ni edge, indicating a more pronounced degree of coordination number change 

in NCM materials under pulse current charging. Consequently, the Ni valence state 

tends to reach a higher level in pulse charging, as evidenced by the greater 

coordination number changes between Ni and transition metals. 

Alongside these structural observations, the material structure undergoes a gradual 

deterioration. For the analysis of aged negative electrodes and a fresh positive 

electrode from 18650 full batteries, synchrotron XRD was utilized in the post-mortem 

examination. Figure 4-9 (d) illustrates the leftward shift of the (003) peak in the CC 

aged electrode, indicating an expansion of the layer spacing in NMC materials. 

Furthermore, the (018)/(110) double split peak in the CC case noticeably weakens, 

suggesting a reduction in crystallinity. These observations highlight the benefits of 
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pulse charging in preserving the high crystallinity and inherent layered structure of 

NMC materials. 

 

Figure 4-9 Operando synchrotron X-ray Absorption Spectroscopy (XAS) were employed to 

reveal oxidation states and local atomic structure around Ni atoms during both constant current 

charging and pulse charging protocols. (a) the energy of Ni-edge evolves under the battery 

charging with constant current and pulse current; (b) Operdando test voltage profile and the 

corresponded half-peak energy (E0.5) position; (c) the R distance under the constant current and 

pulse current charging; (d) Synchrotron XRD results of fresh, and aged cathode. Source: [J5]. 

In summary, the degradation of NMC532 cathode material is intimately linked to 

structural changes within its crystal lattice. These alterations disrupt the layered 

structure of NMC materials. As depicted in Figure 4-10, pulse charging serves to 

mitigate this process. Moreover, operando XAS analysis unravel the valence state, 

energy, and coordination of Ni atoms within NMC under CC and pulse current 

charging conditions. Pulse charging promotes the advancement of the Ni element's 

valence state, while also reducing the fluctuation in bond length between Ni and O 

during battery charging. The relatively modest alterations in structure and Ni-O bond 

length induced by pulse current charging can account for the overall improvement in 

electrode structural stability. 
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Figure 4-10 the mechanisms for NMC cathode changed under pulsed current charging. Source: 

[J5]. 

4.3.3. Interface Degradation 

Pulsed current, as demonstrated in the electrochemical analysis, effectively reduces 

the increase in interfacial impedance by influencing the thickness, composition, and 

structure of the SEI. Figure 4-11 (a) displays the Raman spectra of all negative 

electrodes, exhibiting insignificant graphite D, G, D', and G' peaks. Heterogeneous 

peaks in the 1800 − 2500 cm-1 range, originating from LixPyFz compounds[97], are 

also observed. The weak D and G peaks can be attributed to graphite surfaces covered 

by the SEI. Comparing it to the CC aged battery, the 2000 Hz pulsed charging aged 

battery displays sharper graphite peaks, suggesting a higher light transmission through 

the SEI film. This indicates that the SEI film on the 2000 Hz pulsed charging aged 

battery may be thinner and/or composed of different materials compared to the CC 

aged battery. Subsequently, the top surface of the graphite electrode was scraped off 

using a flat blade, and clear Raman spectra were obtained for both the CC and 2000 

Hz pulsed charging aged battery, as depicted in Figure 4-11b. Notably, the LixPyFz 

peaks representing the SEI film disappear, confirming the presence of a film that 

covers the original graphite particle surface and affects the reflection of the 532 nm 

laser. 

Observing the morphology of the SEI film presents a challenge due to its thin 

adherence to the graphite particle surface. To overcome this, cross sections of graphite 

particles were cut for SEI observation. In Figure 4-11 (c1), the CC case displays 

ruptured interfacial films distributed among the graphite particles. These film ruptures 

are caused by mechanical stresses arising from lithium ion diffusion during charging 

and discharging. Generally, the graphite particles under CC aging are surrounded by 

unstable surface films. The magnified edges in Figure 4-11 (c2) reveal non-uniformly 

distributed passivation film with a thickness of 100 − 200 nm. In contrast, the garphite 

under 2000 Hz pulsed charging aged battery exhibits no visible membranes between 

graphite particles, as shown in Figure 4-11 (d1). This is attributed to the stability and 

thinness of the SEI film. The magnified edge area in Figure 4-11 (d2) shows a thin 

and tightly adhering film on the graphite surface. Notably, the passivation film's 

rupture at the interface of pulse-charged aged graphite during charging, discharging, 
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and sample cutting is insignificant, while the resulting SEI film is thin. This suggests 

that pulse charging hinders SEI film growth and thickening, ensuring the stability of 

the produced passivation film. 

 

Figure 4-11 Raman spectrums with 532 nm laser were performed for (a) CC and 2000 Hz aged 

negative electrodes surface, and (b) hanging off the top surface for the CC and 2000 Hz aged 

negative electrodes; FE-SEM images for the aged negative electrode by CC charging for (c1) 

cross-section, and (c2) enlarged edge; FE-SEM images of pulse-2000 Hz aging graphite for 

(d1) cross-section, and (d2) enlarged edge. FE-SEM for enalrged graphite edge in constant 

currrent aging, and the EDS maping of O and C. Source: [J5]. 

Further analysis was conducted on the SEI film region shown in Figure 4-11 (c2) 

using EDS mapping analysis for O and C elements, as illustrated in Figure 4-11 (e). 

Unevenly thick SEI films are distributed around the graphite edges, with exfoliated 

nanoflakes present. The SEI film region corresponds to the distribution of O elements 

and appears as blurred spots in the C element mapping. This confirms that the 

observed interfacial film is indeed the SEI film. Some exfoliated nanosheets also 

appear in the O element mapping, while in the C element mapping, they are 

represented by missing dots, indicating that these regions represent ruptured SEI film. 

In contrast, the larger nanosheets correspond to graphite and are distributed along the 

outer edge of the graphite particles, sometimes even wrapped in the SEI film. These 



CHAPTER 4. AGING MECHANISM FOR BATTERY IN PULSE CURRENT CHARGING 

 

61 

 

isolated graphites, separated by the passivation film, not only lead to active material 

loss but also contribute to an increase in the SEI film’s thickness. 

 
Figure 4-12 The SEI chemical composition obtained by quantitative the etch-XPS 

characterization result for (a) fresh negative electrode, and for aged negative electrodes with 

(b) 1000 cycles of constant current aging, and (c) with 1000 cycles of 2000 Hz pulse current 

aging; (d) the etch-XPS spectrums for C 1s, F 1s, O 1s, and Li 1s for the battery electrodes with 

different etch time. Source: [J5]. 

To investigate the formation of SEI films, etch-XPS was performed on fresh, CC aged, 

and 2000 Hz pulsed current aged  graphite electrodes with different etch times (0, 50 

min, and 100 min). The quantified results for F 1s, O 1s, C 1s, and Li 1s compounds 

are illustrated in Figure 4-12. The SEI film primarily consists of Li2CO3, C=O (R-

CH2OCO2Li and –(CH2CH-(OC(O)CF3))n-), C-O (R-CH2OLi and -(CH2CH2O)n-), 

LiF, and LixPOyFz[98]. Comparing the SEI film on the fresh negative electrode 

surface, the negative electrode of the CC aged battery exhibits a higher percentage of 

Li2CO3 at each etch depth. Li2CO3 is formed as a reaction product of semicarbonates 

with HF, water, or CO2[99], while LiF, as a salt reduction product, originates from the 

reaction of HF with semicarbonates [100]. During aging, inorganic components such 
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as Li2CO3 and LiF accumulate and increase on the graphite surface. Generally, SEI 

films on graphite surfaces are highly brittle due to their high inorganic salt content. 

This leads to a continuous rupture and reformation of the SEI film as the graphite 

volume shrinks during cycling aging. The debris from SEI rupture accumulates on the 

graphite surface, resulting in a loosely thickened SEI film. 

However, the surface of the negative electrode of the 2000 Hz pulsed charging battery 

has fewer inorganic salts compared to both the fresh and CC aged negative electrodes. 

This is attributed to the ordered Li+ insertion reaction during pulsed charging, which 

reduces electrolyte production and generates fewer by-products during SEI film re-

formation. Consequently, a low content of inorganic salts implies a higher content of 

organic salts. The C-O compound content is significantly higher on the graphite of 

2000 Hz pulsed charging aged battery surface than on the fresh and CC charging aged 

negative electrode surfaces. This increased C-O content enhances the flexibility of the 

SEI film, reducing its susceptibility to fracture during graphite volume expansion. As 

a result, the negative electrode interface aged by Pulse-2000 has a thinner SEI film. 

Furthermore, the negative electrode interface of the 2000 Hz pulsed current aging 

battery demonstrates minimal variations in the ratio of different components as the 

etching depth increases from approximately 0 minutes to around 100 minutes. This 

indicates that the thin SEI film formed under pulsed charging is more uniform. The 

pulsed charging helps inhibit the increase in SEI impedance at the battery negative 

interface, and the mechanisms is depicted in Figure 4-13. 

 
Figure 4-13 The mechanisms for SEI evolution under constant current charging and pulse 

current charging. Source: [J5]. 

The implementation of pulsed charging, particularly at a frequency of 2000 Hz, 

significantly extends the lifespan of the battery. After undergoing 1000 cycles, the 

battery exhibits a 41% increase in capacity retention rate compared to the constant 
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current charging method. The underlying mechanisms are summarized in Figure 4-

14. 

Pulsed charging has been proven effective in reducing the impedance of the SEI film. 

This charging method helps suppress the formation of SEI film components and 

restricts the thickening process. One possible reason is that under pulsed current 

charging, the concentration gradient of Li-ions in the electrolyte weakens, thereby 

reducing the enrichment of solvent anions on the graphite surface. As a result, fewer 

side reactions occur between solvents and electrons, leading to the production of fewer 

SEI film components. Furthermore, the relaxation time associated with pulsed current 

promotes a more uniform distribution of Li-ions within the graphite material. This 

uniform distribution helps mitigate the mechanical damage and particle breakage of 

graphite particles. Similarly, the relaxation provided by the pulsed current enhances 

the changes in energy state and coordination number of the Ni atoms during battery 

charging. Consequently, the NMC cathode material maintains a favorable layer 

spacing and degree of crystallization under the conditions of pulse current charging. 

 

Figure 4-14 Pulse charging for commercial NMC/graphite batteries operates through several 

primary mechanisms to optimize their performance. Source: [J5]. 

Pulsed current charging protocols have the potential to extend battery life in various 

Li-ion battery applications. Those findings suggest that high-frequency square-wave 

current pulses at frequencies such as 100 Hz and 2000 Hz can be directly implemented 

for charging commercial batteries. However, optimizing the charging process may 

require considering additional factors. Firstly, it is important to investigate whether 

increasing the frequency beyond 2000 Hz can further enhance battery life. This 

requires evaluating the relationship between the diffusion rate of Li-ions and the 

duration of pulse current. Secondly, when optimizing the pulse current charging 



AGING MECHANISMS OF LITHIUM-ION BATTERIES IN ELECTRIC VEHICLE APPLICATIONS 

64
 

 

protocol for commercial batteries, it is crucial to address the impact of changing the 

duty cycle on the concentration gradient of the electrolyte and the stability of the 

electrode material. In-depth in situ testing, computational simulations, and extensive 

experimental verification are needed to fully understand these effects. Furthermore, 

evaluating the existing infrastructure and support for high-frequency pulse charging 

is essential. This ensures that the necessary equipment and facilities are available for 

implementing these charging protocols on a larger scale. 

Moreover, the mechanisms and performance improvements observed in pulse current 

charging protocols can be applicable to other types of batteries, including 

LiMn2O/graphite, LiCoO2/graphite, LiFePO4/graphite, and other NMC/graphite 

batteries. These batteries face similar challenges related to SEI film formation and 

graphite anode degradation. By gaining a comprehensive understanding of the 

structural changes and internal reactions occurring under different charging protocols, 

researchers and engineers can develop more promising and effective charging 

strategies. This deeper understanding will enable the optimization of charging 

protocols and the design of battery systems with improved performance, longevity, 

and safety. 

4.4 Summary 

By utilizing electrochemical methods for preliminary battery health diagnosis, it was 

observed that pulsed current charging effectively mitigates the increase in interfacial 

film impedance and prevents the loss of positive and negative electrode materials. In-

situ synchrotron XAS results revealed significant improvements in the energy state 

and coordination number of Ni atoms during pulsed current charging, in contrast to 

constant current charging. This enhanced Ni redox activity contributes to the 

structural stability of the NMC cathode material. Furthermore, compared to constant 

current charging, pulsed current charging led to smaller changes in layer spacing and 

crystallization degree. 

In-situ Raman tests demonstrated that Li-ions exhibit a more uniform intercalation 

pattern within graphite during pulsed current charging compared to constant current 

charging. Consequently, the pulverization of graphite particles, which occurs under 

constant current charging after 1000 cycles, was significantly reduced. As a result, 

there was a reduction in the loss of graphite from the negative electrode and a decrease 

in interfacial film resistance. Moreover, pulsed charging effectively suppressed the 

formation and thickening of the SEI film on the graphite surface, leading to a lower 

presence of inorganic components. 

Overall, the utilization of pulsed current charging demonstrates significant advantages 

in maintaining the stability of electrode materials and interfaces. These findings 

provide valuable insights for the design of commercial batteries and the development 

of charging protocols. 
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Chapter 5. Aging Mechanisms for Battery in 

Real Life Driving 

In this chapter, the battery aging mechanisms using realistic EV driving scenarios was 

studied, based on the WLTP standardized driving cycle. The influence of temperature 

and depth of discharge on the battery aging were assessed. High temperature (45 °C) 

accelerates the battery degradation due to the sever side reactions. Besides, low 

temperature (5 °C) also shortens the battery’s lifetime to only 600-700 cycles due to 

the Li-ions deposition on the graphite side. Furthermore, battery degradation is also 

influenced by the DOD. When the battery is cycled at 45% DOD, the electrolyte 

decomposes and forms a surface film, which leads to a high battery impedance as well 

as a low discharge capacity. In contrast, when the battery is cycled at a large DOD 

(e.g., 100%), the degradation is faster compared with 75% DOD, which is due to more 

materials loss in a larger DOD. The related scientific outcome is listed as follows: 

J1. J. Guo, Y. Li, K. Pedersen, and D. I. Stroe, “Lithium-ions battery operation, 

degradation, and aging mechanism in electric vehicles: An overview,” Energies, 

vol. 14, no. 17. pp. 1–22, 2021 

J2 J. Guo, Y. Li, J. Meng, K. Pedersen, L. Gurevich, and D. I. Stroe, “Understanding 

the mechanism of capacity increase during early cycling of commercial 

NMC/graphite Lithium-ions batteries,” Journal of Energy Chemistry, vol. 74, pp. 

34–44, 2022 

5.1 Introduction 

Battery degradation inventible occurs for electronic vehicle in real-life driving. Unlike 

in laboratory tests, the battery discharging in real life is influenced by work conditions 

(e.g., road conditions, driver habits, and climates). So, the battery degradation patterns 

will also differ from the ones during constant current cycling. Clarify the battery 

degradation mechanisms are crucial for accurate battery health management and 

lifetime prediction. 

Battery degradation also is influenced by depth of discharge, temperature, and current. 

Usually, the battery degradation in laboratory testing is more and more severe with 

the increase of the DOD, which is due to more electrode materials' loss in larger DOD 

ranges. Besides, the temperature also affects the battery lifespan. In high temperatures, 

the side reactions are more active. In low temperature, the Li-ions will deposit on the 

graphite side resulting in a low battery capacity. More detailed information can be 

seen from the [J1][8]. 

Here, the in-situ test, electrochemical analysis, and post-mortem analysis will be 

employed to study the aging mechanisms for batteries in real-life driving. 
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5.2 Aging of the Full Cell 

Initially, a battery was subjected to aging at 25 °C and 100% DOD. After undergoing 

500 cycles, its SOH remained impressively high at 99.8%, as shown in Figure 5-1. 

This took close to 5 months. Therefore, to minimize aging time, the forthcoming 

battery aging experiments will be at temperatures of 35 °C and 45 °C. 

 
Figure 5-1 the SOH for a battery aging at 25 °C and 100% DOD. 

5.2.1 Influence of Depth of Discharge 

To explore the effects of DOD on battery aging, various discharge depths were 

examined, including 100% DOD, 75% DOD, and 45% DOD, under both 35 °C and 

45 °C conditions, respectively. As depicted in Figure 5-2 (a, b), in contrast to the 

findings in the existing literatures, it is evident that the rate of battery aging decelerates 

with larger DOD[101], [102]. The battery cycling at a 45% DOD exhibits a more 

rapidly decline in capacity compared with 75% DOD and 100% DOD cases in both 

of 35 °C and 45 °C conditions. Under the aging condition of 35 °C, the battery 

subjected to a 75% DOD fully maintains its initial capacity even after 900 EFCs, as 

shown in Figure 5-2 (a). In contrast, the batteries aged under 45% DOD and 100% 

DOD conditions exhibit a gradual decline in battery capacity. Particularly, after 1300 

cycles of aging, the battery aged under the 45% DOD condition experiences a 

significant capacity degradation; it decreases from 88% SOH to below 70% SOH, 

over only 200 EFCs, from 1300 EFCs to 1500 EFCs. 

In 45 °C case, the battery SOH shows a similar trend with the 35 °C aging condition, 

as shown in Figure 5-2 (b). When the battery undergoes aging at 45% DOD, it exhibits 

the most rapid capacity drop, reaching only 40% SOH after 900 EFCs, which is even 

quicker than the aging condition at 35 °C. Furthermore, the battery aging under the 

relatively stable 75% DOD condition also shows a gradual decline in battery SOH, 

but it maintains over 90% SOH even after 1900 EFCs. 
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Figure 5-2 Battery aged by various depth of discharge (DOD), including 100% DOD, 75% 

DOD, and 45% DOD, at both of 35 °C (a) and 45 °C conditions (b). 

5.2.2 Influence of Temperature 

To study the influence of environment temperature on the battery degradation, the 

batteries were subjected to the aging condition with100% DOD and 75% DOD at 

different temperatures (35 °C, and 45 °C for 45% DOD; 5 °C, 35 °C, and 45 °C for 

75% DOD), respectively. In Figure 5-3 (a), the batteries aging with 45% DOD are at 

35 °C and 45 °C, respectively. At 45 °C, the battery SOH drops significantly faster 

than at 35 °C. High temperatures will aggravate the aging of the battery. At 100% 

DOD, the battery aging is most pronounced at 5 °C, as it experiences a significant 

degradation in capacity, as shown in Figure 5-3 (b); after only 700 EFCs, the battery’s 

capacity reaches 91% of its initial value. At 45 °C, the battery shows an impressive 

ability to remain at 89% of its initial capacity even after undergoing 1900 EFCs. 

Similarly, at 35 °C, the battery demonstrates its ability to maintain its initial capacity 

even after 1000 EFCs. 

 
Figure 5-3 The SOH curve of the battery under the aging conditions of 45% DOD at 35 °C and 

45°C (a), and 75% DOD at 5 °C, 35 °C and 45 °C (b), respectively. 

In summary, the battery’s SOH stability is higher under the 75% DOD aging condition 

compared to both the 100% DOD and 45% DOD conditions. It is worth noting that 

both high temperature (45 °C) and low temperature (5 °C) can accelerate the battery 

aging more, compared with 35 °C. 
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5.3 Mechanisms of Battery Aging 

5.3.1 Electrochemical Analysis 

At 35 °C, the charging and discharging curves of the battery under 100% DOD, 75% 

DOD, and 45% DOD are illustrated in Figure 5-4 (a-c). As the battery ages, the 

charging curve plateau exhibits an upward trend, while the discharging curve shows 

a downward trend. These trends are related to the increased impedance that occurs 

during battery aging. It is worth noting that during the 900th cycle at 100% DOD in 

the RPT, a notable separation is observed between the charge and discharge curves, 

indicating a significant increase in impedance. Surprisingly, despite this higher 

impedance, the charge and discharge capacity of the battery are relatively less 

affected. This impedance can be attributed to lose of connection, which causes 

changes in voltage plateaus. Therefore, the impedance from the external circuit has 

little effect on the battery capacity. 

 
Figure 5-4 The charge-discharge curves from the battery reference performance test (RPT) after 

each 100EFCs in 35 °C aging condition (a-c); the incremental capacity analysis (ICA) is 

displayed in (d-f), and the differential voltage curve (DV) curves are illustrated in (g-i). 

The incremental capacity analysis (ICA) curves corresponding to the battery charge 

curves are shown in Figure 5-4 (d-f). The right shift of peak II means that the internal 
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polarization resistance of the battery increases, especially in the case of 100% DOD 

and 45% DOD. Notably, in the case of 75% DOD, the peak II shifts to the left. This 

shift is associated with the battery capacity increasing in the initial stage, which will 

be discussed in more detail later. The decreased I peak represents the loss of active 

materials from both the positive electrode and the negative electrode. In addition, the 

DV curve is employed to analyze the distribution of voltage changes in relation to 

battery capacity, shown in Figure 5-4 (g-i). All DV curves show a trend of shifting to 

the upper left, where shifting to the left implies loss of active lithium and shifting 

upward implies loss of active material. At 45% DOD, the left shift of the DV curve is 

most obvious, meaning the most severe lithium loss. 

EIS plays a crucial role in further elucidating the aging process occurring within the 

battery. Figure 5-5 (a-c) illustrates the impedance spectra of the battery obtained under 

100% DOD, 75% DOD, and 45% DOD cycle conditions. The fitted results for the 

SEI and charge transfer resistance are shown in Figure 5-3e and Figure 5-3f, 

respectively. Under a 45% DOD cycling condition, the battery exhibited a notable rise 

in interfacial film resistance, which is related to the side reactions inside battery[103]. 

Upon being subjected to 100% DOD cycling conditions, the battery demonstrated a 

pronounced charge transfer resistance, typically associated with material structural 

changes[104]. On the contrary, at 75% DOD, the battery displayed smaller interfacial 

film resistance and charge transfer resistance. 

Furthermore, the frequency of some points (e.g., f1, f2, and f3) associated with the speed 

of chemical reaction was chosen on the impedance spectrum to serve as indicators of 

the battery’s aging condition (Figure 5-5 (d)). Point f1 on the impedance spectrum 

corresponds to the electron conduction process (Rohm) occurring within the battery, 

along with a portion of the Li-ionscrossing the SEI film process (Rsei). The frequency 

f2 is influenced by the interaction between Li-ionsand the SEI film, as well as the 

partial charge transfer process. The frequency f3 represents the point at which Li-

ionsinitiate diffusion in the solid phase, and its limiting factor is primarily attributed 

to the charge transfer process. There is minimal variation observed in f1, indicating 

that the electronic conductivity and the passage of Li-ionsthrough the SEI film in the 

initial stage of the battery occur at higher frequencies (greater than 200 Hz) without 

significant changes for all three cases. As the battery ages, the frequency 

corresponding to the f2 point experiences a significant decrease, especially for the 45% 

DOD and 100% DOD cases. This means that in battery aging, as the resistance of the 

SEI film increases, it takes longer for Li-ionsto pass through the SEI film. Furthermore, 

as the battery ages, the frequency associated with the charge transfer process decreases. 

This effect is particularly pronounced in the case of 100% DOD, where the reduction 

in frequency is most noticeable. This frequency shift indicates a slowdown in the 

kinetics of the charge transfer reactions within the battery, which can be attributed to 

the electrode degradation. 
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Figure 5-5 The electrochemical impedance spectroscopy of battery in 35 °C aging condition 

with 100%, 75%, and 45% depth of discharge. The battery EIS results were tested at 90% SOC 

in the 25 °C oven. 

At 45 °C, the aging behavior of the battery under the influence of DODs is similar to 

what is observed at 35°C. Battery aging at 100% DOD and 45% DOD shows a more 

quickly drop in capacity. The battery charging-discharging curves are shown in Figure 

5-6 (a-c). The battery aging is most obvious under 45% DOD, where the voltage 

decays more rapidly. This faster voltage decay indicates a significant increase in the 

battery's internal impedance [105]. Additionally, at 45% DOD, the IC curve exhibits 

a more pronounced rightward shift, indicating a more significant battery polarization. 

This polarization effect is also evident in Figure 5-6 (i), where the DV curve 

demonstrates a noticeable leftward shift. 
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Figure 5-6 The charge-discharge curves from the battery reference performance test (RPT) after 

each 100EFCs in 45 °C aging condition (a-c); the incremental capacity analysis (ICA) is 

displayed in (d-f), and the differential voltage curve (DV) curves are illustrated in (g-i). 

The corresponding EIS results are shown in Figure 5-7. The battery subjected to aging 

with 45% DOD exhibits a higher interface film impedance than other conditions. This 

higher impedance suggests that the aging process at 45% DOD produces a more 

significant interfacial film and side reactions. In contrast, battery aging at 100% DOD 

showed a more pronounced increase in the charge transfer impedance, which can be 

related to the degradation of electrode materials.  
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Figure 5-7 The electrochemical impedance spectroscopy of battery in 45 °C aging condition 

with 100%, 75%, and 45% depth of discharge. The battery EIS results were tested at 90% SOC 

in the 25 °C oven. 

In conclusion, the battery aged at 75% DOD is more stable in SOH performance than 

the cases of 100% DOD and 45% DOD. At 100% DOD aging, the increased charge 

transfer impedance that is related to active materials loss is more obvious. In contrast, 

the increasing of the interfacial film resistance associated with the surface film is 

especially evident at 45%DOD. 

5.3.1.2 Influence of the temperature 

To study why the battery degradation is more serious at 45 °C and 5 °C than at 35°C, 

the battery charging-discharging curves and IC-DV curves are shown in Figure 5-8. 

From the charging-discharging curves presented in Figure 5-8 (a-c), one can notice 

that the battery capacity drops more quickly at 45 °C and 5 °C, than at 35°C. Besides, 

the II peaks of the IC curves shifted to varying direction, as shown in Figure 5-8 (d-

f). At 45 °C and 5 °C, the II peak of the IC curve shift to the right, implying an increase 

in battery polarization. At 35 °C, the II peak shift to the left, representing a highly 

active reaction inside the battery. Furthermore, after only 700 cycles, the battery in 

the 5 °C aging condition shows an obvious decrease in I peak intensity, which means 

the loss of active materials. Furthermore, the DV curves of 45 °C and 5 °C cases show 

a left shift, representing the loss of Li-ions, as shown in Figure 5-8 (g-i). 
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Figure 5-8 The charge-discharge curves from the battery reference performance test (RPT) after 

each 100EFCs in 75% DOD aging condition with 45 °C, 35 °C, and 5 °C (a-c); the incremental 

capacity analysis (ICA) is displayed in (d-f), and the differential voltage (DV) curves are 

illustrated in (g-i). 

In the RPT test, the coulombic efficiency of the battery is related to the battery aging 

temperature. After aging at 5 °C, the battery shows a low coulombic efficiency, as 

shown in Figure 5-9 (a). With temperature increasing, the coulombic efficiency also 

shows an increasing trend. This observation indicates that in low-temperature 

environments aging, Li-ion activity is diminished, and Li-ions are more susceptible to 

loss during cycling. From the EIS results Figure 5-9 (b-d), the battery aging at higher 

temperature show more increased impedance. 
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Figure 5-9 (a) coulombic efficiency comes from RPT test for battery with a 1 C 

charge/discharge process; the EIS of the battery is tested at 75% DOD aging condition with 45 

°C, 35 °C, and 5 °C. The battery EIS results were tested at 90% SOC in the 25 °C oven. 

5.3.2 Post-mortem Analysis 

5.3.2.1 Structure Analysis 

To further study the battery aging at electrodes and materials levels, the batteries were 

disassembled, after ageing to 80% SOH at five aging conditions (5 °C with 75% DOD, 

35 °C with 100% DOD, 35 °C with 45% DOD, 45 °C with 75% DOD, and 45 °C with 

100% DOD). The synchrotron radiation ex-situ XRD results from the fresh positive 

electrode, 35 °C with 100% DOD (35-100% DOD), 35 °C with 45% DOD (35-45% 

DOD), 45 °C with 75% DOD (45-75% DOD), and 45 °C with 100% DOD (45-100% 

DOD) are shown in Figure 5-10. After aging, the (003) peak left shifts, which means 

positive electrode materials obviously changed in crystal structure. Especially for the 

battery aged at 35-100% DOD and 45-100% DOD cases, it means larger DOD (100% 

DOD) accelerates the positive electrode degradation compared with 75% DOD and 

45% DOD.   
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Figure 5-10 Synchrotron radiation ex-situ XRD was employed to analyze the structural 

characteristics of both the fresh positive electrode and those subjected to various aging 

conditions, specifically at 35 °C with 100% DOD, 35 °C with 45% DOD, 45 °C with 75% 

DOD, and 45 °C with 100% DOD. 

At the same time, synchrotron radiation ex-situ XRD also was employed to measure 

the structure of negative electrode. the results are shown in Figure 5-11. The (002) 

peak is not shift after battery aging in all aging cases, which means the graphite layer 

space and graphite crystal structure is not changed in this aging condition. However, 

the half-peak width broadens as the battery ages, which means the graphite 

crystallization area decreases. This is related to the crushing of graphite particles. 

After battery aging, the graphite particles become more and more smaller, especially 

for battery aging at 35-100% DOD and 45-100% DOD cases, which further prove that 

graphite particles degradation more at 100% DOD.  

 
Figure 5-11 synchrotron radiation ex-situ XRD was employed to analyze the structural 

characteristics of both the fresh negative electrode and those subjected to various aging 
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conditions, specifically at 35 °C with 100% DOD, 35 °C with 45% DOD, 45 °C with 75% 

DOD, and 45 °C with 100% DOD. 

The synchrotron radiation ex-situ XRD results consistent well with the EIS analysis, 

that battery electrodes materials degradation more in 100% DOD, resulting in a higher 

Rct as well as a serious SOH drop.  

5.3.2.2 Morphology Analysis 

The short circuit occurs for the battery aged at 5 °C and 75% DOD, only after 700 

EFCs. The SEM images is shown in Figure 5-12. Lithium dendrites are very visible 

and puncture the separator causing a short circuit. The deposition of lithium occurs at 

low temperatures, which is the main reason for the low coulombic efficiency of 

batteries and serious capacity fading. 

 
Figure 5-12 SEM image of negative electrode for battery aged at 5 °C and 75% DOD. 

5.3.2.3 Interface Analysis 

The XPS is employed to measure the chemical compositions for aged positive 

electrode, and aged negative electrode, as shown in Figure 5-13. For positive electrode 

aged at the higher DOD (35-45% DOD), more LiF appears on the positive electrode 

surface, which is the main component of the CEI film, as shown in Figure 5-13 (a). 

Besides, at negative electrode side, the Li2CO3 forms more for 45-75% DOD and 45-

100% DOD cases. This demonstrates that the formation of interface films is more 

likely to take place within high DOD ranges (45% DOD) and under higher 

temperature conditions (45 °C). This is consistent with the EIS analysis results that 

Rsei increase more for higher DOD range and high temperature. 

In conclusion, batteries tend to produce interface films at higher temperatures (e.g., 

45 °C) and higher voltage ranges (e.g., 45% DOD), which increase the internal 

impedance of the battery and lead to SOH drop. In low temperature (e.g., 5 °C), the 

lithium plating occurs, which leads to lithium loss as well as a low coulomb efficiency. 

Then, lithium dendrite forms and lead to battery short circuit occurs. Furthermore, 
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active materials from positive and negative are prone degradation more at larger DOD 

range (100% DOD), which can lead to active materials loss and Rct increase.  

 
Figure 5-13 XPS results for positive electrode negative electrode after aging at various aging 

conditions, specifically at 35 °C with 100% DOD, 35 °C with 45% DOD, 45 °C with 75% 

DOD, and 45 °C with 100% DOD. A summary for positive electrode interface (a), and for 

negative electrode interface (b); the specific are shown in (c) and (d).  

5.4 Mechanism for Capacity Increase During Early Cycling 

5.4.1 Capacity Increase Behavior 

As previously stated, caused by the combined effects of DOD and temperature, some 

batteries displayed an obvious capacity rise during the first 200–300 EFCs. The SOH 

evolution of the cells over the first 400 EFCs is shown in Figure 5-14. The capacity 

trend of cells cycled at 45% DOD and 100% DOD, at 35 °C, is shown in Figure 5-14 

(a). In the first 100 EFCs of the aging test, the cells aged at 100% DOD showed a 

minor capacity increase, which was followed by an overall reduce in capacity. In the 

first 200 EFCs, cells aged at 45% DOD showed a decreasing capacity trend. The 

batteries aged at 45 °C show a similar initial capacity growth trend in Figure 5-14 (b). 

Compared to batteries aging at 75% DOD, batteries aged at 100% DOD showed a 1% 
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capacity increase in the first 200 EFCs, followed by a quicker capacity decrease. 

Regarding the temperature influence on batteries aged at 100% DOD, a more 

significant increase (i.e., 1%) was observed at 45 °C compared to the increase at 35 

°C (i.e., 0.3%). More details can be seen from [J2]. 

 

Figure 5-14 The batteries capacity fade during cycle aging under different conditions: (a) 45% 

DOD and 100% DOD at 35 °C, and (b) 75% DOD and 100% DOD at 45 °C. Source: [J2] [41].  

5.4.2 Electrochemical Analysis 

Using the DVA and ICA techniques, the electrochemical behavior of the 18650 full 

batteries was investigated. Figure 5-15 (a-d) display the IC curves for batteries aged 

at different scenarios. For convenience in descripting the 4 battery aging scenarios, 

unique names have been assigned to each scenario (Table 5-1) [J2][41].  

Table 5-1 The test matrix for 18650 full cell aging[41] 

 45% DOD 75% DOD 100% DOD 

35 °C Case 1 - Case 2 

45 °C - Case 3 Case 4 

 

In every case, an increase in EFCs causes a drop in the main peak’s intensity at 3.7 V. 

This decline suggests a loss of active materials in either the positive or negative 

electrode. In case 1, there is a loss of intensity and a movement to the right for the 

peak at 3.53 V. Due to the decreased activity of graphite, the decreasing intensity 

reflects a lesser contribution of graphite capacity during this phase transition process. 

The rise in the internal resistance of the fully charged battery, which causes a smaller 

electrochemical window and decreased capacity, is thought to be the cause of the 

peaks shift toward the right. 
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Figure 5-15 ICA and DV curves for battery aging at case 1 (a, e); case 2 (b, f); case 3 (c, g), and 

case 4 (d, h). Source: [J2] [41]. 

In Case 3, a decreasing trend is observed in the main peak of the IC curve, while there 

are no changes in the secondary peak of the IC curve and DV curve. This consistency 

indicates stable cycling performance. The strength of the peak at 3.53 V, increases in 

Case 3 and 4, indicating that the graphite anode has a greater capacity than is currently 

available. Finally, the expansion of the electrochemical window and an increase in the 

capacity in the whole cell are associated to the shift of the peak in Case 2 and Case 4 

towards a lower voltage direction. The DV curves for the four situations under 
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discussion are shown in Figure 5-15 (e-h). These curves clearly show the space 

between two successive phase transitions. In Case 1, the main peak in the DV curves 

shifts to the left as the cycling progresses, indicating that the graphite is unable to 

effectively accommodate the Li-ions. Surprisingly, in both case 3 and case 4, the main 

peak in the DV curves shifts towards the high-capacity direction during cycling. This 

shift signifies an extended graphite lithiation plateau and an increased availability of 

graphite in the anode. EIS result also confirms that battery impedance is reduced for 

those batteries, and the details are shown in [J2] [41]. 

5.4.3 Post-mortem for Coin Cell 

Two groups of coin cells underwent cycling within voltage ranges of 0.001 – 0.2 V 

and 0.001 – 1.0 V, corresponding to 45% and 100% DOD in a full cell, respectively. 

After completing 25 EFCs (where 1 EFC equals 4 mAh), the two-coin cells were 

charged to a fully delithiated state at 1.5 V. Subsequently, the cells were disassembled 

to conduct post-mortem analysis. More details see [J2]. For the coin cell cycled 

between 0.001 and 0.2 V, the FESEM pictures of the cross-section and the EDS 

analysis of the carbon (C) and oxygen (O) elements are displayed in Figure 5-16 (a). 

On the copper current collector, the graphite particles, which range in size from 10 to 

20 m, are evenly spaced out. The surface of the SEI layer and inorganic salt 

compounds are the main sources of oxygen in the system. This shows that the SEI 

coating is dispersed across the cycled electrode’s surface. 

Figure 5-16 (b) displays intact graphite particles with smooth surfaces that are well 

bonded to the copper current collector. This smooth surface, referred to as the basal 

plane as described in [106], poses a challenge for Li-ions to traverse. The tight 

covalent bonds between internal carbon atoms make the basal plane chemically 

resistant, resulting in a low Li-ions diffusion coefficient. The concentration of Li-ions 

at the anode-electrolyte interface caused by the slow diffusion rate results in the 

development of “dead lithium” and lithium dendrites [107].  

Figure 5-16 (c) illustrates the growth of small-sized lithium dendrites, as well as the 

presence of the SEI film, on the surface of the negative electrode. The formation of 

lithium dendrites and the SEI film are the main factors contributing to the loss of 

lithium inventory and the damage to the graphite, leading to a decrease in capacity. 

These findings explain the obvious capacity decline seen in the first cycles of full cells 

that have experienced a 45% DOD. 

The FESEM picture of the electrode cross-section is shown in Figure 5-16 (d) for the 

coin cell that was cycled between 0.001 and 1.0 V. It reveals a soft texture resulting 

from layer separation within the graphite particles. On the surface of the graphite, the 

basal plane is no longer visible, and instead, clusters of graphite nanosheets are 

formed. The increase in graphite spacing inevitably reduces electronic conductivity, 

resulting in an elevated charge transfer resistance. This phenomenon can be attributed 
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to the larger variation in the interlayer spacing of graphite during charge and discharge 

at a larger depth of discharge (DOD). Consequently, the graphite layers are exfoliated 

into nanosheets, as illustrated in Figure 5-16 (e), exposing a greater graphite surface 

area to the electrolyte, thereby facilitating Li-ions transport. As a result, graphite 

nanosheets expedite the lithiation and delithiation processes, enabling Li-ions to be 

inserted into graphite with lower ionic resistance. As a result, the battery's capacity 

increases, and the initial charge voltage decreases. These findings provide a clear 

explanation for the observed capacity increase in the early cycling stage of the battery 

[j2]. 

 

Figure 5-16 (a) The images show cross-sections and surface details, along with distribution 

maps obtained through EDS analysis; Images of a negative electrode that has undergone cycling 

in two different voltage ranges: 0.001 - 0.2 V (b-c) and 0.001 - 1.0 V (d-e). Source: [J2] [41]. 

In summary, it can be concluded that there is an increased capacity during the early 

aging stage, particularly for larger DOD values such as 100% DOD and 75% DOD. 

The initial capacity increase of 1% seen in one of the examples under 100% DOD 

cycling, and high temperature exacerbates this process. The evolution of d-spacing 

throughout cycling showed that it does not entirely recover when graphite is in the 

delithiated condition. This expanded d-spacing contributes to a low insertion 

resistance, leading to an increased battery capacity [J2]. 
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5.5 Summary 

The battery aging mechanisms in realistic EV driving scenarios were described in this 

chapter. Battery degradation is accelerated by high temperature (45 °C) or low 

temperature (5 °C), compared with 35 °C and 25 °C, because the side reactions are 

severe in high temperature, and the lithium plating and dendrite formation are severe 

at low temperature. Besides, the batteries degrades more when they are cycled in a 

higher DOD (45%) or a larger DOD (100%), compared with the middle DOD (75%). 

This behavior is caused by the electrolyte that decomposes easy at a higher voltage 

range, and by the active materials that are easy to damage in larger DOD cycling. 

Furthermore, the battery capacity increase during early cycling, which is related to the 

separates of the graphite layer in large DOD and high temperature work conditions. 

 



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

 

83 

 

Chapter 6. Conclusions and Future Work 

In this chapter, the conclusions and contributions of this Ph.D. project are 

summarized, while topics for prospective and future work are also listed. 

6.1 Summary 

This Ph.D. thesis focus on unrevealing and studying the degradation mechanisms of 

commercial Li-ion batteries. First, the battery aging indictors are selected from 

electrochemical curves including IC-DV curves, EIS impedance spectra, and battery 

charging curves. Second, the battery degradation mechanisms during battery aging 

with constant current were identified by electrochemical diagnosis and post-mortem 

analysis. Then, the battery degradation during pulse current charging and realistic EV 

driving aging were studied by in-situ tests as well as electrochemical diagnosis, and 

post-mortem analysis. 

In chapter 2, the battery parameters, aging conditions, and diagnosis methods were 

introduced; in this Ph.D. thesis, the diagnostics methods, which have been used were 

electrochemical methods, post-mortem analysis, and materials tests. The indictors in 

the IC-DV curves for selected battery were explored and selected; the shift of the 

secondary peak in the IC curves represents the increase of the battery polarization. 

The decrease of the main peak in the IC curves means the loss of positive and negative 

electrodes materials. Furthermore, some ex-situ and in-situ test were introduced to 

perform tests at material-level. 

In chapter 3, the aging mechanisms of commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite 

batteries, which were aged under constant current cycling were investigated. After 

1000 cycles, the battery capacity drops by 52% due to an increased internal 

impedance. Both the positive and negative electrodes show significant impedance 

increase, mainly at the interface with the electrolyte, due to EEI film formation. This 

leads to a faster voltage collapse and reduced capacity. A higher impedance also 

increases the heat generation, accelerating battery degradation. NCM particles’ 

cracking, transition metal dissolution, and increased interfacial impedance degrade 

the positive and negative electrodes. Li-plating and SEI films contribute to a 16.8% 

loss of active Li-ions. These findings can guide the development of cycling protocols 

for enhanced stability.  

In chapter 4, various techniques, including electrochemical analysis, post-mortem 

analysis, and in-situ testing, were employed to investigate the underlying mechanism 

responsible for the extended cycle life of batteries when continuously aged with 

pulsed current charging. Remarkably, utilizing a pulse current with a frequency of 

2000 Hz was found to double the battery’s original lifespan. By utilizing 

electrochemical methods for preliminary battery health diagnosis, it was observed that 



AGING MECHANISMS OF LITHIUM-ION BATTERIES IN ELECTRIC VEHICLE APPLICATIONS 

84
 

 

pulsed current charging effectively mitigates the increase of the interfacial film 

impedance and prevents the loss of positive and negative electrode materials. In-situ 

XAS results revealed significant improvements in the energy state and coordination 

number of Ni atoms during pulsed current charging, in contrast to constant current 

charging. This enhanced Ni redox activity contributes to the structural stability of the 

NMC cathode material. Furthermore, compared to the constant current charging, 

pulsed current charging led to smaller changes in the layer spacing and crystallization 

degree. Regarding the graphite, in-situ Raman tests demonstrated that Li-ions exhibit 

a more uniform intercalation pattern within graphite during pulsed current charging 

compared to constant current charging. Consequently, the pulverization of graphite 

particles, which occurs under constant current charging after 1000 cycles, was 

significantly reduced. This reduction in pulverization resulted in a thinner graphite 

negative electrode and slow-down the formation of the SEI film on the graphite 

surface. As a result, there was a reduction in the loss of graphite from the negative 

electrode and a decrease in interfacial film resistance. Moreover, etch-XPS analysis 

at different depths confirmed that pulsed charging effectively suppressed the 

formation and thickening of the SEI film on the graphite surface, leading to a lower 

presence of inorganic components. Overall, the utilization of pulsed current charging 

demonstrates significant advantages in maintaining the stability of electrode materials 

and interfaces. These findings provide valuable insights for the design of commercial 

batteries and the development of charging protocols. 

In chapter 5, the battery aging in realistic EV driving scenarios was studied. Battery 

degradations are quicker in high temperature (45 °C) and/or low temperature (5 °C), 

compared with the medium temperature of 35 °C and 25 °C. This behavior is because 

the side reactions are accelerated in high temperature, and the lithium plating occurs 

easier at low temperature. Besides, it was found out that the batteries’ degradation is 

more quickly at a high DOD (45%) or a full DOD range (100% DOD), compared with 

the battery aging at a medium DOD (75% DOD), which is because the electrolyte is 

easier to decompose at a higher voltage range, and the active materials are easier to 

damage in full cycling. Besides, the mechanism of battery capacity increase in the 

initial hundreds of cycle aging is attributed to the graphite negative electrode; the 

graphite shows an open layer state and accelerates the lithium diffusion process, 

resulting in an increased battery capacity. 

6.2 Main Contributions 

The main findings within this Ph.D. dissertation can be summarized as follows: 

● Identification of the aging indicators in the electrochemical diagnostics methods 

(i.e., EIS impedance spectra and IC-DV curves) of electrochemical method for 

impedance test and battery health diagnosis  
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   Electrochemical diagnostic indicators differ based on the battery chemistry and 

electrode materials. Through the assembly of both coin half-cells and coin full-

cells, as well as a comparative analysis of electrochemical curves between them, 

a comprehensive understanding of the peaks in the IC-DV curves for the 

NMC532/Graphite battery was provided. This approach revealed which 

indictors (i.e., peaks or valley in the IC-DV curves) are valuable for the 

assessment of graphite anode degradation and cathode material deterioration. 

 ● Unraveling the behavior and aging mechanisms during battery aging with 

constant current cycling  

   During constant current cycling, as the battery undergoes aging, its internal 

resistance progressively rises, resulting in an increased heat generation. 

Consequently, this increased heat production and voltage effects lead to the 

decomposition of electrolyte and to side reactions, which material loss within 

the battery. This combination of factors, leading to the growth of the interface 

film and the impedance increase, contributes to the battery capacity drop. 

 ● Proposing a novel method for quantifying the lithium loss in the graphite anode 

   A novel method to quantify the Li-ions loss from the graphite anodes is 

proposed. This method is based on measuring the LiOH pH which, combined 

with the XPS analysis, can calculate the Li-ions loss in the graphite negative 

electrode of the whole battery. This method offers significantly higher accuracy 

compared to electrochemical analysis and is more straightforward to apply than 

gas chromatography. 

● Clarification of the mechanisms which are responsible for the extension of the 

battery lifespan during pulsed current charging. 

A combination of electrochemical testing, post-mortem analysis and in-situ 

testing was used to reveal the mechanisms behind the battery aging with pulsed 

current charging. Pulsed current effectively balance the Li-ions diffusion and 

electron conduction processes, inhibiting the decomposition of electrolyte and 

the formation of the SEI film. Furthermore, the intermittent relaxation periods 

offer significant benefits in maintaining the stability of the electrode material 

structure. 

● Identification of the degradation mechanisms during realistic EV driving 

scenarios  

During realistic EV driving scenarios, the battery capacity fade is more serious 

at higher DOD (i.e., 45% DOD) and/or elevated temperatures (i.e., 35 °C and 45 

°C). In addition, when the temperature is as low as 5 °C, the battery is prone to 
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short circuit due to dendrite growth. In a larger DOD, the voltage and 

temperature of battery are also high, which accelerate the battery degradation. 

At high temperature, the side reactions are accelerated, which is the main reason 

for the battery degradation.    

6.3 Research Perspectives 

This Ph.D. thesis has investigated the battery aging mechanisms during constant 

current cycling, pulsed current charging, and realistic EV driving cases. However, 

some work still needs to be performed based on the finding of this report. Some of 

them are summarized below: 

● The quantification of materials loss and lithium loss still needs a more accurate 

approach 

The post-mortem analysis process inevitably causes damage to the electrodes 

and materials, and the quantification method is based on an idealized modes 

(degradation is evenly distribution), thus producing inevitable quantification 

errors. Therefore, some more accurate methods need to be proposed to quantify 

the loss of Li-ions and loss of active materials. 

● The parameters for pulse current charging need to further optimal in future work. 

The mechanisms of pulsed current charging were unrevealed, with a specific 

focus on the role of frequency of the pulsed current, while the investigation of 

the duty cycle’s impact still needs to be studied. Additionally, the effectiveness 

of higher frequencies remains an open question, requiring further simulation for 

a comprehensive understanding. 

● In realistic EV driving scenarios, the most suitable DOD and operation 

temperature for reducing the battery degradation still needs to be optimized. 

Various battery degradation mechanisms were investigated across different 

DOD levels and temperatures. Nevertheless, additional research is required to 

pinpoint the ideal DOD and operating temperature for optimal battery 

performance and lifetime.  

● The electrochemical diagnostic methods need to simplify, especially for the case 

of the EIS impedance test  

DC impedance and EIS testing each possess distinct advantages, yet their 

limitations are evident. EIS can identify and examine specific electrochemical 

processes, but the test conditions are very strict. On the other hand, the DC 

impedance testing is rapid but lacks deep electrochemical insight. Those 



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

 

87 

 

findings indicate that the underlying mechanisms of DC impedance testing and 

EIS testing are the same, which based on the specific electrochemical process, 

suggest the need for the development of a simplified electrochemical impedance 

testing method. 
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Abstract: Understanding the aging mechanism for lithium-ion batteries (LiBs) is crucial for optimiz-
ing the battery operation in real-life applications. This article gives a systematic description of the
LiBs aging in real-life electric vehicle (EV) applications. First, the characteristics of the common EVs
and the lithium-ion chemistries used in these applications are described. The battery operation in EVs
is then classified into three modes: charging, standby, and driving, which are subsequently described.
Finally, the aging behavior of LiBs in the actual charging, standby, and driving modes are reviewed,
and the influence of different working conditions are considered. The degradation mechanisms of
cathode, electrolyte, and anode during those processes are also discussed. Thus, a systematic analysis
of the aging mechanisms of LiBs in real-life EV applications is achieved, providing practical guidance,
methods to prolong the battery life for users, battery designers, vehicle manufacturers, and material
recovery companies.

Keywords: lithium-ion battery; electric vehicles; aging mechanism; battery degradation

1. Introduction

Lithium-ion batteries (LiBs) with high energy density are receiving increasing atten-
tion because of their environmental friendliness and are widely used in electric vehicles
(EVs) worldwide [1]. Battery degradation problems, such as capacity fading and internal
resistance increasing, inevitably occur with time and use. These cause great trouble to
users and manufacturers [2]. A clear understanding of how batteries age in EVs is urgently
needed to: (i) optimize the battery materials, (ii) improve battery cell production, and (iii)
guide the design of automotive battery systems.

At present, scientists from different fields have researched, from different perspectives,
the aging of LiBs. Some scientists specifically discussed the impacts of environmental and op-
erational factors on battery degradation [3], while others studied the battery aging mechanism
through the post-mortem analysis of the internal components of the battery cell [4]. However,
a close connection between the battery operation and degradation in EV applications and the
corresponding aging mechanism has not yet been established. Thus, a review is necessary in
order to systematically and comprehensively describe the aging of LiBs in EVs.

Many reviews on battery aging have been published presenting the battery degra-
dation and aging mechanisms. The main contents of these reviews are summarized in
Table 1. These reviews are mostly based on analyzing laboratory accelerated aging test
results, which are mainly obtained using constant charging/discharging current and are
significantly different from the battery operation in EVs. Besides, most of them lack the con-
nection with the battery operation scenarios, and focus only on the degradation behavior
of the battery itself; in reality, the influential factors on battery charging, discharging and
standby are different, and aging should be described independently based on the operation
status. Moreover, the battery chemistries reviewed in these works mainly involved stable
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LiCoO2 and LiFePO4, which are more stable and mature and are not considered to be state-
of-the-art technology for EVs. Therefore, the aging mechanisms of widely EV-used Ni-rich
battery chemistries (LiNi1−xMxO2, M = Co, Mn and Al. (NMC) and (NCA)) need further
study. In order to address this gap, in this paper, we review the NMC and NCA battery
operation, degradation, and the corresponding aging mechanisms in real-life-EV use.

Table 1. An overview of the published literature related to battery aging.

References
Topic

Chemistries
Operation Degradation Aging Mechanism

Han et al., 2019 [5]
√ √

LMO, LCO, LFP, NMC
Tian et al., 2020 [6]

√
LMO, LFP, NMC

Mocera et al., 2020 [7]
√

LFP
Woody et al., 2020 [8]

√ √
LCO, LMO, LFP, NCA, NMC

Vetter et al., 2005 [9]
√

LCO, LMO, NMC
Broussely et al., 2005 [10]

√
LCO, NMC

Barre et al., 2013 [11]
√ √

LCO
Birkl et al., 2017 [12]

√
LCO

Palacin et al., 2018 [13]
√

LMO, LCO, NMC, NCA
Xiong et al., 2020 [14]

√ √
LFP, NCA, NMC

Teichert et al., 2020 [15]
√

NMC
Alipour et al., 2020 [16]

√ √
LCO, LFP, NMC, NCA

Chen et al., 2021 [17]
√ √

LCO
Yang et al., 2021 [18]

√ √
NMC, NCA

In this article, we analyzed the applications of LiBs in current EVs, and divided the
battery operation scenario into three modes: charging, standby, and driving. The influence
on EV battery degradation from the corresponding factors for these modes is studied,
respectively. Finally, the relationship between the battery operation mode and the aging
mechanisms of battery cell components (i.e., anode, cathode, and electrolyte) is established
in order to clearly describe LiBs aging in real EV use.

The remainder of this paper is structured as follows: in Section 2, we will introduce
the LiBs chemistries used in EV applications. Section 3 will describe in detail the battery
operation modes in EV application. Section 4 will present the LiBs degradation in EV
applications. Section 5 will discuss the aging mechanisms of LiBs, which are caused by the
EV operation, and Section 6 provides concluding remarks.

2. LiBs in EV Applications
2.1. Electric Vehicle Applications

Depending on the primary source of energy, EVs can be classified mainly into the
following three types: Battery Electric Vehicles (BEV), Hybrid Electric Vehicles (HEV) and
Plug-In Hybrid Electric Vehicles (PHEV). The energy flow in these three types of EVs is
presented in Figure 1.
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BEVs are completely powered by electrical energy from batteries. The external energy
is supplied only by plugging the BEV into the electricity grid for charging, and there is no
on-board electricity generation. Depending on the EV manufacture, batteries powering
BEV usually have a capacity between 20 kWh and 80 kWh, which ensure a range of up to
663 km [19,20]. Because the energy is supplied only by batteries, the BEV requires a larger
battery pack size and capacity than other EVs.

HEVs are the most commonly used EV technology, combining an internal combustion
engine (ICE) and an electric motor. In their powertrain, fossil fuel is the only external
energy powering the ICE, and the energy for charging the battery is obtained from the
braking process. The electric motor is used to power the vehicle for a short distance or to
support the main engine (e.g., at a stoplight) [21]. Thus, HEVs require the lowest battery
capacity, which is between 1.3 kWh and 1.6 kWh [19]. No charging plug for connection
to the electricity grid exists in HEVs, which is usually considered to be a fuel-efficiency
measure. Therefore, the battery capacity and size requirements are relatively low.

The powertrain of PHEVs is similar to the one of HEVs, and consists of an ICE and
an electric engine; however, the main difference is that the PHEV can be plugged into an
external source (e.g., EV charger) for charging. Furthermore, the HEV battery can also be
charged throughout the regenerative braking processes. PHEVs have batteries with a larger
capacity than HEVs, and, thus, they can extend the driving mileage when using electricity
alone. Traditionally, this type of vehicle is powered by 50% gasoline and 50% electricity.
The size of the battery capacity for PHEV applications is usually between 4.5 kWh and
10 kWh [22].

There are many types of EVs in the market and each of them has individual specifics.
The most popular EVs in the market, classified according to their type, are summarized in
Table 2 [19,23,24]. Furthermore, the global market share of HEV, PHEV, and BEV in 2020 is
shown in Figure 2 [25].

Table 2. The comparison of the main characteristics of EVs in the market.

Type Manufacturer Battery-Only Range (km) Battery Capacity (kWh)

HEV

Toyota Prius IV

/ 1.3–1.6
BMW 225xe

Audi A3 e-tron
Toyota Prius III

PHEV
Chevy Volt 64 18.4

Toyota Prius XW30 21 5.2
Jaguar I-Pace 470 90.0

BEV

Tesla Model S 663 100.0
BMW i3 246 42.2

Nissan Leaf 364 62.0
Renault Zoe 395 52

Energies 2021, 14, x FOR PEER REVIEW 4 of 23 
 

 

Table 2. The comparison of the main characteristics of EVs in the market. 

Type Manufacturer Battery-Only Range (km) 
Battery Capacity 

(kWh) 

HEV 

Toyota Prius IV 

/ 1.3–1.6 
BMW 225xe 

Audi A3 e-tron 

Toyota Prius III 

PHEV 

Chevy Volt 64 18.4 

Toyota Prius XW30 21 5.2 

Jaguar I-Pace 470 90.0 

BEV 

Tesla Model S 663 100.0 

BMW i3 246 42.2 

Nissan Leaf 364 62.0 

Renault Zoe 395 52 

 

Figure 2. The global market share of HEV, PHEV, and BEV in 2020 (based on [25]). 

2.2. Lithium-Ion Chemistries in EV Applications 

There is a growing demand for commercial LiBs with a high energy density for 

powering EVs. The energy density is mainly determined by the operating voltage of the 

active battery materials and their specific capacity. There are many types of LiBs with 

wide application prospects, such as spinel LMO/LNMO cathode [26], olivine LFP cathode 

[27,28], and layered NMC/NCA [29]. Among them, the group of Ni-rich layered oxides 

(LiNi1-xMxO2, M = Co, Mn, and Al) have both higher gravimetric and volumetric specific 

capacities than other intercalation-type cathode materials [30]. Moreover, the high 

working voltage of LiNi1-xMxO2 meets the withstand voltage of the current electrolytes. 

Therefore, the NMC and NCA are widely used in current EV models [31]. More details of 

NMC and NCA-based batteries will be discussed in the following sections. 

The performance of these Ni-rich cathode materials is greatly influenced by the 

properties of the used elements (i.e., Ni, Co, and Mn orAl). The capacity of the batteries is 

mainly provided by Ni; however, the use of Ni also leads to a poor cycle life and thermal 

stability. On the other hand, Mn and Al offer an improved cycle life and safety. 

Furthermore, Co contributes to the electronic conductivity, ensuring a lower resistance. 

The LiNixCoyMnzO2 (x = 1/3, 0.5, 0.6, 0.7, and 0.8) materials with high energy density, long 

cycle life, and excellent thermal stability have attracted much attention [32]. With the 

increasing of Ni content, the specific discharge capacity and total residual lithium also 

increase, but the corresponding capacity retention and safety characteristics gradually 

decrease [32,33]. However, this does not hinder its large-scale application in real life, due 

to the high reversible capacity, discharge working voltage, and relatively low costs for Ni-

rich materials [34]. Among them, researchers replace the Mn element of LiNixCoyMnzO2 

Figure 2. The global market share of HEV, PHEV, and BEV in 2020 (based on [25]).



Energies 2021, 14, 5220 4 of 22

2.2. Lithium-Ion Chemistries in EV Applications

There is a growing demand for commercial LiBs with a high energy density for
powering EVs. The energy density is mainly determined by the operating voltage of
the active battery materials and their specific capacity. There are many types of LiBs
with wide application prospects, such as spinel LMO/LNMO cathode [26], olivine LFP
cathode [27,28], and layered NMC/NCA [29]. Among them, the group of Ni-rich layered
oxides (LiNi1−xMxO2, M = Co, Mn, and Al) have both higher gravimetric and volumetric
specific capacities than other intercalation-type cathode materials [30]. Moreover, the high
working voltage of LiNi1−xMxO2 meets the withstand voltage of the current electrolytes.
Therefore, the NMC and NCA are widely used in current EV models [31]. More details of
NMC and NCA-based batteries will be discussed in the following sections.

The performance of these Ni-rich cathode materials is greatly influenced by the
properties of the used elements (i.e., Ni, Co, and Mn orAl). The capacity of the batteries
is mainly provided by Ni; however, the use of Ni also leads to a poor cycle life and
thermal stability. On the other hand, Mn and Al offer an improved cycle life and safety.
Furthermore, Co contributes to the electronic conductivity, ensuring a lower resistance.
The LiNixCoyMnzO2 (x = 1/3, 0.5, 0.6, 0.7, and 0.8) materials with high energy density,
long cycle life, and excellent thermal stability have attracted much attention [32]. With
the increasing of Ni content, the specific discharge capacity and total residual lithium also
increase, but the corresponding capacity retention and safety characteristics gradually
decrease [32,33]. However, this does not hinder its large-scale application in real life, due
to the high reversible capacity, discharge working voltage, and relatively low costs for Ni-
rich materials [34]. Among them, researchers replace the Mn element of LiNixCoyMnzO2
with certain amounts of Al element [35]. The prepared LiNi0.8Co0.15Al0.05O2 shows better
thermal stability and cyclability than NMC cathodes [36].

The anode is used to store Li+ in the charging process. The traditional anode raw
material is graphite (LiC6) with a capacity of 372 mAh/g. In addition, lithium titanate
(LTO) with an operating voltage of around 1.55 V (vs. Li+/Li) has been considered for
various vehicle applications. It enables the LTO to avoid self-discharge when working as
an anode and thus enhances its safety and stability [37]. A brief comparative analysis of
these chemistries is presented in Table 3 [30].

Table 3. A brief comparative analysis of common chemistries.

Electrode VAverage
(v)

VMax
(v)

Specific Capacity
(mAh g−1/mAh cm−3)

Gravimetric Energy
(wh kg−1)

Cathode

LiNi0.8Co0.15Al0.05O2 3.7 4.6 220/979 758
LiNi1/3Co1/3Mn1/3O2 3.6 4.7 160/712 576
LiNi0.5Co0.2Mn0.3O2 3.6 4.7 170/757 612
LiNi0.6Co0.2Mn0.2O2 3.6 4.7 180/810 648
LiNi0.7Co0.15Mn0.15O2 3.6 4.7 190/855 684
LiNi0.8Co0.1Mn0.1O2 3.6 4.7 200/930 720

Anode
graphite 0.6 3 372/735 190

LTO 1.55 2.5 175/607 263.5

3. Battery Operation in EV Application

The battery in EV applications is complex and diverse, as well as in the influence
of various factors. It not only depends on driving habits, but also will be affected by
environmental factors, such as the temperature, which varies from season-to-season and
region-to-region. The load of the vehicle, driving frequency and mileage, charging habits
and road conditions are different for different drivers, which puts the battery in a dif-
ferent situation. Therefore, it is very difficult to standardize the battery operation in EV
applications and even more difficult to estimate its state-of-health. However, the factors
(e.g., driving habits, road conditions, load of the vehicles and so on) mainly affect battery
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aging during driving. As a result, according to the battery working state, we can divide
the battery usage status into three independent processes (charging process, driving, and
standby) and study them separately, as illustrated in Figure 3.
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3.1. EV Battery Charging

The most used protocol for charging LiB is a constant current constant voltage (CC-
CV), which consists of a constant current charging phase during which the battery voltage
increases up to the cut-off value, followed by a constant voltage phase until the current
falls to near-zero, as shown in Figure 4a. The battery charging protocol is closely related
to the daily usage of the EV and to the battery’s SOH, which will be reflected in the
charging time. In order to reduce the charging time and negative effect on the battery from
high currents, several alternative charging protocols are proposed in the literature, which
are: Multistage Constant Current (MCC) charging, Pulse Charging (PC), Constant Power
Constant Voltage (CP-CV), Variable Current Profile (VCP) and Constant Current Pulsed
Charging (CC-PC) [38–41].
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Profile (VCP); (f) Constant Current Pulsed Charging (CC-PC).
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To achieve fast charging and slow down the battery’s aging process, researchers pro-
posed the Multistage Constant Current (MCC) protocol as one of the earliest charging
types. This method sets different current levels during the charging process, as illustrated
in Figure 4b, in order to minimize battery degradation. This is a very promising charg-
ing method, but the optimal value and duration of the current level need to be further
researched [42]. To reduce the concentration polarization and mechanical stresses, charging
is periodically interrupted by short rest periods (as presented in Figure 4c) or discharge
pulses in the pulse charging protocols [41]. In [38], the authors found that the cycle life
is similar to the battery when charged by CC-CV method; nevertheless, according to the
results presented in [41], there is no overall agreement regarding the positive and/or nega-
tive effects on battery performance and lifetime of the pulsed charging methods. Besides,
this charging method is complex, and also involves many factors to consider, such as
pulsed current amplitude, its duty cycle, and pulse frequency, hindering its large-scale
application [43]. The CP-CV protocol provides a low-current near the end of charging to
alleviate metallic lithium plating at the anode (Figure 4d). However, as presented in [44],
a fast capacity fading can be observed from a 0.5 C CP-CV charging, which is caused by
high polarization in the initial CP-charging. Furthermore, some complex variable current
profiles have been used for battery charging (Figure 4e). Sikha et al. designed, in [45], a
varying current profile (VCP) protocol, which is less damaging than the pure CV charging
in the early cycles. However, this profile, too, resulted in a significant capacity degradation
compared to that of CC-CV with the same mean current. Another battery charging protocol
is the CC-PC charging protocol which combines a constant current and pulsed charging
(Figure 4f). The application cost of the charging protocol is relatively low, avoiding voltage
control and variable charging currents [40]. But, it can deteriorate the cycle life due to
pulses leading to an exceedance voltage in the high voltage period [38].

At present, the standardized CC-CV protocol is widely applied in real-life applications
(e.g., EVs), while the other presented charging protocols, developed based on an array of
physical motivations which include plenty of advantages in some certain conditions (such
as fast-charging), are mainly applied at the research stage or even at a reduced-scale in real
life. Currently, the EVs are mainly charged by the CC-CV protocol. In the aging analysis
section (Sections 4 and 5), we mainly discuss the aging mechanisms which are caused by
the CC-CV charging protocols.

3.2. EV Driving Operation
3.2.1. Real-Life Scenarios

The driving profiles of EVs in real life are diverse. They mainly depend on the vehicle
design, the behavior of the driver, and the external environment, resulting in difference in
service life and health status. Generally, the vehicle design considers multiple factors in
order to meet the needs of different consumers, including the overall dimensions, passenger
capacity, tire type and shape, specific front area, and body type [46]. This will make the EVs
operate differently in different situations, and lead to different energy demands. In addition,
the battery pack sizing and output power are also different. Driver behavior is also related
to different traffic conditions. Furthermore, the external environment conditions (e.g.,
mainly ambient temperature, but also precipitation, wind, etc.) also have an important
effect on the battery loading and, subsequently, on the range of the EV. All of these factors
make EV driving very diverse. Therefore, it is difficult to study, analyze, and propose a
unified set of aging mechanisms for batteries operated in EVs using real-life data. There is
limited available literature regarding battery usage harvested from real-life operations. For
example, Jafari et al. analyzed, in [47], the real-world daily driving undertaken by a fleet of
connected vehicles. The data set contains the records of the connected vehicles volunteered
by drivers using their vehicles in the US. The data from 50 driving cycles of 50 drivers were
used to evaluate EV driving during an entire year.

In order to simulate the driving conditions of the EVs and evaluate the degradation
behavior of the batteries, researchers developed a series of driving cycle profiles based on
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extensive real-life data, which fully considers various factors (e.g., driving habits, road
conditions, load of the vehicles, vehicles type, weather, and so on). These standardized
EV driving profiles are very convenient for laboratory battery testing and performance-
degradation evaluation.

3.2.2. Driving Cycle Profiles

Many countries and organizations create their standard driving cycle based on their
roads and environment, in order to assess the performance of EVs and their batteries [44].
The driving cycle consists of a series of repetitive sequences of vehicle operating modes
that represent the driving models, as shown in Figure 5.
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The EPA Urban Dynamometer Driving Schedule (UDDS), presented in Figure 5a, is
commonly called the “LA4” or “the city test”; the UDDS represents city driving conditions
and has been used as the standard driving cycle in United States since 1972 for light-duty
vehicle testing. The New European Driving Cycle (NEDC) is also an early driving cycle
that was introduced in 1996 and divided into two parts, as shown in Figure 5b. The first
part simulates urban driving conditions which are repeated four times and the second
part simulates extra-urban driving conditions with a high speed. With the regulation
of EURO 6, which is the most recent emission standard for passenger cars imposed by
the European Union Commission, the light-duty vehicles are tested with an updated
standard driving cycle, the World Harmonized Light Vehicles Test Cycle (WLTC), which
provides more dynamic driving behaviors [48]. WLTC was generated to define a globally
harmonized standard for determining the levels of pollutants, energy consumption, and
the electric range for light-duty driving, from approximately 765,000 km of data gathered
in five different regions: EU, USA, India, Korea, and Japan. The “real world” driving data
contains different road characteristics (urban, rural, and motorway) and driving conditions
(peak, off-peak, weekend), covering a wide range of vehicle categories, various engines and
manufacturers. This is similar to the different kinds of roads that are commonly travelled
on, containing a low speed (L/ < 60 km/h), a medium (M/ < 80 km/h), a high speed
(H/ < 110 km/h) and extra-high speed (Ex-H/ > 110 km/h), corresponding to the urban,
rural and motorway classification, as shown in Figure 5c. Nowadays, more and more
manufactures use WLTC to evaluate the performance of PHEV, HEV and BEV. In below
table, a comparison of the aforementioned driving cycles is presented.

To prove the validity of the WLTC profile for EVs studies, Ben-Marzouk et al. [49]
collected the real-life EV data for two years on ten EVs, and built synthetic profiles of
the real application M1 and real application M2, as shown in Figure 6. These profiles
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are compared with the WLTC profile and they show great similarity in terms of aging,
especially for the real application M1. These results validate the use of the WLTC profile in
aging tests and aging studies of EV batteries.
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3.3. EV Standby Operation

In EV applications, the standby state accounts for a large proportion of the entire
battery service life. As presented in [50], the standby time can reach 90% of the total vehicle
operation. This means that calendar aging cannot be ignored when assessing battery
degradation and lifetime in such applications. In [51], Swierczynski et al. showed that
more than 75% of capacity fade was caused by calendar aging during the EV operation.
Thus, it is particularly important to study the calendar aging process and related factors,
such as the state-of-charge (SOC) and temperature. In normal conditions, the calendar
aging process is slow, and it takes several years or even tens of years for a battery to end its
service life by calendaring only. In actual research, elevated temperature and/or high SOC
levels are often used to accelerate battery aging.

4. Aging in EV Application
4.1. Aging in Charging

The LiBs aging in the charging process is related to many factors, such as the cut-off
voltage, current rate, and temperature. Using a high cut-off voltage, more capacity can
be charged and a high charging current can significantly shorten the charging period.
However, in these cases, the degradation process of LiBs will be greatly accelerated. The
most common factors affecting the charging process and their variations are shown in
Figure 7.

4.1.1. Impact of Charging Voltage

Slight overcharging or reduction in the cut-off voltage have an obvious impact on
the degradation of LiBs. In [52] the author accelerated the battery aging by 300 mV
overcharging. The schematic diagram is shown in Figure 8a. They designed a cycle aging
experiment for 18650-type batteries (i.e., 2 Ah, NMC/graphite) and charged one of them
in the voltage range of 2.75–4.5 V, while another battery in was charged in the nominal
range of 2.75–4.2 V. The battery charging/discharging profiles are shown in Figure 8b. As
expected, the overcharged battery has an 18% higher capacity than the battery charged in
the nominal conditions; however, for the overcharged batteries (three overcharged cells
tested at the same condition) the capacity fade is pronounced, as shown in Figure 8c. The
SOH drops to 80% after only approximately 40 cycles, which is much quickly than for the
battery aged under normal voltage (which needed over 100 cycles to reach the same SOH).
Thus, overcharging the battery highly accelerates the degradation process.
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Figure 8. The effect of the charging voltage on the battery capacity fade. (a) the schematic diagram of slight overcharging;
(b) charging/discharging profiles for standard and overcharge cells, (c) capacity fading of three LiBs under the same
overcharging cycling condition (2.75–4.5 V) [52]. (d) the schematic diagram of reduction in cut-off voltage; (e) the capacity
fade curves for cell A, (f) the capacity fade curves for cell B [53]. (g) the schematic diagram of CC charging protocol;
(h) capacity degradation curves based on cycles; (i) capacity degradation curves based on throughput [54].
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In contrast, in [53], Rathieu et al. charged two different types of batteries with a slight
reduction of 100 mV in the cut-off voltage, as shown in Figure 8d. For battery A (i.e., 3.0 Ah,
NMC 811/G-SiO), the reduction of the cut-off voltage led to both a lower charging time and
a lower degradation (Figure 8e); however, this results in a reduction of the charged capacity
(i.e., only 83%). For battery B (i.e., 2.5 Ah, NCA/G), there is no significant reduction in the
charging time or in the degradation (Figure 8f), but a lower capacity is achieved (i.e., 89%).

Furthermore, in [54], the author analyzed the contribution of the constant voltage
process to the battery charging, and charged 18650-type batteries (2.5 Ah, NMC/Graphite,
and NCA/Graphite) by the CC (2.5 A to 4.2 V) (Figure 8g) and CC-CV protocols (2.5 A to
4.2 V and 0.1 A cut-off current) at room temperature, respectively. The battery charged
with the CC-CV protocol lost 20% of its capacity after 500 cycles, while the battery charged
only with the CC protocol reached the same degradation level after 600 cycles, as shown in
Figure 8h. From Figure 8i, it can be seen that the batteries contribute a similar total capacity
throughput charged by CC-CV and CC protocols. However, using the CC-CV protocol,
more capacity (about 20%) can be charged in comparison to the CC protocol.

It can be concluded that slight overcharging will increase the capacity but will obvi-
ously accelerate the battery aging. For the reduction in cut-off voltage and the removing
of the CV charging, there is no significant reduction in the charging time and in the
degradation, but a lower capacity is achieved.

4.1.2. Impact of the Charging Current

In charging, the current Ich is an important parameter for charging speed. Spingler
et al. [55] charged batteries (i.e., NMC/graphite, 3.3 Ah) with a constant current between
1.0 C and 2.0 C. The capacity loss and both average and maximum local irreversible
expansion per cycle are shown in Figure 9a. With the increase of the C-rate, the battery
capacity fade becomes more and more obvious. Furthermore, the irreversible expansion
and capacity loss are correlated with a bivariate correlation of 0.996. This means that a
higher charging rate will lead to a larger irreversible expansion, corresponding to a growing
tendency for capacity loss. Especially for the 2 C charging, the fade of capacity is about
30 mAh per cycle.
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Keil et al. analyzed the impact of high charging currents on the cycle life of two
different types of batteries: Model A (i.e., (LMO+NMC)/graphite) and Model B (i.e.,
(NMC+LCO)/graphite), as shown in Figure 9b,c, respectively [38]. For the Model A battery
cell (Figure 9b), the increase in the charging C-rate (from 1 C to 5 C) increases the battery
degradation (i.e., capacity fade). On the other hand, for the Model B battery cells, (Figure 9c)
the battery degradation is not influenced by the charging C-rate, which may be related to
the composition of the cathode.

Furthermore, in [53], the authors compared the influence of three different charging
currents (i.e., 3 A, 4 A, and 5 A) on two LiBs, cell A (i.e., NMC/graphite) and cell B (i.e.,
NCA/graphite), considering two cells for each aging condition. The capacity degradation
tendency, which is presented in Figure 9d (cell A) and Figure 9e (cell B), is similar for the
two investigated chemistries; in the beginning, there is a high capacity loss, followed by
a slower capacity fade in the middle of the life cycle, and ending with a sudden capacity
degradation period. For cell A, the capacity fade behavior of the battery cells charged with
5 A and 4 A is similar, and a faster degradation is observed than for the cells charged with
3 A (especially after 20% capacity fade). On the other hand, it can be observed that the
degradation paths are similar for cell B under all the currents from 3 A to 5 A (Figure 9e).

Based on the above studies, it can be concluded that, in most cases, higher charging
current rates result in the faster degradation of LiBs; however, both the degradation trend
and the influence of the charging rate change from chemistry-to-chemistry.

4.1.3. Impact of Charging Temperature

At low-temperatures, LiBs are characterized. In [56], the authors assessed the battery
(i.e., NCA/graphite, 2.9 Ah) charging in different low temperatures (i.e., −5 ◦C, −10 ◦C,
−15 ◦C and −20 ◦C). After charging to full state, they set a 3 h rest at room temperature for
the batteries, and then discharged all the batteries at 25 ◦C. At low temperatures, not only
is the charging efficiency lowered, but the energy that can be charged is correspondingly
reduced. Moreover, the authors found that the capacity obviously declines, with the
reduction in the ambient charging temperature. In the harsh conditions of −20 ◦C, the
battery capacity drops to 72% after only eight cycles. In contrast, at higher temperatures
(>+40 ◦C), the charging capacity increases and the internal resistance decreases further,
compared with charging at room temperature [57].

To conclude, the aging of the battery during the charging process is affected by the
cut-off voltage, current and temperature. High cut-off voltage, high current and extreme
temperatures (both low and high temperatures) will accelerate the battery aging.

4.2. Aging in Driving

The battery degradation in EV driving is sensitive to a variety of factors from the
behavior of the user to the environmental conditions. The mileage of the EV’s daily use is
related to the battery depth of discharge (DOD); driving speed and acceleration are related
to the battery discharge current; and the main environmental factor that influences the
battery aging is the temperature. These factors and the corresponding influences on the
battery are summarized in Figure 10.

Performing laboratory accelerated aging test is an effective method to analyze degra-
dation in EV batteries. In [58], Stroe et al. carried out a daily aging profile (e.g., WLTC),
which consisted of 22 h cycling and 2 h stand-by, as presented in Figure 11a, and analyz-
ing and assessing the aging of NMC-based battery cells. Furthermore, the temperature
changed monthly in accordance with the climate of Seville, Spain. After eleven months
of accelerated aging, the two tested cells lost approximately 10% of their initial capacity
(Figure 11b). A slow down tendency of the capacity fade appeared as the aging of the bat-
tery evolved, and the authors attributed this to the irreversible capacity loss caused by the
formation and growth of the solid electrolyte interface (SEI) layer in the initial stages. The
relationship between the monthly capacity fade and the temperature is shown in Figure 11c.
The highest capacity fade occurs in the first month, approximately 3%, corresponding to
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a cycling temperature of 36 ◦C. They also found that the degradation is minimal when
the battery is cycled at 26 ◦C (approximately room temperature). In addition, the increase
of internal resistance accelerates as the aging process evolves during the eleven months
of testing (Figure 11d). In [59], the author obtained a similar conclusion that the capacity
of pouch cell (e.g., NMC/graphite, 20 Ah) will fade more quickly in high-temperature
driving. They show that after 2184 cycles, the battery lost 19.2% capacity when aged using
the WLTC at 45 ◦C. On the contrary, when the battery was aged at a temperature of 10 ◦C,
almost no capacity degradation was observed after 1428 cycles.
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In [58], it was predicted that the battery will reach 20% capacity fade under the
considered aging profile (based on the WLTC driving cycle) after approximately 5.8 years.
To further accelerate battery aging, Simolka et al. selected the last part of the WLTC driving
cycle (called “extra high”), corresponding to high currents, and named it as “AP1” [60].
Based on AP1, the authors then doubled the current load in order to create a new profile:
“AP2”. The capacity fade of the LFP/G cells was tested based on AP1 and AP2 profiles; at
the same time, two DODs (i.e., 50% and 100%) were performed. These methods are very
suitable for studying the real-life applications of batteries in EVs. However, there are few
studies about NMC and NCA battery discharge based on these methods, currently.

Overdischarging also leads to the degradation of the battery. In [61], the author found
that overdischarging deteriorates the electrode materials. On the one hand, as the discharg-
ing cut-off voltage decreases, the surface temperature of the battery increases significantly,
leading to transition metal dissolution at cathode; on the other hand, overdischarging
causes irreversible structural transformation of cathode and anode, resulting in a decrease
in capacity. As presented by Lai et al. in [62], the critical over-discharging range for the
DOD is from 115% to 120%. When over-discharging exceeds this range (i.e., more than 20%
overdischarging), the rate of capacity degradation is greatly accelerated. If the open-circuit
voltage of the battery does not recover to values higher than 2 V during the rest process,
this may lead to an irreversible internal short circuit. Even worse, an explosion caused by
overdischarge when the external temperature is high has been reported [63].

It can be concluded that high temperatures will accelerate battery degradation in
real-life driving. Furthermore, overdischarging will also lead to battery degradation.

4.3. Aging in Standby

The standby state takes up a considerable amount of time in EVs’ real-life operation,
and the contribution to total aging is significant. The pace of the degradation process
during standby, known as calendar aging, varies depending on the SOC and temperature.

The effect of the SOC and temperature on the capacity fade of NMC-based LiBs
is exemplified in Figure 12a [64]. It is evident that the battery capacity fade is more
notable at high temperatures than at a moderate temperature. In addition, high SOCs will
also accelerate capacity fade due to the high voltage. As expected, the highest capacity
degradation occurs in the toughest conditions, with a high storage SOC (80%), and the
highest temperatures (45 ◦C) among these cases. The calendar aging situation is presented
in Figure 12b. In [65], the authors varied the storage SOC from 5% to 95%, and obtained
a similar conclusion that a higher SOC (i.e., over 70%) will accelerate the battery (e.g.,
LTO/NMC) aging significantly during 300 days of calendar aging. However, there is
no evident capacity degradation in cells with a SOC below 70%, even at 60 ◦C. This
behavior occurs because the LTO/NMC cells are more stable than other cells, even at high
temperatures. However, as reported in [66], when the cells (i.e., LMO+NMC/graphite)
were stored at a middle SOC (i.e., 50%), the degradation is faster than for the cells which
were stored at extreme SOCs (i.e., 10% and 90%). This is different from what was presented
in previous literature that showed an increase in degradation by increasing the SOC at
25 ◦C. However, it is obvious from most of the available literature that storage/idling
the LiBs at low SOCs and in low temperatures will result in slower capacity fade and,
subsequently, a long lifetime. Some of the recent work investigating the calendar aging of
NMC- and NCA-based LiBs is summarized in Table 4.
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Table 4. Comparison of calendar aging procedures and main conclusion from some work in current literature.

Battery Type Chemistry Temperature ◦C SOC (%) Main Conclusion Sources

SIMCAL (2009–2012) NMC 0, 25, 45 and 60 0, 30, 65, 80 and 100
Higher SOC leads to higher capacity loss;

temperature over 30 ◦C begin to accelerate
the aging

[67]

Panasonic
NCR18650BD LiC6/NCA 10, 25 and 45 20, 50 and 90 Accelerate aging obviously occurs in 45 ◦C

or 90% SOC case [68]

Panasonic
NCR18650PD G/NCA 10, 25 and 40 30, 45, 60, 75 and 90 Higher temperature leads to higher capacity

fade from 10 ◦C to 40 ◦C [69]

Panasonic
NCR18650PD G/NCA

25, 40 and 50
5, 10, 20, 30, 40, 45, 50,
55, 60, 65, 70, 80, 90,

95 and 100

Accelerate aging with the increasing of SOC
or storage temperature [70]

SanyoUR18650E G/NMC

EIG NMC pouch cell G/NMC 10, 25 and 45 10, 40 and 80
Higher SOC accelerates capacity fade, which
is prominent at a higher temperature than at

moderate temperature
[59]

Pouch cell LTO/NMC 40, 60 and 80 5, 20, 55, 70, 90 and 95

There is no obvious relationship between
temperature and capacity fade for

LTO/NMC, while the internal resistance
increased significantly.

[65]

EIG NMC pouch cell G/NMC 25, 35 and 45 20, 35, 50, 65, 80 and
100

Accelerate aging with the increasing of SOC
or storage temperature [64]
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ature and SOC on the battery capacity during calendar aging [64]; (b) self-discharge current for
different temperature and SOCs [71].

Self-discharge is also an important process during calendar aging, which results in
voltage decay and lower available energy. In [71], the authors analyzed the self-discharge
dependence on the temperature and SOC in a commercial cell. As shown in Figure 12b,
they found a self-discharge current from 2.0 µA to 4.5 µA at 25 ◦C, which is equivalent to
0.04–0.1% of the reversible capacity loss in one month; as the standby temperature increase
from 25 ◦C to 55 ◦C, the self-discharge current increase to 135 µA at 90% SOC. Furthermore,
the self-discharge current increases with the increase of SOC, and the growth trend is
particularly obvious at a high temperature of 55 ◦C.
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Based on the above analysis, during standby operation, high temperature and high
SOC, the degradation of the battery will be accelerated and the self-discharge phenomenon
will be more obvious.

4.4. Aging in Whole Application

Aging during standby operation is a very slow process, and it may take more than
ten years at room temperature before a battery reaches its end-of-life (EOL); however, this
operation takes up to 80% of the battery operation time in EV applications [72]. As such,
the impacts of standby aging cannot be underestimated. Low temperatures (e.g., 0–25 ◦C)
and a low SOC can effectively slow down the battery aging in standby [73].

Aging during the charging process is inevitable. Compared with driving aging, the
charging aging process is easier to be controlled. Usually, various charging methods can be
used to minimize the battery degradation and reduce the charging time.

Usually, the main aging of the battery is caused by driving [47]. Driving aging is
the most complicated and uncontrollable. It is related to the driver’s route and driving
environment, and differs due to different driving conditions.

In short, suitable temperatures, low SOC states in the standby process, and optimized
charging methods can minimize battery aging. For the complicated aging during driving
operation, some external protection measures (e.g., thermal management, battery pack
design, and so on) are necessary to prolong the life of battery.

5. Aging on Lithium-Ion Batteries

In Section 4, we separately analyzed the battery degradation in charging, driving
and standby operation, and the corresponding stress factors (e.g., temperature, current,
overdischarging etc.) were also summarized. The reason for battery degradation is that
these factors lead to deterioration in the internal components of LiBs. In this section, we
systematically review the main aging mechanisms at both the anode and cathode of LiBs,
as well as in the electrolyte.

5.1. Aging at the Cathode

Changes in the cathode, such as phase transition, cracking in particles, transition
metal dissolution (TMD), CEI film formation, binder decomposition, and loss contrast with
collector have an evident influence on the aging of LiBs [5,8].

The loss of active materials on the cathode is a common aging process and is reflected
in many aspects. The cathode structure is prone to changes during both standby, charging
and driving aging [12]. Especially in high current rate operations, many Li+ achieve
intercalation or de-intercalation from the cathode in a short time, which influences the
irreversible disorder phase transition in the cathode structure. Even worse, battery long-
term cycling under high voltage or high current will lead to cracks in the cathode material.
The generated fractures hinder the diffusion of Li+ and lead to severe capacity fade [74].
Furthermore, the appearance of cracks will result in an unstable structure of the cathode,
which by prolonged cycling, will further cause powdering and collapse of the cathode
materials [75]. If the cracks are distributed inside the cathode, the diffusion of Li+ is difficult
to achieve due to the lack of contact with the electrolyte, this may result in some cathode
materials being in an “isolated” state. Moreover, the battery operation at a high voltage
(at high SOC level) or high environment temperature will accelerate the dissolution of the
transition metal (TMD), especially for the Mn element, which dissolves in organic solvents,
producing water and HF [76]. The produced HF continues to dissolve the transition metals
and the Li+ on the surface of the cathode, leading to significant capacity fade [77].

The loss of the Li+ in the cathode is mainly attributed to the formation of the cathode-
electrolyte interface (CEI) film. The CEI film, which is similar to SEI film, consists of lithium
alkyl carbonates, lithium alkoxides (ROLi), Li2CO3, etc. [78]. These compounds result
mainly from the side reaction between cathodes and electrolytes. Operation of the battery
at a high voltage (SOC) will accelerate the decomposition of electrolytes and produce more
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HF which erodes the cathode, resulting in more CEI ingredients [76]. Furthermore, when
the battery is in charging and driving with high current rates, the side reactions will also
be enhanced because large currents increase the temperature significantly. The electrolyte
is easily decomposed at high temperatures, and this will accelerate CEI production [79].
Operation at high temperatures will also lead to binder decomposition and the current
collector dissolution. The degradation of the binder will lead to the structure of the positive
electrode being unstable, as a loss of contact in the electrodes results in an internal resistance
rise in battery [80].

All these main degradation mechanisms, corresponding to the cathode, are presented
in Figure 13.
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5.2. Aging at the Electrolyte

The electrolyte transports Li+ between the cathode and anode, and it is an important
part of LiBs. The cycle stability, capacity, safety, and operating condition of LiBs are
dependent on the electrolyte [81]. Conventional electrolytes usually consist of lithium
hexafluorophosphate (LiPF6) and other organic carbonates, such as ethyl methyl carbonate
(EMC), dimethyl carbonate (DMC), and diethyl carbonate (DEC).

The LiPF6 is not stable, and it can be easily decomposed into LiF and PF5 [82]. The
electrolyte aging starts with the reaction of organic carbonates and PF5. From the electro-
chemical reaction at the charged anode, these products will then form a surface film on
the anode, known as SEI film [83]. At the same time, a CEI film will form on the cathode
surface. The stable and dense surface film can inhibit the electrode’s surface exposure to
electrolytes, effectively reducing the reaction between the electrolytes and electrode [84].
However, the continuous rupture and regeneration of the SEI and CEI films during the
battery cycling will continue to consume Li+. This will result in reduced battery capacity.
At present, some electrolyte lithium additives have been added to the electrolyte to form a
more stable SEI film [85–87].

Especially in the charged state or at high temperatures, the electrolyte decomposition
is an inherent risk, leading to gas formation inside batteries; this may lead to severe
developments, such as a rise in the inner pressure of the battery cell, fire, or even explosions.
In [88], Gerelt-Od et al. investigated the overcharging of battery cells from 4.2 to 4.4 V in
moderate temperatures of 35–45 ◦C, which are the normal operating conditions in real life.
Four main gases (i.e., H2, CH4, CO2, and CO) were detected when cells were exposed to
the aforementioned electrical and thermal conditions. With the increase in battery voltage,
more H2 will be produced.

5.3. Aging at the Anode

The major aging mechanisms at the anode of LiBs are solid electrolyte interphase (SEI)
formation, anode volume expansion, lithium metallization, loss of contact, and transition
metal ions reduction.
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The process of SEI film formation is complex and mainly happens during the first
several charging and driving process. In those processes, firstly, the Li+ from the cathode
and the organic compounds from the electrolyte reacts with the graphite anode producing
an SEI film with a thickness usually estimated between a few angstroms up to tens of
nanometers [89]. The formation of SEI film consumes Li+, resulting in the loss of the
lithium inventory, and, subsequently, capacity fade. The SEI formation can consume up
to 10% of the initial battery capacity [90]. A stable SEI film is beneficial to the anode, as
it coats the anode surface and inhibits the direct contact between the electrolyte and the
anode, reducing further side reactions. Furthermore, the SEI film also has high selective
permeability for Li+. However, the SEI growth is difficult to control, because it is highly
dependent on the type of material and morphology of the anode, battery temperature,
electrolyte composition, and electrochemical conditions [8]. Moreover, the SEI film is easy
to corrode after the long-term operation of the battery. Subsequently, the cracked SEI film
will expose the anode to the electrolyte, leading to additional SEI growth and capacity
loss. Electrolyte decomposition and side reactions will produce gas and exacerbate this
degradation process. Even worse, during charging and driving, the graphite volume
expands by approximately 10% [9]. Cracking of the SEI film is accelerated by cycling at
high DOD levels and/or idling the battery at elevated SOCs. All of these processes will
consume Li+ to generate the SEI film, resulting in capacity fade and resistance increase.

The formation of lithium metal is also a common aging mechanism at the anode
side. When the LiBs operate at high SOC, the anode will be intercalated with a lot of Li+,
resulting in a low potential of the anode (i.e., the redox potential of Li/Li+ close to 0 V) [91].
When the partial anode polarization potential is below this voltage, the Li+ will deposit
on the anode surface, forming metallic lithium. Especially during cycling at a high DOD
or during long-term idling at a high SOC, lithium dendrites will grow on the anode [92].
The formation of lithium dendrites not only reduces the usable Li+, but also destroys the
anode structure and, possibly, pierces the separator leading to short circuits and thermal
runaway [93]. Finally, charging the battery with high current rates, which are greater
than the speed of Li+ diffusion to the anode, will lead to lithium plating. Moreover, the
operation of the LiBs at low temperatures will lead to a slow Li+ diffusion, producing more
lithium plating and dendrite on the anode [94].

A high SOC state results in a high QNMC/SiC, which is related to the side reactions
at the anode, including the dissolution of the Cu current collector and oxidation of the
electrolyte. At the same time, a high temperature will accelerate this process. When the
battery is stored in a high SOC, the self-discharge occurs significantly. Driven by the
potential difference between the cathode and anode, the dissolved transition metal ions
move from the cathode to the anode and are reduced by the charged anode forming metals
deposits [95]. As a result, the deposited metals in an inactive state (e.g., “dead lithium”)
appear in the anode or on the copper current collector surface. The deposited metals, as
cathode, then combine with the anode to form a micro-battery, which greatly reduces the
current efficiency and aggravates the available capacity fade of the LiBs [96].

All the aforementioned anode aging mechanisms are illustrated in Figure 14.
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6. Conclusions

Because of their intrinsic properties, such as higher energy densities and low cost,
Ni-based LiBs chemistries (i.e., NMC and NCA) are the preferred choices for powering EVs.
As such, this work is mostly focused on reviewing the aging mechanisms and degradation
behavior of these chemistries when used in various EV applications.

The long-term operation of LiBs in EVs involves many complex aging mechanisms.
According to different application scenarios, this paper analyzes the battery aging be-
havior under EV charging, standby, and driving conditions, respectively. For all of the
aforementioned conditions, we have individually linked the battery stress factors (e.g.,
temperature, cut-off voltage, etc.) to the battery performance and degradation behavior in
EV applications. The effect of these stress factors (i.e., temperature, SOC, current, cut-off
voltage, and DOD) on the degradation of the battery cathode, electrolyte, and anode is then
fully analyzed. Therefore, this article provides a comprehensive review of the degradation
of the battery performance parameters under EV operation, using driving cycles.

By minimizing exposure to the conditions that most accelerate battery aging, the
life-span of the battery can be prolonged. High-temperature operation will cause side
reactions in the battery, while lithium metalization on the anode is accelerated at low
temperatures. Furthermore, a high charging current reduces the EV charging time but
accelerate the battery aging to a significant extent. Finally, the high SOC operation (e.g., high
cut-off voltage, idling at high SOC, and/or cycling at high DOD) also lead to accelerated
degradation on the battery. All of these factors, which are specific to the EV battery
operation, the triggered degradation mechanisms, and the effect on the battery performance
parameters, are illustrated in Figure 15.
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However, the battery degradation problem still needs further research, especially re-
garding EVs operation. At present, the literature regarding battery performance-degradation
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a b s t r a c t

A capacity increase is often observed in the early stage of Li-ion battery cycling. This study explores the
phenomena involved in the capacity increase from the full cell, electrodes, and materials perspective
through a combination of non-destructive diagnostic methods in a full cell and post-mortem analysis
in a coin cell. The results show an increase of 1% initial capacity for the battery aged at 100% depth of
discharge (DOD) and 45 �C. Furthermore, large DODs or high temperatures accelerate the capacity
increase. From the incremental capacity and differential voltage (IC-DV) analysis, we concluded that
the increased capacity in a full cell originates from the graphite anode. Furthermore, graphite/Li coin cells
show an increased capacity for larger DODs and a decreased capacity for lower DODs, thus in agreement
with the full cell results. Post-mortem analysis results show that a larger DOD enlarges the graphite d-
space and separates the graphite layer structure, facilitating the Li+ diffusion, hence increasing the battery
capacity.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-

vecommons.org/licenses/by/4.0/).

1. Introduction

Lithium-ion (Li-ion) batteries have been widely used in electric
vehicles (EVs) due to their high energy density, low self-discharge,
and long lifetimes [1]. However, the inevitable degradation under
charge/discharge cycle has significant consequences on safety
and reliability of the battery system [2,3]. The aging behavior of
batteries during the initial charge/discharge cycles is particularly
critical for state-of-health analysis, lifetime prediction, and holds
keys to the development of high-performance batteries [4]. A grad-
ual capacity increase is one of the most anomalous behaviors in the
early stages of battery cycling, which results in an increase in
stored energy. This behavior may lead to unstable operation of a
battery system or even cause accidents.

Some researchers used data-driving approaches to predict the
battery cycling life and consider the capacity increases in their
algorithms [5–8]. These approaches usually require extensive bat-
tery testing and large data sets. If the capacity increase can be
understood from the perspective of underlying physical mecha-
nisms perspective, the effect can be eliminated by improving cells’
manufacturing process or by optimizing the charging and

discharging profiles. Up to now, the mechanism responsible for
the battery capacity increase or recovery during initial charge/dis-
charge stages has been rarely studied.

Several previous studies, summarized in Table 1, have reported
an increase in battery capacity during cycling aging; however, the
understanding of the underlying mechanisms is limited. Gyenes
et al. [9] proposed the so-called ‘‘overhang” mechanism to explain
the increasing in capacity during aging. They have found that Li-
ions are inserted into the overhang region of graphite anode during
the high state of charge in initial cycles, followed by diffusion of Li-
ions from the overhang regions in the subsequent cycling, hence
causing a slight capacity excess. Nevertheless, it is still difficult to
explain the continuous capacity increase over hundreds of cycles
due to a limitedamountof lithiumionsdeposited inoverhangs. Lew-
erenz et al. [10] have extended this approachwith the concept of the
so-called ‘‘passive electrode”, where the anode potential is affected
by the potential difference between the active and the passive
regions of the anode, which results in a low potential of the anode
and a capacity rise of the full cell. However, these mechanisms can-
not explain the variety of situations in which the capacity increased
is observed. In [5], Severson et al. found a trend of capacity increase
during the initial cycles for all the 124 aged cells. They explained this
behavior by Dubarry’s description, i.e., the loss of negative electrode
material leads to a high potential difference in the cell [11]. Dubar-
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ry’s experiment is performed by simulating the loss of the negative
electrodematerial, resulting in a rise of the voltageplateauof the full
cell, and subsequently an increased capacity. Kobayashi et al. [12]
aged the battery with a shallow depth-of-discharge (DOD) (40%–
60%) for 250 days, and then trained it at 100% DOD. Surprisingly,
the capacity lost during the shallow cycling, could be, to a large
extent gradually recoveredduring the full cycles. The authors attrib-
uted it to a non-uniform distribution of Li-ions created during shal-
low cycling.

Overall, the experimental evidence points to the fact that the
capacity increase is related to the extent of DOD. However, the
mechanisms related to this behavior has not been fully explained
yet.

The analysis in the above studies has been mainly focused on
non-destructive methods such as electrochemistry simulation,
characteristics of charging-discharging curves, and in-situ pulse
test (e.g., electrochemical impedance spectroscopy (EIS)). These
powerful techniques have been widely used in previous studies
and carried out at full-cell level; however, those techniques are less
effective at the electrode and/or material level.

Ex-situ techniques such as X-ray diffraction (XRD) and field
emission scanning electron microscope (FESEM) can often provide
in-depth analysis of the material and electrode degradation,
revealing the internal aging mechanisms of the battery. Neverthe-
less, for this purpose, the cells have to be disassembled.

The framework reported in the present study combines both
in-situ and ex-situ approaches to analyze the capacity-
increasing mechanism on the full-cell, electrode, and material
levels, ensuring that the full-cells under test are not destructed.
Specifically: (1) the 18650 full cells are aged at different DODs
and temperature to study the effect of those factors on capacity
increase; (2) fresh positive electrode/Li-metal (NMC/Li), fresh
positive electrode/fresh negative electrode (NMC/graphite), and
fresh negative electrode/Li-metal (graphite/Li) are assembled in
coin cells to analyze the degradation indicators from the electro-
chemical characteristic curves (IC-DV); (3) according to the
degradation indicators in (2), the IC-DV curves from full cells
are studied, and the aging mechanism in full cell level is ana-
lyzed by EIS; (4) according to the inference results from (3),
the influence in capacity increasing is further studied at the coin
cell level. Using this framework, the mechanism of capacity
increase is thoroughly explained and discussed.

The structure of the paper is as follows: Section 2 describes
the full cell aging experiment and presents details about coin
cells fabrication and testing. Section 3 analyzes the data from
full cell aging and deduces the targeted aging mechanism. Sec-
tion 4 presents an in-depth analysis of the aging mechanism at
both electrode and materials levels. Section 5 is a summary of
our main conclusion.

2. Experimental

2.1. Full cell testing

Full cell testing was carried out on commercially available
18650 full cells, manufactured by Haidi company, with a capacity
of 2.2 Ah and a nominal voltage of 3.7 V; LiNi0.5Co0.2Mn0.3O2 and
synthetic graphite were used as cathode and anode materials,
respectively. Seven cells were tested using a Digatron battery test
station in four cycling cases, as summarized in Table 2. Two cells
were tested for every test case, except for case 1, where one battery
was tested. Thus, data from seven battery cells were collected. The
test program is shown in Fig. S1.

Aging test: The cycling aging tests were performed based on the
following procedure. Initially, the cells were charged to 4.2 V using
a constant current-constant voltage (CC-CV) profile with a 0.5 C
constant current. The cells were considered fully charged when
the current decreased to 0.11 A. In the next step, the cells were dis-
charged to certain SOC values, as summarized in Table 2, using a
synthetic current profile with an average current of 0.19 C. The
same synthetic current profile was used for all the four cases.

Reference performance test (RPT): To analyze and quantify the
effect from the operating DODs and temperatures, RPTs at 25 �C
were performed, after every 100 equivalent full cycles (EFCs). To
measure the capacity, the cells were charged to 4.2 V using a CC-
CV profile with a 0.5 C current; the cells were considered fully
charged when the cut-off current reached a value of 0.11 A. After
a one hour pause, the cells were discharged to 2.75 V under 0.5 C
constant current. In addition, the EIS spectra of the cells were mea-
sured, using a Digatron Firing Circuits EIS analyzer, in the fre-
quency range of 6.5 kHz to 10 mHz, considering high, medium,
and low frequency points; the obtained EIS spectra were fitted
with an appropriate equivalent circuit model using the ZsimDemo
software (Ametek company), as presented in Section 3.3.

2.2. Coin cell assembly and testing

NMC positive electrodes and graphite negative electrodes were
also provided by Haidi company, which are from the same batch as
the electrodes used in the 18650 full cells. It is also feasible to
obtain the electrodes from disassembling fresh 18650 full cells,

Table 2
The test matrix for 18650 full cell aging.

45% DOD 75% DOD 100% DOD

35 �C Case 1 – Case 2
45 �C – Case 3 Case 4

Table 1
An overview of the publications related to capacity increasing of Li-ion battery in cycling.

References Electrodes Battery type Relative capacity
increase/cycles

Mechanism suggested

Gyenes et al.
[9]

NMC/graphite Pouch cell 1% Diffusion of Li ions from the overhang region of graphite anode.

Lewerenz et al.
[10]

LFP/graphite 18650 0.4%–1.7%/200 Diffusion of Li ions from passive electrode areas.

Severson et al.
[5]

LFP/graphite A123 18650 0.2%/100 Loss of negative material change the potentials.

Dubarry et al.
[11]

LFP/graphite Coin cell 1% Loss of negative electrode.

Kobayashi
et al. [12]

LFP/graphite Large-scale cells
100 Wh

20%/recovery cycling Non uniform Li-ion distribution is formed under shallow cycling and leads to
capacity loss. It can be restored.
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so readers can refer to it if fresh electrodes cannot be obtained
from the manufacturer. Both positive electrodes and negative elec-
trodes were cut into 14 mm-diameter-discs, which were paired
with 15 mm-diameter-lithium metal discs and assembled into
2016-coin cell cases. The electrolyte was 1 M LiF6 in dimethyl car-
bonate (DMC)/diethyl carbonate (DEC) mixed in 1:1 ration, and the
amount is 5 drops with a 1 mL pipette in each coin cell.

Coin cell test for degradation indicators: NMC/Li, NMC/graphite
and graphite/Li were assembled as coin cells as described in the
previous section. NMC/Li and NMC/graphite coin cell were charged
with 0.1 C-rate (1 C = 150 mAh g�1) to 4.2 V, then charged under
constant voltage of 4.2 V until the current reduced to 0.01 mA;
then, the cells were discharged to 2.75 V by 0.1 C constant current.
The graphite/Li coin cells were charged and discharged between
1.5 and 0.001 V by a constant current of 0.4 mA which corresponds
to a 0.1 C current (i.e., 0.15 mA) in the test of the NMC/Li and
NMC/graphite coin cells.

Coin cell test for evaluating the graphite electrode: Graphite/Li
coin cell were repeatedly charged and discharged by a constant
current of 0.8 mA which is the same as 0.2 C current in the test
of NMC/Li and NMC/graphite cells. The voltage ranges were set
to 1.0–0.001 and 0.2–0.001 V, which correspond well with the gra-
phite available capacity in the full cell with 100% DOD and 45%
DOD. XRD (Panalytical company) was performed to measure the
graphite anode structure at 45 kV with a scanning speed of 2�/
min. The FESEM (Zeiss 1540 XB) was used to observe the graphite
morphology at 20 keV.

3. Capacity increase in full cell

3.1. Capacity increase

The initial RPT tests revealed an abnormal capacity increase in
some cells during the first 200–300 EFCs under the combined influ-
ence of DOD and temperature. Fig. 1 shows the state of health
(SOH) evolution for full cells during the first 400 EFCs. After initial
200–300 EFCs, all the cells eventually showed an expected decline
in capacity. In Fig. 1(a), we present the capacity evolution of the
cells cycled under 45% DOD and 100% DOD at 35 �C. The cells aged
at 100% DOD showed a slight increase in capacity in the first 100
EFCs, then the capacity started to decrease in later stages of the
aging test. The cells aged at 45% DOD exhibit a decrease trend in
capacity in initial 200 EFCs. A similar capacity increase trend was
also observed for the cells aged at 45 �C, as shown in Fig. 1(b). In
the first 200 EFCs, both the cases of 75% DOD and 100% DOD show
capacity increase. For the 100% DOD aged cells, a 1% capacity

increase is observed in the first 200 EFCs, after which a faster (than
for cells aged at 75% DOD) capacity fade occurs. Regarding the
influence of temperature for the cells aged at 100% DOD, the
capacity increase by 1% at 45 �C, which is more obvious comparing
with the 0.3% increase at 35 �C.

To summarize, for the tested battery cells, an increase in capac-
ity, which appears in early aging stages, is more obvious for larger
DODs (such as 100% DOD and 75% DOD). Furthermore, the temper-
ature exacerbates this effect for 100% DOD cycling.

3.2. Analysis of degradation indicators

To further study the capacity increase in 18650 cells at elec-
trodes level, a number of advanced techniques have been used in
literature to identify and quantify the electrochemical aging
behavior in Li-ion batteries [13], such as incremental capacity
and differential voltage (IC-DV) and EIS. These techniques use char-
acteristic peaks or shape of the test curves as indicators to recog-
nize battery aging.

3.2.1. Incremental capacity and differential voltage (IC-DV)
An IC curve is obtained by differentiating the battery capacity

with respect to the voltage change, using Eq. (1), where Qt and Vt

correspond to the capacity and voltage at the time t [14,15]. The
obtained IC plot shows the capacity contribution from certain volt-
age plateaus of batteries, and can be quantified by peak height,
position, and area.

IC ¼ dQ
dV

¼ DQ
DV

¼ Qtþ1 � Qt

Vtþ1 � Vt
ð1Þ

Similar to an IC curve, a DV curve is defined as the derivative of
voltage with respect to the charge or discharge capacity, using Eq.
(2), which reflects a change in voltage with the capacity evolution
[16]

DV ¼ dV
dQ

¼ DV
DQ

¼ Vtþ1 � Vt

Qtþ1 � Qt
ð2Þ

However, for IC and DV curves, the relationship between the
indicators (change and shift in peaks) and the degradation behav-
ior varies according to the type of electrode materials and the elec-
trode parameters in a full cell. It is necessary to clarify the relation
between the IC-DV indicators and the corresponding performance
of the electrodes in a certain battery. Generally, electrochemical
curve simulation is used to analyze the degradation indicators.
However, it requires a detailed knowledge of over one hundred
parameters in a full cell [17], which is difficult to collect. A slight

Fig. 1. Capacity fade in full cells during cycle aging at (a) 45% DOD and 100% DOD, at 35 �C, (b) 75% DOD and 100% DOD at 45 �C. The RPT test were carried out in the voltage
range of 2.75–4.2 V with 0.5 C-rate (1.1 A) at 25 �C; error bars represent the standard deviation between two cells in each case.
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error in parameters could lead to wrong simulation results and
misunderstanding of the degradation indicators. Here, we propose
to use coin cell batteries to compare the difference in IC and DV
curves between half-cells (NMC/Li and Graphite/Li) and full coin
cells (NMC/Graphite). Afterwards the degradation indicators will
be clearly analyzed at electrode level.

Fig. 2(a) shows the charging-discharging (Q-V) curves of NMC/
Li, NMC/Graphite and Graphite/Li coin cells, respectively. Overall,
the shapes of NMC/Li and NMC/Graphite curves are similar and
exhibit the typical high voltage plateau for NMC positive electrode.
There are several distinctions between the two curves, where the
graphite voltage governs the gap between the curves of NMC/Li
and NMC/Graphite by transforming between pure graphite and
LiC6. That is reflected in a higher voltage plateau of NMC/Li and a
rapid voltage rise in early stage of charging curve for NMC/Gra-
phite. Based on the Q-V curves in Fig. 2(a), the corresponding DV
curves were obtained and are shown in Fig. 2(b). Peaks in DV
curves mark transitions between the two adjacent voltage plateaus
in Fig. 2(a). Therefore, a shift in the peaks positions corresponds to
a change in the duration time of voltage plateaus, which, in turn, is
related to the amount of active material in the electrodes. Conse-
quently, the left shift of DV peaks means that the amount of Li-
intercalatable active materials in the respective electrode is
reduced. Conversely, a shift of DV peaks to the right means an
increase in the amount Li-intercalatable active materials. The
NMC/Graphite DV curves show three evident peaks ‘‘I”, ‘‘II”, and
‘‘III”, corresponding well to the peaks in DV curve for the Gra-
phite/Li cell. In contrast, there is no obvious peak in the DV curve
for NMC/Li, which means that the potential on the positive elec-
trode changes smoothly during charging. Hence, I, II, and III peaks
visible in Fig. 2(b) are determined by the graphite anode changing
the state from C to LiC6.

The peaks in the IC curves represent phase transitions during
electrochemical reactions, which related to the plateaus in voltage
profiles and valleys in DV curves, respectively. The peaks represent
the battery capacity increase in certain voltage intervals. Com-
pared with DV curves, IC curves present cell degradation indicators
as a function of voltage, which provides a better reference to the

state of a battery as compared to the capacity dependence [11].
As shown in Fig. 2(c), the graphite anode has three pairs of
oxidation/reduction peaks, which are the main reason for the gap
between the IC curves corresponding to the NMC/Li and NMC/Gra-
phite, as illustrated in Fig. 2(d). Regarding the NMC/Li cell, the IC
curve shows only a pair of main oxidation/reduction peaks, which
corresponds well with the only one DV valley in Fig. 2(b). The
NMC/Graphite shows an extra pair of peaks V and V́, attributed
to the graphite anode. Therefore, the intensity of the V peak repre-
sents the capacity of the graphite anode in a certain voltage pla-
teau, which also indicates the amount of available graphite in the
negative electrode.

3.2.2. Electrochemical impedance spectroscopy (EIS)
The impedance spectrum of a typical Li-ion cell is shown in

Fig. 3. Although the figure is schematic, it was drawn based on
the real 18650 full cell experiments. The impedance is composed
of two partially overlapped semicircles from high frequency to
middle frequency, and a straight slopping line at the low frequency
end. The Rohm represents the bulk resistance, which is related to
the electric conductivity of electrolyte, separator, connector, and
connection cable [18]. Rsei is the resistance caused by the solid-
state interface film on the electrode surfaces. Its value corresponds
to the diameter of the fitted semicircle at a relative high frequency
region (about 6400–50 Hz). Rct represents the charge-transfer
resistance, corresponding to the diameter of the fitted semicircle
at the medium frequency region (about 50–0.2 Hz), and the
straight line in the low frequency region mainly corresponds to
Li-ion diffusion resistance due to the concentration polarization
[19]. The measured EIS data can be simulated by an equivalent cir-
cuit, like shown in the insert in Fig. 3(a), using ZsimDemo 3.30
software.

Furthermore, the Li+ diffusion coefficient (DLi
+ ) in the solid elec-

trode can be calculated using Eq. (3), where the Warburg factor (r)
can be calculated by Eqs. (4) and (5) [20,21]

DLiþ ¼ R2T2

2A2n2F2C2r2
ð3Þ

Fig. 2. The electrochemical behavior of electrodes in coin cell. The experiments were performed in coin cells with the combinations of NMC/Li (2.75–4.2 V, 0.1 C), NMC/
Graphite (2.75–4.2 V, 0.1 C) and Graphite/Li (0.001–1.5 V, 0.1 C). (a) Charging and discharging curves for the three types of coin cells; (b) the DV curves corresponding to the
charging process in a full cell; (c) IC curves of the graphite anode; (d) IC curves of the NMC/Li and NMC/Graphite.
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Zre ¼ Rohm þ Rct þ rx�1=2 ð4Þ

x ¼ 2pf ð5Þ

where R is the gas constant (8.314 J mol�1K�1), T is the absolute
temperature (298 K), A is the surface area of the electrode, n is
the number of the transferred electrons per molecule, F is the Fara-
day constant (96,485 C/mol), C is the concentration of Li+, Rohm is
the charge transfer resistance, and x is the angular frequency.

R, A, n, F, C, and T are the same for the four types of full batteries
used in this research. Therefore the relative change in Li-ion diffu-
sion rate (DLi

+ / initial DLi
+ ) can be calculated, such as D1:D2:D3:

D4= 1
r1

2 :
1

r2
2 :

1
r3

2 :
1

r4
2, where the Warburg factor (r) is the slope of

the fitted line, as shown in Fig. 3(b). In this way, the impedances

and the trend of the relative change in the Li-ion diffusion rate
can be calculated.

3.3. Mechanism identification

The voltage curves of the 18650 full cells in the four aging cases
are shown in Fig. 4. All the curves show the plateau and the overall
shape very similar to the charging/discharging curves of the NMC/-
graphite coin cell, presented in Fig. 2(a). This indicates that it is fea-
sible to study the degradation indicators by the coin cells in
Section 3.2. In the charging curves shown in Fig. 4, a lower initial
charging voltage corresponds to a higher final charging capacity
as well as a higher discharging capacity in every case. Therefore,
the increase of the capacity is related to the increase in the electro-
chemical window of charging in full cells. For this phenomenon,

Fig. 3. (a) Typical EIS spectra of the Li-ion cell and the equivalent circuit used to fit the Nyquist curve; (b) the relationship between Z0 and x�1/2 based on (a).
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the most common explanations come from Dubarry’s
electrochemical modeling, where the simulation results show that
the loss of anode graphite will lead to an increase in the main dis-
charging voltage plateau (about 3.7 V), resulting in an increased
capacity of the full cell [11]. Obviously, this simulation result can-
not be used to explain the capacity increasing behavior in our
experiment, because, in all the cases, the main discharging plateau
shows a decreasing trend with the cycling evolution, as marked
with the green arrow in Fig. 4.

The DVA and ICA techniques were used to study the electro-
chemical behavior of the 18650 full cells based on the capacity-
voltage curves presented in Fig. 4. The IC curves corresponding to
the cells aged in the four considered cases are shown in Fig. 5(a–
d). The curves exhibit similar characteristic and shape to the
NMC/Graphite coin cell in Fig. 2(b and d). This further proves that
the mechanism analysis described in Section 3.2 is applicable to
full cells.

Based on the indicators discussed in Section 3.1 (i.e., for an IC
curve, the main peak intensity represents the amounts of active
materials while the secondary peak is related to the available gra-
phite in the anode), the intensity of the main peak around 3.7 V
decreases with the number of EFCs for all cases; this behavior is
related to the loss of active materials in the positive electrode or
negative electrode. Regarding the peak around 3.53 V, it shows a
decrease and a displacement towards right trend for cases 1. The
decrease of peak intensity means that the graphite contributes less
capacity in this phase transition process due to the reduced active
graphite. The reason for the shift of the 3.53 V peak towards right is
due to the increase in the internal resistance of full cell, corre-
sponding to a reduced electrochemical window as well as a lower
capacity. The case 3 only show a decrease trend in main peak of IC
curve, and there is no change in secondary peak of IC curve and DV
curve, which is consistent with the stable cycling performance in
Fig. 1. On the contrary, the peak intensity at 3.53 V in case 3 and
case 4 show an increasing trend, which means an increase in the
available capacity of the graphite anode. Finally, the shift of the
peak towards a lower voltage direction in case 2 and case 4 corre-
sponds to a wider electrochemical window as well as an increased

capacity in the full cell. This is consistent with the lower initial
charging voltage illustrated in Fig. 4(c and d).

The DV curves, which can clearly show the gap between two
adjacent phase transitions, for the four cases are shown in Fig. 5
(e–h). As expected, the main peak in the DV curves shifts to left
with the cycle evolution for case 1 because the graphite fails to
adequately accommodate the Li-ions. However, the main peak in
DV curves of case 3 and case 4 unexpectedly shift to high-
capacity direction with the cycling, which means an extended gra-
phite lithiation plateau as well as more available graphite in anode.
For further analysis, we have to employ electrochemical impe-
dance spectroscopy (EIS) technique to measure the impedance in
battery.

The evolution of the EIS spectra of the full cells during the first
400 EFCs, in each of the four aging cases is presented in Fig. 6; the
EIS have been measured at 90% SOC and the curves were fitted
using the circuit presented in Fig. 3(a). The evolution during aging
of the elements of the circuit is presented in Fig. 6(b).

As shown in Fig. 6(b), there is a minor change in Rohm for case 1.
In the more severe aging conditions of case 2, case 3, and case 4,
the Rohm increases gradually. The increase of Rohm is more obvious
in case 4, as the higher temperature and the larger DOD range
accelerate the degradation of electrolyte, separator, and current
collector. The Rsei shows an increasing trend in all four cases, which
is related to the continuous formation, shedding and precipitation
of the SEI film, resulting in an increased interface impedance. The
mechanism will be discussed in section 4, specifically. The Rct

trends to increase for all four cases, which can be attributed to
crack formation or structural changes in the graphite and NMC
during cycling, resulting in a poor electronic conductivity [13].
However, the Rct shows the same gradually increasing trend, as
observed for the capacity, from case 1 to case 4. Furthermore, the
Li+ diffusion rate shows an increasing trend with cycling evolution
in cases 2–4 (see Fig. 6b).

In conclusion, there is an increase in capacity of the first 100–
300 cycles of the full cell, which is more obvious in a higher tem-
perature and larger DOD aging cases. From the analysis of the Q-V,
IC, and DV results, it can be concluded that the graphite anodes

Fig. 4. Charging/discharging curves of the 18650-type cell aging in (a) case 1; (b) case 2; (c) case 3; and (d) case 4.
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cycled at 100% DOD exhibited enhanced graphite anode
characteristics with the cycling. Furthermore, EIS further proves
that the Li+ diffusion coefficient in the graphite anode has
improved with the cycling in the same conditions. These behaviors
correspond well to the increase in the battery capacity, which is
observed in the initial cycling stage. However, the charge-
transfer resistance increases obviously, especially for cycle aging
at elevated temperatures and larger DODs. The specific reasons
are further analyzed from the electrodes and material levels.

4. Capacity increase in the graphite anode

Graphite/Li coin cells were assembled, in which the graphite
negative electrode is the same as in the 18650 full cells provided
by the same commercial company. Two group coin cells were
cycled in the voltage ranges 0.001–0.2 and 0.001–1.0 V, which cor-
respond to 45% DOD and 100% DOD in a full cell. The cycling per-
formance is shown in Fig. 7(a). Due to the high potential of pure
graphite (2.8 V, Li vs. Li+), it contributes a high lithiation capacity
when discharged to 0.001 V in the first point. In the large DOD

(i.e., 0.001–1.0 V), the capacity shows an increase trend in the
initial cycling stage. In contrast, the capacity shows a sharp
decreasing trend and then increases in stages, when the coin cell
is cycled between 0.001–0.2 V. This performance behavior is con-
sistent with the performance of the 18650 cells, regarding the
influence of DOD, as well as with the increasing trend of the sec-
ondary peak of the IC curves presented in Fig. 5. Furthermore, as
reported in [22], the NMC material exhibits a continuously
decreasing trend of the capacity in different DODs. Therefore, one
can conclude that the initial capacity increase of the 18650 full
cells is caused by the graphite negative electrode.

Ex-situ XRD was performed to study the structure change of
the graphite in different state of charges. The IC curves corre-
sponding to the graphite lithiation and delithiation process are
shown in the left-hand side of Fig. 7(b). In the IC curve, the mid-
dle point is the lithium saturation state, and the lithium content
gradually decreases to two sides, where the peaks in the lithia-
tion process correspond to the following transitions LiC30 !
LiC18, LiC18 ! LiC12 and LiC12 ! LiC6. LiC6 is the full lithiation
state of graphite [23]. The change in lithium content is not only
reflected in the voltage of graphite, but also in the evolution of

Fig. 5. IC and DV curves for full cell aging at (a, e) case 1; (b, f) case 2; (c, g) case 3, and (d, h) case 4. The curves are derived based on the capacity measurements performed at
25 �C and 0.5 C-rate. LAM represents the loss of active materials, such as positive electrode and negative electrode; LNE represents the loss of available negative electrode; INE
represents the increase of available negative electrode in cycling.
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the structure. XRD results of graphite with different charging
states are shown in the middle of Fig. 7(b). All XRD patterns
exhibit evident graphite characteristic peaks at around 27�,
which shifts with the voltage evolution. The corresponding d-
spacing (C–C distance) values are calculated by HighScore Plus
software and presented in the right-side of Fig. 7(b). With the
voltage decreasing, the C–C distance show an increasing trend
due to the increased lithium content. Cycling in a larger voltage
range (i.e., 0.001–1.0 V) means a larger variation in the inter-
layer spacing. When the graphite lithiation occur from 0.27 to
0.001 V, the d-spacing (C–C distance) increases by 8.8%, then it
gradually recovers. As the variation in d-spacing, the SEI film
may break down, form again, and lithium salt precipitation,
resulting in an increased Rsei as also illustrated in Fig. 6.

After 25 EFCs (where 1EFC = 4 mAh), the two-coin cells were
charged to a fully de-lithiation state (i.e., 1.5 V), then they were
disassembled to perform post-mortem analysis. The XRD patterns
of the cycled graphite anodes are shown in Fig. 7(c). For fresh gra-
phite, we have measured a 3.31 Å d-spacing. After cycling, the d-

spacing has increased to 3.47 and 3.66 Å, when aging the cells
between 0.001–0.2 and 0.001–1.0 V, respectively. As it can be
observed, a larger voltage interval enlarges the graphite interlayer
spacing, which is beneficial to the diffusion of Li+ [24]. This behav-
ior was further proved by EIS results, which are presented in
Fig. S2. This is consistent with the increase in Li-ion diffusion coef-
ficient (see Fig. 6), obtained from the EIS analysis, for the full cell
aged at larger DOD.

The morphology of the cycled graphite electrodes between
0.001–0.2 and 0.001–1.0 V cases were characterized by FESEM
and the images are shown in Fig. 8. For the coin cell cycled between
0.001 and 0.2 V, the FESEM images of cross-section and the EDS of
carbon (C) and oxygen (O) elements are shown in Fig. 8, initial RPT
tests revealed an abnormal. The graphite particles, with a size of
10–20 lm, are uniformly distributed over the copper current col-
lector. The oxygen element is mainly from the surface of the SEI
film and inorganic salt compounds. This indicates that the SEI film
is distributed on the surface of the cycled electrode. As shown in
Fig. 8, initial RPT tests revealed an abnormal, the intact graphite

Fig. 6. The experimental and corresponding fitting result of EIS for 18650 cells (a) EIS spectrum of the four cases; (b) corresponds resistances result.
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particles exhibit smooth surfaces and bond well with the copper
current collector. As reported in [25], this smooth surface is named
basal plane; it is difficult for Li+ to pass through this basal plane
because the internal carbon atoms form tight covalent bonds with
their neighbors making them very chemically resistant, thus,
resulting in a low Li+ diffusion coefficient. The slow diffusion rate
leads to the accumulation of Li+ in the anode-electrolyte interface,
forming ‘‘dead lithium” and lithium dendrites [26]. As shown in
Fig. 8(c), the negative electrode surface grows lithium dendrites
with a small size of several nanometers as well as the SEI film.
The formation of lithium dendrites and of the SEI film is the main
cause of loss of lithium inventory and it also damages the graphite,
resulting in a capacity decrease. All these explain why the full cells
aged with a 45% DOD shows an evident capacity decrease in the
initial cycles.

For the coin cell cycled between 0.001 and 1.0 V, the FESEM
image of the cross-section is displayed in Fig. 8(d). A soft texture
caused by layer separation inside the graphite particles is
observed. On the graphite surface, the basal panel disappeared,
forming clusters of graphite nanosheets. The increase of graphite
spacing will undoubtedly reduce the electronic conductivity,
resulting in an increased charge transfer resistance Rct as also
reported in Fig. 5. This may be attributed to the larger variation
in the graphite interlayer spacing during larger DOD charge and
discharge. Thereby, the graphite layer is exfoliated into a
nanosheet shape, as shown in Fig. 8(e), which exposes more gra-
phite surface to the electrolyte, resulting in facilitating the Li+

transport. Consequently, graphite nanosheets accelerate the lithi-
ation and de-lithiation process, and the Li+ insert in graphite
with a lower ionic resistance, causing a lower initial charge

Fig. 7. (a) The cycling performance of graphite anode in the voltage range of 0.001–1.0 and 0.001–0.2 V. Ex-situ XRD patterns for (b) the structure evolution during
electrochemical de-/intercalation of Li-ions half cells, and the corresponding d-spacing in graphite layer calculated by Highscore software; (c) graphite anode after 25 equal
full cycles in different voltage ranges in a 1.5 V state of voltage.
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voltage (as shown in Fig. 4) as well as an increased capacity of
the battery. This explains well why the capacity increases in
the initial cycling stage.

5. Conclusions

In this study, the mechanism of the capacity increase, observed
in the early cycling stage, of commercial NMC/graphite Li-ion bat-
teries was investigated by non-destructive techniques and post-
mortem analysis. The electrochemical behavior related to the
capacity increase was studied on the full cell, electrode, and mate-
rial levels. The results show an increased capacity in the early aging
stage, especially for larger DODs (such as 100% DOD and 75% DOD).
Temperature exacerbates this process in the case of 100% DOD
cycling, and an 1% initial capacity increase was observed in one
of the cases. IC and DV curves revealed that more Li+ can be
inserted into graphite with the cycling evolution in cases 2–4. Fur-
thermore, the EIS results show that the Li+ diffusion rate increases
with the EFCs, in case 3 and case 4.

The graphite negative electrodewas studied using coin cells, and
the d-spacing of graphite increased about 8.8% frompure graphite to
the full lithiation state. Furthermore, the evolution of d-spacing in
graphite under cycling shows that it is not recovered completely
when graphite is in the delithiated state. The enlarged d-spacing
reduces the insertion resistance of Li+, resulting in an increased Li+

diffusion rate. In terms of morphology, the graphite in cycle-aged
cells with large DODs tends to exfoliate into a nanosheet shape,
which exposes more surface to the electrolyte. Then, the amount
of Li-intercalable graphite has increased and the electrochemical
windowwasenlargedby thepotential reductionof thegraphite side,
resulting in an increased capacity of the battery.
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a b s t r a c t

Electrochemical impedance spectroscopy (EIS) is an effective technique for Lithium-ion battery state of
health diagnosis, and the impedance spectrum prediction by battery charging curve is expected to enable
battery impedance testing during vehicle operation. However, the mechanistic relationship between
charging curves and impedance spectrum remains unclear, which hinders the development as well as
optimization of EIS-based prediction techniques. In this paper, we predicted the impedance spectrum
by the battery charging voltage curve and optimized the input based on electrochemical mechanistic
analysis and machine learning. The internal electrochemical relationships between the charging curve,
incremental capacity curve, and the impedance spectrum are explored, which improves the physical
interpretability for this prediction and helps define the proper partial voltage range for the input for
machine learning models. Different machine learning algorithms have been adopted for the verification
of the proposed framework based on the sequence-to-sequence predictions. In addition, the predictions
with different partial voltage ranges, at different state of charge, and with different training data ratio are
evaluated to prove the proposed method have high generalization and robustness. The experimental
results show that the proper partial voltage range has high accuracy and converges to the findings of
the electrochemical analysis. The predicted errors for impedance spectrum are less than 1.9 mO with
the proper partial voltage range selected by the corelative analysis of the electrochemical reactions inside
the batteries. Even with the voltage range reduced to 3.65–3.75 V, the predictions are still reliable with
most RMSEs less than 4 mO.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-

vecommons.org/licenses/by/4.0/).

1. Introduction

Lithium-ion batteries (LIBs) are widely used in electric vehicles
and portable electronic devices, due to their high energy density,
long service life, and environmental friendliness [1–4]. However,
the inevitable degradation of Li-ions batteries poses a big challenge
to the safety during storage and usage, which urges the develop-
ment and application of battery prognostic technologies [5,6].
Among them, electrochemical impedance spectroscopy (EIS) is a
method for determining the impedance spectrum that can be used
to present the battery health state, battery internal impedance, and
the dynamic diffusion of lithium-ions (Li-ions), etc. [7,8].

EIS has been widely used to identify the parameters of the
equivalent circuit model (ECM) to support the online estimation
of battery states such as battery internal impedance, dynamics
behavior of Li-ions diffusion, contact impedance of electrodes,

state of charge (SOC) and state of health (SOH) [9,10]. The param-
eters of the ECM model have been proven to have a high correla-
tion with the battery aging status. Therefore, machine learning
has been used to develop algorithms to estimate the SOH and pre-
dict the lifetime of batteries by either inputting the whole EIS
curve or by extracting features from the EIS curve [11,12]. Besides,
the EIS result can give more physical aging meaning inside the bat-
tery, such as the diffusion of Li-ions, formation of the interface
impedance, and ohmic impedance. However, the implementation
of onboard EIS measurement is hindered, due to the high cost of
the measurement equipment, test results subject to SOC and tem-
perature variations, and time-demanding measurements. These
limitations hinder the development of the EIS based method for
online battery health prognostics. Therefore, the prediction of EIS
is of vital importance to provide the impedance information for
battery health prognostics. Accurate prediction via measurable
parameters helps promote the advanced prognostic methods based
on EIS and reduce the cost significantly. Duan et al. [13] achieved
an accurate impedance spectrum prediction based on machine

https://doi.org/10.1016/j.jechem.2023.01.004
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learning using complete battery charging data with a root mean
squared error (RMSE) less than 1.862 mO. This promising predic-
tion method can accurately estimate impedance spectrum and
offer the possibility for real-time EIS based battery states estima-
tion and health prognostics. However, there is a very limited
understanding of the relationship between battery charging/dis-
charging curves and impedance spectrum in terms of electrochem-
ical mechanisms, which means the physical interpretability
remains unclear. In addition, the partial voltage curve obtained
during charging is supposed to be used considering the practical
applications; furthermore, the selection of the voltage range during
charging should be based on an analysis of the relationship
between the voltage, incremental capacity (IC), differential voltage
(DV), and EIS curves. Finally, the prediction under different SOC
points is supposed to be provided for different application require-
ments, such as considering the impedance in battery package
making.

Charging curves and EIS curves are widely used for battery
health diagnosis and degradation quantification. Typically, aging
mechanisms involve three degradation modes: conductivity loss
(CL), loss of lithium inventory (LLI), and loss of active material
(LAM) [14,15]. Compared with LLI and LAM, the CL always changes
less in battery aging [16]. In practice, the charging profiles of the
EVs are easily accessible, due to the controllable charging process.
The charging curves can be converted to incremental capacity (IC)
and differential voltage (DV) curves by the differential method. The
peaks in the IC and valleys in DV curves represent specific electro-
chemical reaction processes occurring in both the positive elec-
trode and negative electrode, which are usually used to quantify
the LAM and LLI for the aged battery [17]. Besides, EIS also can
be used for the quantification of LAM and LLI [15]. Since both
charging curves and EIS can be used for quantification of LAM
and LLI, a mechanism connection can be established. Then,
machine learning methods can be used for estimating the impe-
dance spectrum of the battery by charging curves.

The framework reported in this study is based on electrochem-
ical mechanism analysis and summary to determine the existence
of a correlation between charging curves and impedance spectrum,
followed by a machine learning-based approach to predict the
whole impedance spectrum. Specifically: (1) coin cells were
assembled to clarify the electrochemical mechanisms of the IC
and DV curves, which were used for quantification of LAM and
LLI, and the mechanisms responsible for LAM and LLI quantifica-
tion by EIS results were also analyzed; then, a quantifiable rela-
tionship between charging curves and impedance spectrum was
obtained; (2) based on the mechanism analysis, the charging curve
is used to achieve an accurate prediction for the impedance spec-
trum, and the SOC interval of the charging curve, which was used
as input, was optimized; (3) impedance spectrum prediction for
the battery at different SOCs were achieved; (4) the method was
verified using different-testing ratios, and different machine learn-
ing methods were attempted.

2. Experimental

2.1. Dataset collection

Seven 18,650 cylindrical cells (HDCNR18650-2200–3.7 V) were
aged at different temperatures and depths of discharge to achieve
different aging states. The specific aging protocols and equipment
were reported in our previous work[18]. After every-one hundred
equivalent full cycles (EFCs), the aging of the battery is stopped
and the battery is transferred to a 25 �C constant temperature oven
for the reference performance test (RPT) including a capacity test
and an EIS test at different SOCs (see in Table 1). In the capacity

test, the battery was charged to 4.2 V with a constant current of
0.5C (1.1 A) and then charged with a constant voltage until the cur-
rent is less than 0.11 A. Each battery was aged about 1000 equiva-
lent full cycles (EFCs), and a total of 77 charging voltage curves and
355 EIS data (i.e., impedance spectrum) at different SOCs were
recorded from the seven batteries.

For model validation, a set of RPT results from calendar aging
were used. There are 9 batteries in calendar aging, and the RPT test
was performed at different state of health. Finally, 114 groups of
EIS and the corresponding charging curve data were obtained.
The data also has been divided into two batches, the data with
SOC of 30%, 50%, and 70% are used for training, and the data with
SOC of 0, 20%, 60%, and 100% are used for prediction. The test con-
dition is shown in Table S1 in support information.

2.2. Coin cell preparation

Fresh positive electrodes (i.e., NMC 532), negative electrodes
(i.e., graphite), and lithium-metal (i.e., Li) were used as electrodes
to assemble 2032-type coin cells in the following configurations:
NMC/Li, graphite/Li, and NMC/graphite, respectively. The diameter
of the NMC 532 positive electrode is 14 mm, and the loading is
2.67 mg/cm2. The graphite negative electrode is 14 mm, and the
loading is 1.86 mg/cm2. The diameter of Li metal is 15.3 mm. The
electrolyte was 1 mol LiPF6 dissolved in 1 L solvent with a compo-
sition ratio of 1:1 EC and DEC. All coin cells were charged and dis-
charged with a C-rate of 0.05C. The voltage range for NMC/Li,
graphite/Li, and NMC/graphite were 2.8–4.2 V, 1.0–0.003 V, and
2.8–4.2 V, respectively.

3. Degradation modes identification from voltage charging
curves and EIS

3.1. Degradation identification from charging voltage curves

As battery ages, the increased polarization and materials degra-
dation will result in an upward shift and shortening of the charging
voltage plateaus [19]. Differential methods can separate these pla-
teaus and convert them into different peaks in the IC curve and val-
leys in the DV curve [18]. The IC curve presents the capacity
increment (dQdVÞ changing with battery voltage (V), where the area
between the IC curve and the X-axis corresponds to the capacity
contribution in a certain voltage range, as present in Eq. (1). Simi-
larly, DV (dVdQÞ curve is obtained by differentiating battery voltage
against the capacity, which is used to distinguish the voltage con-
tribution from anode and cathode, and the dV

dQ is shown in Eq. (2)
[20].

dQ
dV

¼ DQ
DV

¼ Qt � Qt�1

Vt � Vt�1
ð1Þ

dV
dQ

¼ d Vcathode � Vanodeð Þ
dQ

¼ dV
dQ

� �
cathode

� dV
dQ

� �
anode

ð2Þ

During battery charging, the graphite anode undergoes a lithia-
tion process. In contrast, a delithiation process occurs on the cath-
ode side. Therefore, the voltage increases in the cathode and
decreases in the anode resulting in an increased voltage of a full

Table 1
Charge/discharge curves and EIS results from 7 cells.

Batches Charge/discharge SOC of EIS tested

Batch #1: Cell 1,3,5,7 0.5C/0.5C 10%, 30%, 50%, 70%, and 90%
Batch #2: Cell 2,6,8 0, 20%, 40%, 60%, 80%, and 100%
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battery. To understand the full battery charging process, coin-type
half cells and coin-type full cell were assembled; the obtained elec-
trochemical behavior during charging of the three types of coin
cells are shown in Fig. 1. In the graphite lithiation process, the volt-
age decreases step by step corresponding to four consecutive phase
transitions from LiC24 to LiC6, which are represented by the dis-
charge plateaus from A1 to A4 (Fig. 1a). The IC curve converts
the four lithiation plateaus into peaks at 0.19, 0.13, 0.11, and
0.07 V, corresponding to LiC24, intermediate phase between LiC24

and LiC18, LiC12, and LiC6, respectively (Fig. 1b). Furthermore, the
DV curve converts the IC peaks to valleys, which is more conve-
nient for quantifying the capacity contribution of each lithiation
plateau (Fig. 1c). For the cathode delithiation process, there are
two plateaus named C1 and C2, as shown in Fig. 1(d), which are
converted to obvious peaks in the IC curve, corresponding to the
oxidation process of Ni2+/ Ni3+ and Ni3+/ Ni4+, respectively
(Fig. 1e). The capacity increments of cathode are continuously
and uniformly distributed over the voltage range, corresponding
to the large valleys in the DV curve, and thus the DV peaks caused
by the voltage jumps are weak (Fig. 1f).

In the NMC/graphite coin-type full cell charging, there are four
charging plateaus, which are caused by both positive oxidation and
negative reduction processes (Fig. 1g). The IC curve transforms the
charging plateaus into peaks, representing the capacity increment
on the voltage scale (Fig. 1h). Among them, peak I is mainly related

to the A1 peak of graphite. Peak II and peak IV are too weak to be
quantified as they can disappear during battery aging [20]. The
highest peak III in the voltage range of 3.65–3.85 V is related to
both the phase change of A3 IC peak of the graphite and the C2
IC peak of the NMC. Therefore, the max value of peak III is widely
used to study battery aging caused by the loss of active material at
the positive and negative electrodes. Dubarry et al.[14,17,21] has
used simulation methods to quantify the battery degradation
mode of LAM based on Eq. (3), where the subscript low-ercase 1
in the equation indicates the battery in begin-of-life state, and i
represents the aged cycle number.

In Fig. 1(i), the DV curves of NMC/graphite are similar to the DV
curves of graphite, which means that the DV peaks on the full cell
are greatly influenced by the phase transition of graphite. Besides,
when charging at a low current, the battery capacity for the con-
stant current stage is always regarded as the remaining inventory
of lithium [14,21]. Therefore, the endpoint (max Qð Þ1) of DV curve
is often used to quantify LLI, as described in Eq. (4).

LAMi ¼
max DQ

DV

� �
1 �max DQ

DV

� �
i

max DQ
DV

� �
1

� 100 ð3Þ

LLIi ¼ max Qð Þ1 �max Qð Þi
max Qð Þ1

� 100 ð4Þ

Fig. 1. Q-V (left) and IC (middle), and DV (right) curves of graphite/Li (top), NMC/Li (middle), and NMC/graphite (bottom) coin cell to reveal the reaction mechanisms during a
full cell charging. The test in graphite lithiation process for (a) Q-V curve and converted to (b) IC and (c) DV curves. The obtained data in NMC delithiation process for (d) Q-V,
(e) IC, and (f) DV curves. NMC/graphite data for (g) Q-V, (h) IC, and (i) DV curves.
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According to Eqs. (2) and (3), LAM can be quantified by the
decrease of the highest peak (III) in the IC curve, which corre-
sponds to the shortening of the main plateau (III) in the charging
curve and the decreased depth of the main valley (III) in the DV
curve. The endpoint of the DV curve can be used to quantify the
LLI, which is the charge capacity contributed by the constant cur-
rent charging stage in the charge curve. The area between IC curve
and X-axis is also can be used to quantify the LLI. The behavior of
the charging IC and DV curves and the corresponding relations to
the electrodes, as well as the corresponding aging mechanisms,
are summarized in Table 2.

3.2. Degradation identification from EIS

EIS test is a powerful technique to analyze battery degradation
[22,23]. The EIS results are traditionally presented in a Nyquist plot
presenting the battery impedance spectrum, as shown in Fig. 2. As
the test frequency decreases from 6500 Hz to 0.01 Hz, the EIS spec-
trum shows two intersecting semicircles followed by a straight
line, which can be fitted by an Equivalent Circuit Model. Then, an
electrochemical meaning is given, where the first semicircle diam-
eter represents the solid electrolyte interphase resistance (Rsei) and
the second semicircle diameter represents the charge transfer
resistance (Rct), while the slope of the line is related to the diffusion
of lithium ions [18].

The battery degradation modes are widely analyzed by EIS.
After cycling, the SEI film forms on the anode surface, which is a
limit link for Li-ions diffusion between the electrolyte and the
anode [24]. Besides, the SEI film is mainly composed of lithium
compounds generated from side reactions e.g., decomposition of
electrolyte and metal deposition, resulting in an irreversible loss
of lithium inventory. Furthermore, some lithium plating occurs
on the anode surface that can react with electrolyte, resulting in
lithium compounds, hindering the charge transfer [25]. Hence,
LLI is related to the Rsei and Rct.

As reported in [15], the LAM is related to the diffusion coeffi-
cient (DLi+), because the diffusion of lithium ions within the elec-
trolyte and active electrode materials is controlled by the particle
size and the available surface area of the electrode material. The
DLi+ can be calculated by Eq. (5), where R represents the gas con-
stant, T is the absolute temperature, A is the electrode surface, n
is the number of electrons transferred per molecule, F is the Fara-
day’s constant, C is the Li-ions concentration, and the variable Y0 is
a function of Warburg impedance coefficient (r) in Eq. (6). The r is
related to the slope of the tail of the EIS spectrum, and calculated
by Eq. (7), where x is the angular frequency used in the EIS mea-
surements. Therefore, it can be concluded that the LAM is related
to Y0.

DLiþ ¼ R2T2Y0
2

A2C2n
4
F4

ð5Þ

Y0 ¼ 1
r

ffiffiffi
2

p ð6Þ

Zre ¼ Rohm þ Rct þ rx�1=2 ð7Þ
Hence, LLI is related to Rsei and Rct, which correspond to the two

semicircles in the high-frequency and mid-frequency regions of
the impedance spectrum. Furthermore, the LAM is related to the
Y0 that corresponds to the tail in the low-frequency region of the
impedance spectrum. Based on these relationships, the EIS was
widely used to quantify the degradation contribution from each
aging mode by Eq. (8) and Eq. (9) [14,15].

LLI ¼ 100
ðRsei;i þ Rct;iÞ � ðRsei;1 þ Rct;1Þ

Rsei;1 þ Rct;1
ð8Þ

LAM ¼ 100
ðY0;1 � Y0;iÞ

Y0;1
ð9Þ

Table 2
Relationship between the behaviors of charge, IC, and DV curves and the most pertinent degradation modes for graphite/Li, NMC/Li and NMC/graphite.

Change in charge curve Change in IC curve Change in DV curve Most
pertinent DMs

Full cell: smaller charging capacity, and
upward trend.
Anode: smaller lithiation capacity, and
upward trend.
Cathode: smaller delithiation capacity,
and upward trend.

Full cell: shift toward lower or higher voltage, decrease of
the height of the peaks.
Anode: shift toward higher or lower voltage.
Cathode: shift toward lower or higher voltage.

Full cell: shift toward lower capacity.
Anode: shift toward lower capacity.
Cathode: shift toward lower capacity.

LLI
Quantified by
Eq. (4)

Full cell: shorten of main plateau (III)
Anode: shorten of A3 plateau.
Cathode: shorten of C2 plateau.

Full cell: decrease of the highest peak (III).
Anode: decrease of the A3 peak
Cathode: decrease of the C2 peak

Full cell: decrease the depth of the
main valley (III).
Anode: decrease of the depth of the
A3 valley.
Cathode: decrease of the depth of the
A3 valley.

LAM
Quantified by
Eq. (3)

Fig. 2. Composition of a normal electrochemical impedance spectrum.

Table 3
Relationship between the impedance spectrum and the most pertinent degradation
modes.

AR-ECM component Most pertinent DMs

Increase in Rsei and Rct LLI Quantified by Eq. (8)
Increase in Y0 LAM Quantified by Eq. (9)
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Similarly, the subscript 1 in the Eq. (8) and (9) indicates the bat-
tery in begin-of-life state, and i represents the aged cycle number.
With these equations, the relationship between the parameters
change of the impedance spectrum and the aging modes can be
summarized in Table 3.

3.3. Degradation in a full cell case

Periodic RPTs during battery aging were performed to quantify
the incremental degradation of the cells, as explained in Section 2;
the evaluation of the charging curve, measured at 0.5C (i.e., 1.1 A),

Fig. 3. Periodic reference performance tests (RPTs) for one of the aged batteries before aging and at the 200th, 400th, 600th, 800th, and 1000th cycles, including (a) constant
current-constant voltage charges curves, (b) IC curve obtained by differentiating the charging curve, (c) DV curves, and (d) corresponding EIS results obtained at 50% SOC.

Table 4
The relationship between changes in charge curve and changes in impedance spectrums and the details of degradation mechanisms.

Changes in the voltage charging
curve

Changes in the
impedance
spectrum

Most
pertinent DM

Potential aging mechanisms

Decrease in charging capacity,
and left and upward shifting.

Increase in Rsei and
Rct

LLI
Quantified by
Eqs. (4) & (8)

Electrolyte decomposition; oxidation of electrolyte; Lithium plating; formation of Li grains;
solvent co/intercalation.

Shorten of main plateau (3.65–
3.75 V)

Increase in Y0 LAM
Quantified by
Eqs. (3) & (9)

Electrode decomposition; oxidation of the electrolyte; intercalation gradient strains in the
active particles; formation of Li grains; crystal structure disordering; transition metal
dissolution.

Fig. 4. Overall framework for the machine learning-based EIS prediction with partial charging curves.
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and the evaluation of the impedance spectrum, recorded at 50%
SOC, are presented in Fig. 3. As shown in Fig. 3(a), with the battery
aging, the charging voltage plateaus show an upward trend and
move to the left, corresponding to an increased internal impedance
and a reduction of battery capacity, respectively. For the first 400
cycles, three distinct voltage plateaus I, II and, III could be identi-
fied. As the battery ages, all three plateaus become shorter, and
the most subtle phase II plateau becomes indistinguishable. Con-
verting the voltage-capacity curve to the IC peak in the voltage
range (Fig. 3b), the obtained peaks decrease and shift to the right,
behavior which is associated with increased internal resistance and
loss of active material. As analyzed in section 3.1, peak I is mainly
controlled by the graphite reduction potential. Peak II is almost

indistinguishable, and it disappears after a few hundred cycles.
The main peak III (3.65─3.75 V) is controlled by both the reduction
potential of the graphite anode and the oxidation potential of the
NMC cathode, so the decreasing trend of peak III in height (max
DQ
DV) can reflect the degree of loss of positive and negative active
materials. In addition, the loss of lithium ions is usually manifested
as a leftward shift of the DV curve, as shown in Fig. 3(c). The
max Q decrease with the battery aging, and at the same time, the
DV curves shift upwards and left. This is consistent with the aging
results speculated in Section 3.1.

The corresponding battery EIS results are shown in Fig. 3(d).
With the battery aging, Rsei and Rct show an increasing trend, from
less than 10 to over 50 mO. As discussed in Section 3.2, the

Fig. 5. The EIS curve prediction evaluations with different input voltage range for 50% SOC. (a) The RMSE for the Z’; (b) the MAE for the Z’; (c) the R2 between the predicted Z’
and the ground truth; (d) the RMSE for the Z’’; (e) the MAE for the Z’’; (f) the R2 between the predicted Z’’ and the ground truth.
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increased Rsei in the high-frequency region and Rct in the middle
frequency region represents an increase in LLI. Besides, the tail of
the impedance spectrum associated with the Li-ion diffusion
shows a decrease in slope with the battery aging, corresponding
to a decreased Y0. The above aging trends and the corresponding
degradation modes and aging mechanisms are summarized in
detail in Table 4. Since the IC and DV curves contain inherent infor-
mation to the charging voltage curves, Table 4 only summarizes
the changes observed in the charging curve.

Based on the quantifiable relationships between Eq. (4) and Eq.
(8) and between Eq. (3) and Eq. (9), it is possible to establish an
accurate physical functional relationship between the charging
curve and impedance spectrum parameters. In other words, the
impedance parameters can be obtained based on the parameters
of the charging voltage curve and vice-vaersa. However, this is
not practical; on the one hand, the algorithm needs to adjust the
algorithm parameters according to different batteries, different
working conditions or even different environments. On the other
hand, the extraction of input features can be uncertain due to the
charging voltage curves containing lots of feature parameters.
Most of these issues can be overcome by using machine learning,
which allows for algorithm self-selection, adaptability, fast speed,
and high accuracy advantages [26] and can be performed to predict
the EIS.

In this work, the max DQ
DV appears in the voltage internal 3.65–

3.75 V in the IC curve, and will be used to estimate the impedance
spectrum at low frequency, since both the max DQ

DV and the low-
frequency impedance spectrum can be used to quantify the same
degradation mode, i.e., LAM. Transforming the charging curve into
an IC curve requires a smoothing process, which can cause data
distortion (especially of the charging plateau). Therefore, we rec-
ommend using the charging curve directly to predict the EIS rather
than converting it to the IC curve. Besides, the lithium loss esti-
mates associated with Rsei and Rct usually require the battery
capacity at the cut-off voltage. However, in real-life application,
it is almost impossible to fully discharge a battery before recharg-
ing it, making it difficult to obtain a complete voltage capacity
curve as well as a normal capacity. The trend of ‘‘left and upward

shifting” used to indicate the lithium loss may be obtained from
the partial charge curve. Therefore, partial/complete charging
curves will be used to predict the complete EIS by machine learn-
ing methods.

4. Impedance spectrum prediction

4.1. Prediction framework

The proposed framework for the EIS prediction with partial
charging curves is shown in Fig. 4. Firstly, the charging voltage
curve and the EIS curve at different SOCs are collected. Then the
data are preprocessed, where the data are cleaned first. The abnor-
mal values are filtered, and the missing values are filled up in this
process. In addition, the curve is filtered to remove the noise. The
partial voltage range is selected according to the practical require-
ments and the electrochemical analysis in the above section and
the charging voltage curve is interpolated in this range based on
the voltage interval selected as 5 mV in this paper. The third step
is to train the machine learning model via the processed data. Dif-
ferent machine learning models could be selected including gaus-
sian process regression (GPR) [27], linear regression (LR) [28], K-
nearest neighbors (KNN) regression [29], XGBoost [30], artificial
neural network (ANN) [31], and random forest (RF) [32], which
helps evaluate the generalization and robustness of the prediction
framework with various machine learning models. The details
model algorithms of each machine learning method can be
obtained from the corresponding literature. The prediction frame-
work is a sequence-to-sequence way, where the voltage sequence
is the input while the outputs are the predicted Z’ and Z’’
sequences. The parameters of the machine learning models are
trained using the training data. Finally, the trained model is used
for the online prediction with the obtained online measured partial
voltage data. The predictions of the EIS curves at different SOCs
could be obtained by this prediction framework. The prediction
results based on the proposed framework are presented and eval-
uated in the following sections.

Fig. 6. The EIS curve prediction results with the input voltage range from 3.65 to 4.2 V for 50% SOC. (a) The predicted curve (dotted lines) and the real curve (solid lines). (b)
The mapping between the predicted Z’ and the real Z’. (c) The mapping between the predicted Z” and the real Z”. (d) Frequencies of the errors for the predicted Z’ and Z”.
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4.2. Prediction with the different voltage range

Firstly, the different partial charging voltage curves (according
to the available voltage range in practical applications) are used
as input to predict the whole EIS curve. The GPR model is used
as the machine learning model for the evaluations [33]. The predic-
tions of the EIS curves at 50% SOC are demonstrated. Here, the bat-
teries with EIS tests at odd SOC points are used, where 41 samples
are included. 70% of them (i.e., 28 samples) are used for training
and 30% (i.e., 13 samples) are used for validations.

The root means square error (RMSE), mean absolute error
(MAE), and the fitted R square (R2) between the predicted values
and the ground truth with different voltage ranges are shown in
Fig. 5, where both the errors and R2 for the Z’ and Z’’ are included.
It is wished that the less the RMSE and MAE, the better, and the
higher the R2, the better. The results show that generally the errors
become larger and R2 becomes smaller with the decrease of voltage
range, which means generally wider voltage range contains more
information that supports better predictions. However, the results
show that the voltage range from 3.65 to 4.2 V also provides satis-
factory predictions. These confirm the above mechanism analysis
suggesting that the main charging plateau (3.65–3.75 V) derived
from the partial charging curve that can represent shift character-
istics of the whole curve, which can accurately predict the impe-
dance spectrum. As a result, the voltage ranges that have
satisfactory prediction accuracy all contain 3.65–3.75 V.

Therefore, the aging mechanism analysis and the correlation
evaluation among the charging curve, IC / DV curve, and the EIS
curve help select the proper partial voltage range that can offer
physical interpretations and has high performance. This voltage
range (i.e., 3.65–4.2 V) is used in the following evaluations for
other aspects.

The prediction results for the EIS curve at 50% SOC using the
voltage range from 3.65 to 4.2 V are shown in Fig. 6, where the pre-
dicted curve (dotted lines) and the real curve (solid lines) are
shown in Fig. 6(a), the mapping between the predicted Z’ and the
ground truth is shown in Fig. 6(b), the mapping between the pre-
dicted Z” and the ground truth is shown in Fig. 6(c), and the error
occurances of the Z’ and Z” are shown in Fig. 6(d). The results show
that the predicted curves fit well with the real curves, where both
the fitting of the predicted Z’ and the Z” show highly linear map-
pings with the real values with R2 of 0.933 and 0.942, respectively.
The histogram of occurances of the errors of the predicted Z’ and Z”
illustrate that the errors are within 4 mX for Z’ and most of the
errors are less than 2 mX for Z”. Therefore, the results proved that
the predicted curves are close to the real curves for all the tests.

4.3. Prediction at different SOCs

Then, the model is evaluated based on the predictions of the EIS
curves at different SOC points to prove the generalization of the
proposed method at different SOC levels. The machine learning
model and the test ratio are set similarly as in the previous section,
i.e., GPR model and 30% testing ratio. The RMSE, MAE, and R2 for
the predicted Z’ and Z’’ are shown in Fig. 7, while the numerical
results are listed in Table 5 and Table 6, respectively for batch#1
and batch#2. The accurate prediction results prove that the predic-
tion model is suitable for being applied over a wide SOC range,
which means the EIS curve at different SOC points under different
aging status could be predicted. Therefore, the generalization of
the prediction model is accurate, which supports different applica-
tion requirements. The obtained results show that all the RMSE
and MAE are less than 2.8 mX and 1.2 mX for the Z’, all the RMSE
and MAE are less than 1.7 mX and 1.1 mX for the Z’’. The R2 for the
Z’ and Z’’ are larger than 0.875 and 0.915 respectively, whichmeans
that the predicted values are converged to the real values at all the

SOC stages. The results indicate that the prediction errors for the
20%�80% SOC are less than those in 0–10% and 90–100% SOC
stages. This may be related to the electrochemical stability of the
battery at a moderate SOC range [34].

4.4. Robustness evaluation

Finally, the robustness of the proposed prediction method is
evaluated for different training � testing ratios and considering
different ML algorithms. The errors and the fitted R2 of the predic-
tion results are shown in Fig. 8. Generally, with the reduction of the
training data, the errors become larger and the R2 becomes smaller,
which means the performance becomes poorer with the reduction
of data for the model training. However, the results show that even

Fig. 7. Prediction evaluation for different SOCs. (a) results for RMSE, (b) results for
MAE, (c) results for R2.
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with 40% data for training (16 samples) and 60% data for validation
(25 samples), the RMSE and MAE for Z’ are still within 3.02 mX and
2.2 mX respectively, those for Z” are still less than 1.04 mX and
0.63 mX, respectively (Fig. 8a). The R2 for Z’ and Z” are still 0.813
and 0.849 respectively (Fig. 8b). Therefore, the model has good
robustness with the reduction of training data and can still with
satisfactory predict performances.

In order to evaluate the robustness of the proposed prediction
framework, different machine learning algorithms are used. The
detailed process of each machine learning algorithm is described
in supporting note 1. The prediction results are listed in Table 7,
while the errors of each machine learning model are shown in
Fig. S1. The results are obtained by the prediction for the EIS curve
at 50% SOC using 30% data for validation. One can conclude that
different machine learning algorithms are suitable for the predic-
tion of the EIS curve with the proposed framework. Among them,
the GPR has the best accuracy performance, and the calculation
time is also proper for online applications with only 0.598 s in total
for the whole training and prediction process.

Finally, we test our model on the prediction for calendar aging
batteries. The same set of the results for Fig. 6 is used. The predic-
tion results are shown in Fig. 9, which indicates that our model is
also suitable for the prediction under calendar aging. The fitted R2

between the predictions and the ground truth is larger than 0.944.
The errors are less than 1.5 mX for Z” and 4 mX for Z’. The RMSEs
for Z’ and Z” are 1.38 and 0.36 mX, respectively, while the MAEs
are 0.93 and 0.23 mX, respectively. Therefore, our method is
robust for the EIS prediction under both cycling aging and calendar
aging using a partial charging curve.

Table 5
Results for different SOC with 30% data for testing for batch #1.

Index 10% SOC 30% SOC 50% SOC 70% SOC 90% SOC

RMSE of Z’ (mX) 2.103 1.909 1.902 2.044 2.784
MAE of Z’ (mX) 1.789 1.569 1.574 1.670 2.175
R2 of Z’ 0.953 0.932 0.933 0.941 0.921
RMSE of Z” (mX) 0.846 0.625 0.644 0.807 1.173
MAE of Z” (mX) 0.533 0.391 0.392 0.466 0.632
R2 of Z” (mX) 0.936 0.930 0.942 0.928 0.875

Table 6
Results for different SOC with 30% data for testing for batch #2.

Index 0% SOC 20% SOC 40% SOC 60% SOC 80% SOC 100% SOC

RMSE of Z’ (mX) 2.648 1.874 1.808 1.826 2.014 2.298
MAE of Z’ (mX) 1.822 1.403 1.396 1.438 1.534 1.683
R2 of Z’ 0.959 0.938 0.916 0.929 0.933 0.931
RMSE of Z” (mX) 1.698 0.632 0.543 0.545 0.651 0.790
MAE of Z” (mX) 1.032 0.407 0.325 0.313 0.399 0.493
R2 of Z” (mX) 0.913 0.938 0.945 0.964 0.951 0.943

Fig. 8. Errors and the fitted R2 with different ratios of data for validation.

Table 7
Comparisons with different machine learning algorithms.

Index GPR LR RF XGBoost KNN ANN

RMSE of Z’ (mX) 1.902 5.337 2.341 3.234 2.133 3.353
MAE of Z’ (mX) 1.574 2.921 1.790 2.120 1.475 2.352
R2 of Z’ 0.933 0.470 0.898 0.805 0.915 0.791
RMSE of Z” (mX) 0.644 1.481 0.860 1.055 0.730 1.122
MAE of Z” (mX) 0.392 0.829 0.477 0.640 0.427 0.708
R2 of Z” (mX) 0.942 0.692 0.896 0.844 0.925 0.823
Time (s) 0.598 0.002 1.362 1.539 0.002 4.589
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5. Conclusions

In this study, an accurate impedance spectrum prediction from
charging voltage curves is achieved by machine learning methods,
based on the mechanism that both charging curves and impedance
spectrum can achieve the quantification of LAM and LLI. Coin cells
were assembled to clarify the electrochemistry mechanisms of IC
and DV curves at the electrodes level. The results support that
the main peak in the IC curve (3.65–3.75 V) can be used to quantify
the LAM, and the shifting trend of DV curve can be used to quantify
LLI. Furthermore, the high and medium frequency impedance spec-
trum that represents Rsei and Rct can be used to quantify the LLI,
and the low frequency impedance spectrum indicating the diffu-
sion of Li-ions can be used to quantify the LAM. Therefore, a quan-
tifiable potential mechanistic relationship supports the prediction
of EIS by charging curves.

Consistent with the mechanistic analysis, machine learning can
achieve accurate EIS predictions. We optimized the voltage input
interval for prediction and found that it is necessary to include
the range 3.65–3.75 V in the input voltage in order to obtain an
accurate result, which is consistent with the internal mechanism
analysis between the IC curve and EIS. When the input voltage
range is 3.65–4.2 V, reliable results are obtained most of the time
with RMSEs less than 1.9 mO. The majority of the predictions are
less than 4 mO with independent of the considered charging volt-
age ranges. Besides, the impedance spectrum predictions for bat-
tery at different SOCs was also realized. Furthermore, we varied
the proportion of the data set for training and applied different
machine learning methods to evaluate the robustness and general-
ization of the proposed method. We can conclude that 40% data is
enough to obtain an impedance spectrum prediction result with
RMSEs less than 3 mO. Among the considered ML algorithms, the
GPR with multiple outputs model is recommended as the proper

choice because of the high accuracy and acceptable computational
burden.
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Unravelling and quantifying the aging processes of
commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite lithium-
ion batteries under constant current cycling†

Jia Guo, ab Siyu Jin, *a Xin Sui, a Xinrong Huang,c Yaolin Xu,*d Yaqi Li,ab

Peter Kjær Kristensen,b Deyong Wang,b Kjeld Pedersen,b Leonid Gurevichb

and Daniel-Ioan Stroea

Constant current charging and discharging is widely used nowadays for commercial lithium (Li) ion batteries

(LIBs) in applications of portable electronic devices and electric vehicles. However, the main battery

degradation mechanism during constant current cycling remains unclear. In this work, electrochemical

cycling, real-time temperature monitoring, and operando electrochemical impedance spectroscopy of

a fresh and an aged battery have been carried out to unveil the aging mechanism during constant

current cycling. The results of the incremental capacity analysis (ICA) indicate that polarization is the

main reason for the capacity fading during operation. Besides, post-mortem analysis of the electrodes

reveals that the formation of a solid–electrolyte interphase (SEI) and cathode–electrolyte interphase

(CEI) is the leading cause of electrode degradation. The interface formation and evolution over cycling

(including thickening and chemical variation) leads to continuous loss of active materials. The presence

of a SEI and CEI also increases the impedance for charge transfer and transport and reduces the kinetics

of electrochemical Li-ion redox on the electrodes. Moreover, the irreversible Li loss due to Li plating and

SEI formation has been quantified, which accounts for 16.8% of the total Li in the battery. This work

provides a mechanistic understanding of the degradation mechanism of commercial LIBs, guides the

rational design of commercial batteries and inspires the design of charging and discharging protocols

toward enhanced cycling stability and prolonged cycle life.

1. Introduction

Achieving the fast-charging goal without negatively impacting
the lifetime and safety is a key challenge nowadays in lithium-
ion battery research.1,2 Compared with the standard constant
current–constant voltage (CC–CV) charging protocol, the
constant current (CC) charging mode without the CV segment
not only signicantly shortens the charging time but also
effectively prolongs 20% of the battery service life.3–5 Based on
the CC charging protocol, a series of optimized charging
protocols, such as pulse charging6 and multistage constant
current charging,7 are designed to extend the battery life further
or shorten charging time. However, most of these protocols are
derived from extensive testing campaigns performed at the full

cell level, rather than being rationally designed based on the
degradation mechanism of the battery, due to the very limited
understanding of the battery degradation mechanism in CC
cycling. Therefore, mechanistic insights into the failure mech-
anisms of batteries during CC cycling are necessary for
designing a more rational battery charging protocol.

Battery degradation involves many possible degradation
modes under various aging conditions, which are caused by
internal structural changes and/or chemical side reactions. The
main issues related to battery degradation include loss of
lithium inventory (LLI) and loss of active material (LAM) at both
positive and negative electrodes, resulting in capacity fade and
resistance increase (RI).8 Specically, the loss of lithium
inventory may be caused by the interphase formation and its
continuous thickening and Li plating.8 The loss of active
materials may occur due to transition metal dissolution,
graphite exfoliation or structure collapse, and isolation of active
materials from ionic or electronic conduction.9 In addition, the
resistance increase is mainly caused by interphase growth and
crack formation.10 Although all the aforementionedmodes arise
oen in most aging situations, their impact degrees and the
primary aging mode vary signicantly under different battery
operation conditions.
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Moreover, various analytical techniques have been reported
in the literature to identify the aging mechanism of recharge-
able batteries, from the level of full cells to materials. Among
them, incremental capacity analysis (ICA) and a close-to-equi-
librium open-circuit voltage (cte-OCV) are always used to qual-
itatively analyze the battery aging at the full cell level.11,12 ICA
can also be used to quantify the loss of lithium inventory and
the loss of active materials. Still, the results are greatly affected
by the magnication of the charging–discharging curves,
resulting in ambiguous results.13,14 Besides, operando electro-
chemical impedance spectroscopy (EIS) can be employed to
derive the cell impedance.

To quantify the aging effects on batteries, post-mortem
analysis of the electrodes is necessary. Because LLI mainly
occurs on the negative electrode, Fang et al.15 quantied the
inactive lithium on the lithium metal anode surface (based on
the gas produced from some lithium compounds reacting with
water) by an innovative analysis combining titration gas chro-
matography and X-ray photoelectron spectroscopy (XPS) anal-
ysis. To evaluate the loss of active materials, multiple
characterization techniques such as SEM imaging and Raman
and XPS tests have been employed to quantify the areal crack
formation16 and transition metal dissolution.17 Furthermore,
some researchers quantied the loss of active materials by
means of manufacturing and testing coin cells with a Li–metal
counter electrode in coin cells, in which the capacity decrease
for the aged vs. fresh electrode corresponds to the amount of
loss of active materials.18,19

In this work, we have performed battery aging tests and post-
mortem analysis to unravel the major processes related to the
degradation of commercial Li(Ni0.5Co0.2Mn0.3)O2 (NMC 532)/
graphite LIBs under CC cycling and identied the primary aging
mechanism. In particular, we have quantied the LLI on
a graphite anode with a novel procedure combining pH
measurement with XPS analysis. Compared to titration gas
chromatography, the pH measurement worked out much more
easily and also potentially more reliably. Moreover, the loss of
active materials of the NMC 532 cathode and graphite anode
was evaluated with a coin cell, and the resistance increase was
analyzed by operando EIS in full cell and coin cell tests at the
electrode level. Furthermore, the interfacial lm was analyzed
by the XPS test on the surfaces of the positive electrode and
negative electrode. Finally, we conclude this work by providing
a comprehensive aging mechanism evaluation for Li-ion
batteries that are aged under CC cycling conditions and
a perspective for the application of batteries as well as the
design of next-generation Li-ion batteries.

2. Methodology
2.1 Battery and cycling protocols

In this study, a commercial 18650-type Li-ion battery (model:
HTCNR18650-2200mAh-3.6V) with NCM 532 and graphite as
the cathode and anode, respectively, was used. During the
aging, the battery was placed in a climatic chamber, which was
set at 35 °C. The battery was aged by charging with 2.2 A (1C-
rate) from 2.5 to 4.2 V and immediately discharging with 4.4 A

(2C-rate) to 2.5 V. No constant voltage stage was considered
during charging or discharging. Furthermore, there was no
relaxation time between the charge and discharge processes.
The test platform and electrical connections between the
battery cell and the battery test station are shown in Fig. S1.† A
temperature sensing probe was mounted onto the battery
surface to monitor the real-time temperature variation during
cycle aging. Aer every 100 cycles, reference performance tests
(RPTs) were carried out to measure the battery capacity and
determine its incremental degradation. The capacity was
measured in CC–CV mode by charging the battery with 0.55 A
(0.25C-rate) until a maximum voltage of 4.2 V was achieved. The
charging process was considered nished when a cut-off
current of 0.11 A was reached. Aer an hour break, the battery
was discharged by CC with 0.55 A (0.25C-rate) until it reached
a minimum voltage of 2.5 V followed by an hour break. Aer the
break, the measured voltage value is considered to be the cte-
OCV of the battery. The state of health (SOH) was determined
according to the discharge capacity. Furthermore, the electro-
chemical impedance spectroscopy (EIS) technique was used for
measuring the battery impedance with a Digatron potentiostat
for the fresh cell and the 1000 cycle-aged one at 10%, 30%, 50%,
70%, and 90% state-of-charge with a frequency from 6.5 kHz to
10 mHz. The obtained EIS spectra were tted with an appro-
priate equivalent circuit model using the ZsimDemo soware
(provided by Ametek company).

2.2 Disassembly of commercial LIBs, pH test and coin cell
evaluation

2.2.1 Disassembly of commercial LIBs. Aer performing
the above-described cycling test, the aged cell and a fresh cell
were discharged to 2.5 V at a constant current of 0.22 A (0.1C).
Then, they were carefully disassembled in a glove box in an
argon atmosphere. To avoid cross contamination, the retrieved
positive and negative electrodes were separately washed with
diethyl carbonate (DEC) for 10 minutes and dried in the glove
box for 48 hours.

2.2.2 pH test. Themiddle parts of the negative electrodes of
the fresh cell and aged cell were cut into 2 cm2 and placed into
two volumetric asks with 20 mL of deionized water, respec-
tively. Aer the produced gas was released by magnetic stirring,
the volumetric asks were sealed and placed in a 60 °C oven for
a week to ensure that the lithium compounds were fully reacted
and dissolved in water. Then, 1 g BaCl2 was added into the
asks to remove CO3

2− and F− from the solution in the form of
BaCO3 and BaF2 to exclude the interference from alkaline
Li2CO3 and weak alkaline LiF that can hydrolyze and produce
extra OH−. Finally, the pH (pH meter: 1100 L from VWR and
accuracy: ±0.005) was tested aer the solution cooled down to
room temperature. The above tests were repeated 3 times and
the average pH value was chosen.

2.2.3 Coin cell assembly. Themiddle parts of the electrodes
from the dismantled cells were cut into circles with a diameter
of 14 mm. Aer drying in a 110 °C oven for 6 hours, the elec-
trodes were used to build CR2032 coin cells with a 15 mm
diameter, 450 mm thick Li metal and a Celgard 2320 separator.

42 | J. Mater. Chem. A, 2023, 11, 41–52 This journal is © The Royal Society of Chemistry 2023
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To ll up the cells, we used 1M LiPF6 in the solution of dimethyl
carbonate (DMC)/diethyl carbonate (DEC) with a volume ratio of
1 : 1. The capacities of the assembled coin cells were measured
using a Land CT 2001A battery tester, in the voltage range from
2.75 V to 4.2 V for the NMC 532/Li cell and from 0.001 V to 1.0 V
for the graphite/Li cell. Furthermore, their impedance was
measured by means of EIS using a Palmsens potentiostat.

2.3 Materials characterization

A Zeiss EVO 60 scanning electron microscope (SEM) was
employed to image the morphologies and measure the thick-
nesses of the positive and negative electrodes. X-ray photo-
electron spectroscopy (XPS) measurements were performed
using a Specs XR50 with a non-monochromated Al Ka (1487 eV)
X-ray source and a Phobos 150 1D-DLD electron detector. The
crystalline structure of the electrode materials was character-
ized at 40 kV with X-ray diffraction (XRD) using a device man-
ufactured by Panalytical and was also measured with Raman
spectroscopy using a 532 nm laser.

3. Results and discussion
3.1 Aging of the full cell

ICA and cte-OCV techniques were employed to preliminarily
diagnose the battery degradation mechanisms. The charging/
discharging curves from eleven RPTs are presented in Fig. 1a.
With the battery aging evolution, the charging plateau shows an
increasing trend, whereas the discharge plateau becomes lower.

Then, the voltage gap between the charging and discharging
plateaus, which is associated with the battery impedance, is
gradually increasing. Meanwhile, the voltage plateau is signi-
cantly shortened, corresponding to a decrease in capacity. To
further clarify the process of voltage plateau evolution, ICA was
applied to the charging–discharging curves in Fig. 1a, and the
obtained results are shown in Fig. 1b. The IC curves are asso-
ciated with the phase transitions of active materials during the
Li+ shuttle, corresponding to the a and b peaks in the charging
process and c peak in the discharging process. Along with
cycling, the IC peaks in the charging process show an obvious
shi toward a higher voltage, implying a polarization increase.20

Usually, the shi of the higher voltage peak a may be related to
a disproportionate loss of the active material at the positive and
negative electrodes.21 In this work, we choose the shi of the
b peak at a lower potential to quantify the increase in polari-
zation, as shown in Fig. 1c. The progression of the capacity fade
(expressed as SOH) is clearly related to the increase in
polarization.

A close-to-equilibrium open-circuit voltage (cte-OCV)
measurement was carried out to analyze the OCV behavior with
battery aging, as shown in Fig. 1d. The discharging cte-OCV
increases gradually, due to the increase in polarization. As ex-
pected, the charging cte-OCV did not increase, instead a slightly
decreasing trend is observed. This will lead to a decreased
charging OCV range as well as a decreased charging capacity.

The polarization was evaluated by performing an operando
electrochemical impedance spectroscopy (EIS) test. As shown in
Fig. 2a and b, the measured results are Nyquist plots, which are

Fig. 1 Electrochemical behavior from the reference performance test (RPT) after every one hundred cycles at 0.25C (0.55 A) and 25 °C. (a)
Charge and discharge curves, (b) IC curves, (c) SOH and polarization evolution (shift of the b peak in (b)) over cycling, and (d) charging and
discharging cte-OCV. The arrows represent the real voltage window of discharging/charging.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 41–52 | 43
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composed of three parts with different frequency ranges, rep-
resenting the bulk resistance (Rohm), the solid electrolyte
interface resistance (Rsei), and the charge transfer resistance
(Rct), respectively.3 The inserted equivalent circuit was employed
to t the Nyquist plots, as shown in Fig. 2c. The obtained results
are presented in Fig. 2d and e. Here, the Rohm will not be
adopted due to an unstable ohmic impedance caused by the
connector of the electrochemical workstation, and this always
shows little change in battery aging.3,12 Therefore, the Nyquist
plots were translated to the origin of the coordinates. Aer 1000
cycles, a four-fold increase in the Rsei from below 8 mU to about
30 mU is observed (Fig. 2c). Besides, Rct has increased to over 20
mU (Fig. 2d), indicating an overall degradation at the electrode
interface and charge transfer. Furthermore, Rsei and Rct

decrease with the battery charging. Rsei is related to the diffu-
sion of Li ions at the interface and the Rct is linked to the
electrochemical reaction.22 As reported in ref. 22 the SEI lm is
partially ruptured at high SOC due to the increased volume of
lithiation graphite, and recovers in the followed discharge
process. So, the Rsei decreased with battery charge. Further-
more, a high SOC is linked to a high voltage as well as an active
state of the electrochemical reaction, resulting in a lower Rct.
The temperature of the battery surface was detected in the aging
process, as shown in Fig. 2f. The temperature changes period-
ically with the charge–discharge cycle. Besides, the temperature

range uctuates, due to an uncontrollable change in the
sticking position or tightness of the thermal probe on the
battery surface. With the increase in the cycle number, the
temperature of the battery surface gradually increases (varying
from a low temperature of 42 °C to a high temperature close to
55 °C). The temperature increment will lead to a series of side
reactions inside the battery during electrochemical cycling, for
example, the rupture and reformation of the interfacial lm at
high temperatures, resulting in a continuous increase of the
internal impedance. This is consistent with the discharge cte-
OCV trend, further illustrating that the internal impedance
continues to increase with battery cycling.

It can be concluded from the above operando diagnosis that
the battery capacity fade during operation is dominated by the
internal resistance in constant current cycling, especially for the
Rsei increase. For further quantifying the degradation, a post-
mortem analysis is necessary to be performed.

3.2 Post-mortem analysis

The aged cell and fresh cell were disassembled to evaluate the
loss of lithium, loss of active materials, and increase of
impedance in a qualitative or quantitative way. Upon opening
the battery, liquid electrolyte was present in the disassembled
cell and the electrodes were wet, suggesting that the
consumption of electrolyte is not the major factor for battery

Fig. 2 EIS spectra at different SOCs for a (a) fresh cell and (b) an aged cell; (c) schematic illustration and an equivalent circuit used to fit the EIS
Nyquist plots; the fitted results for (d) Rsei, and (e) Rct; (f) the temperature tested using a temperature sensing probe on the outer surface of the
cell.

44 | J. Mater. Chem. A, 2023, 11, 41–52 This journal is © The Royal Society of Chemistry 2023
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failure. The retrieved electrodes are shown in Fig. S2.† Both the
fresh positive and negative electrodes showed smooth surfaces.
The positive electrode was black and shiny, and the negative
electrode showed a dark gray color. In contrast, the surfaces of
both electrodes in the aged cell appeared rough, and some
cathode materials peeled off the positive electrode. Besides, the
surface of the negative electrode was covered with a layer of
a dark yellow substance, which could be SEI/lithium-rich
regions caused by the electrolyte decomposition or Li plating.23

3.2.1 Loss of Li on the negative electrode. Loss of Li-ions,
which results in capacity loss, mainly occurs on the negative
electrode in the form of Li plating or a surface lm.24 The SEM
image in Fig. 3a shows smooth and plump graphite particles of
the fresh negative electrode. In contrast, the aged graphite
shows a collapsed structure covered by a rough surface layer and
some small particles, as shown in Fig. 3b. The rough surface
layer is considered to be the SEI lm,25 while the small particles
are considered to be Li dendrites in some reports.26 To prove the
presence of irreversible Li on the surface of the aged negative
electrode, a piece of the disassembled negative electrode aer
washing with DEC was directly placed into water, which

violently reacted with water producing signicant bubbles, as
shown in Fig. S3.† Aer reaction with water, the negative elec-
trode shows a clean surface, and the SEM image is shown in
Fig. 3c. Most of the particles and rough surface layer have dis-
appeared, and then a collapsed graphitic shape and a smooth
surface appear. This is due to the reactions between the water
and Li or Li compounds. The possible reactions and solubility
of these Li compounds are summarized in Table 115 The reac-
tion product is mainly alkaline soluble LiOH. pH measurement

Fig. 3 Lithium loss on the negative electrode surface. SEM images of the graphite anode from (a) the fresh cell, (b) the aged cell after washing
with DEC, and (c) the aged cell after washing with DEC and then with water; (d) the mechanism diagram of the dissolution of lithium compounds
in water and quantified by the pH test, and the quantified result of the LiOH content is shown in (e); Li 1s XPS spectra of the negative electrode
from (f) fresh cell and (g) aged cell.

Table 1 The dissolved species or reactions with water of lithium or
lithium compounds on the anode

Components Reactions with water Species in solution

Li 2Li + 2H2O = 2LiOH + H2[ Li+, OH−

Li2O Li2O + H2O = 2LiOH
CH3Li CH3Li + H2O = LiOH + CH4[
ROLi ROLi + 2H2O = 2LiOH + H2[
LiOH N.A.
LiF N.A. Li+, F−

Li2CO3 N.A. Li+, CO3
2−

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 41–52 | 45
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has been widely used to quantify residual lithium in nickel-rich
material production.20 Here, we use the pH value to quantify the
irreversible lithium that can react with water and dissolve in
water as a state of Li+ and OH−, and the process is illustrated in
Fig. 3d, followed by X-ray photoelectron spectroscopy (XPS)
measurement to quantify the total content of lithium loss on
the graphite anode.

The pH values are 10.64 and 8.81 for the aged and fresh
negative electrodes, respectively, corresponding to a lithium
loss of 1.10% and 0.02% in the form of Li0, Li2O, LiOH, CH3Li,
and ROLi, as shown in Fig. 3e. Furthermore, the XPS spectrum
of Li 1s was measured for the electrodes of Fig. 3a and b, as
shown in Fig. 3f and g, respectively. There are three tted peaks
for the aged negative electrode, which belong to LiF, Li2CO3,
and Li/Li–O compounds, corresponding to an amount of
73.66%, 19.79%, and 6.55% Li, respectively. Here, the Li/Li–O
compounds correspond to the pH quantied part (1.10%).
Therefore, the lithium loss in the aged negative electrode can be
quantied as 16.82%. Note that some active Li inserted in
graphite during the voltage recovery from a fully discharged
state. So, the pH test and XPS results establish that the lithium
loss is much lower compared with the capacity loss (over 50%).
This further proves that there is no signicant amount of

inactive lithium on the negative surface. Furthermore, the
quantied Li loss in our research is close to other reported Li
contents in SEI lms.15,27

3.2.2 Materials degradation. Fig. 4a and b show the cross-
section SEM images of the fresh and aged positive electrodes,
respectively. The average thickness of the fresh positive elec-
trode is 137 mm (Fig. 4a). Aer aging, the average thickness
increases to 153 mm (i.e., increases by 11.7%) (Fig. 4b). Besides,
cracks appeared and extended to the inner part of the electrode,
resulting in loose particles and intra-electrode voids, which is
one of the reasons for the increased electrode thickness.

Another reason is the increased volume of cathode grains,
which can be evaluated by the le shi of the XRD pattern as
shown in Fig. 4c. This will lead to an increase in the paths of
charge transfer and Li diffusion as well as an increased internal
resistance. Besides, the inconspicuous splitting peaks (006/012)
mean a decreased crystallinity, and the increased I(003)/I(104)
means increased Li/Ni cation mixing for the aged positive
electrode.28 Furthermore, the deterioration of the material is
also reected in particle morphology. The surface of the fresh
cathode particles (Fig. 4d) is smooth, and then, pulverization
and cracking happen during aging (Fig. 4e). Besides, the pres-
ence of residue powders on the cathode particle surface seems

Fig. 4 Cross-section SEM images of (a) fresh and (b) aged positive electrodes. (c) XRD patterns of the fresh and aged positive electrodes (PE).
SEM images of (d) fresh and (e) aged NMC particles. (f) Raman spectra of the fresh and aged positive electrodes. Transitionmetals (Mn, Co, and Ni)
from the positive electrode are deposited on the negative electrode surface, which can be measured by (g) EDS point scan and (h) XPS. (i) The
voltage profiles of the fresh and aged positive electrodes were tested against the Li metal electrode with a coin cell in the voltage range of 2.75–
4.2 V at 0.05C.

46 | J. Mater. Chem. A, 2023, 11, 41–52 This journal is © The Royal Society of Chemistry 2023
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to be due to interface compositions, and this was tested by XPS
as shown in Section 3.2.3. The cracks are also reected in the
Raman spectrum (Fig. 4f), where NMC can be thought of as
a solid solution of LiNiO2, LiMnO2, and LiCoO2. Among them,
layered LiNiO2 and LiCoO2 contribute only two Raman-active
modes, one is the A1g mode at 609 cm−1 and the other is the Eg
mode at 503 cm−1, corresponding to the out-of-plane M–O
stretch and in-plane O–M–O band, respectively.29 The additional
weak bands were contributed by LiMnO2. Aer aging, the
increased Eg mode means an increase in the amount of the in-
plane O–M–O band, which is consistent with the crack forma-
tion and inside-surface exposure as shown in Fig. 4e. As re-
ported, the HF from electrolyte decomposition is easy to
penetrate into cathode particles and induce serious side reac-
tions, causing the transition metal to dissolve in the electrolyte
and then deposit on the negative electrode surface. EDS point
scans were performed to verify the presence of transition metal
elements Ni, Co, and Mn, as shown in Fig. 4g. Furthermore, Ni,
Co, and Mn elements can also be observed by XPS from the
surface of the aged negative electrode (Fig. 4h). As reported in
ref. 30 and 31, the Co deposits on the graphite surface can also
accelerate the exfoliation of graphite, leading to a severe
degradation of the full cell.

The factors of particle cracks, increase in grain volume, Li/Ni
mixing, and transition metal dissolution have an impact on

electrode capacity degradation, which can be evaluated using
coin cells. As shown in Fig. 4i, the aged positive electrode shows
a higher charge plateau and a lower discharge plateau, which
are caused by polarization. Furthermore, there is no evident
constant-voltage charging segment for the aged positive elec-
trode, which means that the positive electrode has been fully
charged before the constant-voltage charging period with
a 0.05C current. In contrast, the battery voltage of the aged
positive electrode prematurely reaches the upper cut-off voltage
during charging due to a high internal resistance, resulting in
a long constant-voltage charging period as well as a decreased
battery capacity. However, over 86% of the initial capacity is still
maintained.

Similarly, the negative electrode also becomes thicker aer
aging. The thickness of the fresh negative electrode is 200 mm
(Fig. 5a), which increased to 271 mm (i.e., 30.5% increase) aer
aging (Fig. 5b). There are a lot of cracks and exfoliated pieces in
the aged negative electrode, which is a key reason for the
thickening of the negative electrode. Besides, the materials are
stripped from the current collector, leading to an increase in Rct,
as illustrated in Fig. 2e. From the top view, the surface lm,
which has a thick and cracked surface, can be observed on the
top of the aged negative electrode (Fig. 5d), and a surface lm
also can be observed from the edges of the graphite particles in
the SEM image (Fig. 5f), which is the main reason for surface

Fig. 5 Cross-section SEM images of (a) fresh negative electrode and (b) aged negative electrode; top surface SEM images of (c) fresh negative
electrode and (d) aged negative electrode; SEM images of (e) fresh graphite particles and (f) aged graphite particles; (g) Raman spectra of the fresh
and aged negative electrodes; (h) XRD patterns of aged and fresh negative electrodes; (i) charge and discharge voltage curves obtained by testing
against Li in coin cells in a voltage range of 0.001–1.0 V at 0.05C.
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impedance in batteries. Besides, the graphite particles collapse
into irregular shapes aer degradation. Furthermore, Raman
measurements with laser wavelengths of 532 nm were per-
formed to test the interface structures of both fresh and aged
negative electrodes (Fig. 5g). However, Raman spectroscopy can
only detect a very weak graphitic phase from the aged negative
electrode interface, implying that the thickness of the interfa-
cial precipitates is close to 500 nm. XRD patterns were recorded
to evaluate the structure change, as shown in Fig. 5h. Layer
spacing of graphite increased from 3.346 Å to 3.575 Å with the
aging, resulting in a volume expansion of the negative electrode.
This is another reason for the electrode thickening.

The inuence on negative electrode capacity is shown in
Fig. 5i. The lithiation process of the graphite anode can be fully
carried out with a lower cut-off voltage (0.001 V). The capacity
fade of the lithiation process represents the loss of lithium-
intercalated graphite, which is less than 15%. However, the de-
lithiation process is easily affected by the initial charging
voltage caused by an internal impedance, and the coulombic

efficiency of the aged negative electrode is only 65.6%, resulting
in a 44% capacity loss in the de-lithiation process compared
with that of the fresh negative electrode.

3.2.3 Interfacial impedance of electrodes. Li compounds
are plated on the negative electrode surface together with other
solvents to form a SEI layer. Similarly, the surface layer on the
positive electrode is called the “cathode–electrolyte interphase
(CEI)”. The SEI and CEI usually can be unied as the “electrode–
electrolyte interphase (EEI)” which is the main reason for
battery potential drop during cycling by forming a thermody-
namic potential gap between the electrodes and electrolyte.32

From the above analysis, it was found that an increase in
impedance is the main reason for the capacity fading of the full
cell, positive electrode, and negative electrode. Fig. 6a and
b compare the impedance evolution of both positive and
negative electrodes upon cycling, and the tted results are
shown in Fig. 6c. The Rcei of the aged positive electrode is 574.5
U which is higher than that of the fresh one (42.47 U). Besides,
an extra semicircle appears in the impedance spectra of the

Fig. 6 Impedance evolution tested using coin cells for the fresh and aged (a) positive electrode (PE), and (b) negative electrode (NE), and (c) fitted
results, REEI: Rsei or Rcei; XPS spectra of (d) F 1s, O 1s, C 1s, and Li 1s for the positive electrodes and (e) F 1s, O 1s, and C 1s for the negative
electrodes; (f) the chemical composition obtained by quantitative XPS characterization of the SEI film on the negative electrode surface and CEI
film on the positive electrode surface.

48 | J. Mater. Chem. A, 2023, 11, 41–52 This journal is © The Royal Society of Chemistry 2023
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aged positive electrode (Fig. 6a), indicating deteriorated elec-
tronic conductivity,33 which is related to the cracks and
pulverization on the cathode. Furthermore, the impedance
spectra of the negative electrode are shown in Fig. 6b. The Rsei of
the aged negative electrode is 1052 U, while the Rsei of the fresh
one is only 183 U. Therefore, the impedance of the positive and
negative electrodes is mainly contributed by the interface lm.

Here, XPS was performed to probe the EEI compositional
information on the fresh and aged batteries.

XPS was performed to identify the CEI composition, and the
results of F 1s, O 1s, C 1s, and Li 1s are shown in Fig. 6d. This
indicates that CEI lms are mainly composed of LixPyOFz (peaks
at 688.5 eV in the F 1s spectrum), LiF (peaks at 56.5 eV in the Li
1s spectrum, and 686.3 eV in the F 1s spectrum), C–O (peaks at
535.3 eV in the O 1s spectrum), CO (peaks at 288.9 eV in the C 1s
spectrum), Li2CO3 (peaks at 55.6 eV in the Li 1s spectrum and
291.0 eV in the C 1s spectrum), and Li–O (peaks at 51.5 eV in the
Li 1s spectrum). It is worth noting that the percentage of lattice
oxygen increases obviously for the aged positive electrode in the
O 1s spectrum, which is related to the crack formation and
exposing a vast fresh surface inside secondary particles,34 which
is consistent with the SEM analysis in Fig. 4e. Furthermore, this
was further conrmed by the enhanced bands of Ni–Li, Co–Li,
and Mn–Li in the Li 1s spectrum.

For the SEI lm (Fig. 6e), the formation of LixPyOFz origi-
nates from the reactions of trace H2O and LiPF6 in electrolyte,35

which belongs to the primary precipitated solid and can
decompose to form Li3PO4 and LiF.36,37 In the Li 1s spectrum,
Li2CO3 is mainly derived from electrolyte decomposition.36

Besides, Li2O (peak at 52.4 eV) can be attributed to Li reducing
CO2 that comes from the decomposition of Li2CO3 at a high
voltage (about 4.2 V).38

However, the percentage of Li–O in our research is not as
high as that in other related reports,39 due to the low upper cut-
off voltage (4.2 V) and the absence of the constant-voltage
charging stage. Besides, the C–O and CO compounds are from
the reduction of the electrolyte solvent, such as diethyl
carbonate (DEC).

A quantitative analysis of the XPS data was performed for
further analysis. As shown in Fig. 6f, inorganic compositions are
the major EEI components, which play an essential role in
achieving the electronic insulation of the EEI.32 For the SEI lm,
the increased content of organic compositions (such as C–O and
CO) on the aged NE originates from the decomposition of
ethylene carbonate (EC), which is related to a degraded elec-
trolyte.35 Furthermore, Li2CO3 and LiF are the main ionic
carriers for Li+ diffusion at the interface. The decreased
percentage of LiF in the aged anode will hinder the diffusion of
Li-ions, as well as lead to an increased Rsei as shown in Fig. 2d
and 6b. Unlike the SEI lm, the most occupied components in
the CEI lm are LixPyOFz and organic components, due to LiPF6
decomposition at high voltage on the positive electrode side.35

Besides, the percentage of inorganic compounds (LixPyOFz,
Li2CO3, LiF, and Li2O) changed aer aging, due to the further
reformation of the CEI and SEI that is more easily damaged at
high operation temperature. As a result, the interface

composition changes in both the negative and positive elec-
trodes along cycling.

3.3 Discussion on the degradation mechanism and
perspectives for stabilization

The battery nally drops to 52% capacity in CC cycling, which is
due to the loss of active materials on the negative electrode, the
loss of active materials on the positive electrode, the loss of Li-
ions, and an increased interfacial impedance, as summarized in
Fig. 7. We quantify the available electrode materials based on
the amount of Li that can be inserted into the electrode during
lithiation in coin cell tests. The results show that less than 15%
loss of active materials occurs on the negative and positive
electrodes. Furthermore, the loss of Li-ions is also not the key
limiting factor for the battery capacity fading, which only
accounts for 16.8% from the pH and XPS analyses. Signicantly,
the resistance increase is the limiting factor for the battery
capacity retention rate, resulting in 44% capacity loss for the
negative electrode and 14% capacity loss for the positive elec-
trode. The increased resistance is mainly caused by the inter-
face lms, such as the SEI lm on the negative electrode and
CEI lm on the positive electrode.

To further extend the battery life, some measures can be
taken to stabilize the battery performance from the aspects of
full-cell operation, electrode fabrication, or electrode material
preparation. At the full-cell application level, the impedance
increase can be inhibited by some reasonable charging/dis-
charging protocols, such as dynamic pulse current.6 The
thickening of the SEI lm is mainly caused by the repeated
formation and cracking processes, resulting in an increased
interface impedance and a deteriorated battery performance.
The application of pulse current in LIBs can construct a high
stability and low impedance SEI lm.40 Then, the increase in
interface impedance can be effectively inhibited. Furthermore,
adjusting the frequency and duty cycle of pulse current can
achieve a fast charging. Besides, the temperature of the battery
during operation is high and the surface temperature is close to
50 °C, even at room temperature. The high temperature will
exacerbate the side reactions at the electrode interface, and
then transition metals from the positive electrode will dissolve
in the electrolyte and deposit on the graphite surface, resulting
in the loss of active materials and an impedance increase.
Therefore, heat dissipation or cooling systems are needed for
the battery to operate in high-temperature environments.

At the electrode level, the phenomenon of active materials
peeling is obvious for both aged positive and negative elec-
trodes, and the formed debris detaches from the electrodes and
current collectors, not only causing the loss of active materials
but also hindering the diffusion of Li-ions. A durable binder is
necessary to build a tight connection between the active mate-
rials and the current collector. Besides, the thickness of elec-
trodes is also an important parameter for the battery
performance. With a thicker electrode, the Li-ion transport path
is longer, resulting in a battery impedance increase. However,
a smaller electrode thickness will lead to a low energy density.
Furthermore, the thickness of electrodes is also related to the

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 41–52 | 49
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ratio of the negative electrode capacity and positive electrode
capacity, i.e., the N/P ratio. A high N/P ratio means excess
graphite as well as SEI lm formation, while a lower N/P will
lead to the formation of Li-plating.8 Therefore, the thickness of
electrodes (N/P) can be optimized to reduce the loss of active
materials and inhibit the impedance increase.

At the material level, the pulverization and volume expan-
sion of the cathode particles are serious, which will enlarge the
transfer path of Li-ions, resulting in an increased impedance.
The cathode materials with a single-crystal structure will effec-
tively inhibit pulverization and volume expansion. Besides, the
lower specic surface area of single-crystal particles also
inhibits the amount of interface lm and the dissolution of
transition metals.41 For the interface lm, constructing an
articial SEI on the graphite surface can inhibit the deposition
derived from electrolyte decomposition and the anion solvation
effect, resulting in a stable electrode/electrolyte interface as well
as superior cycling stability.42

4. Conclusions

This study identies the dominant aging mechanism of
commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite batteries under CC
cycling conditions at the full cell, electrode and material levels.
Aer a controlled aging test for 1000 cycles, the cell capacity
drops by 52% (0.25C), which is mainly caused by the increased
internal impedance. In particular, both the positive and nega-
tive electrodes show a signicant increase in impedance, espe-
cially the interface resistance ascribed to the formation of the
EEI lms, which leads to more rapid voltage collapse to cut-off
voltage and hence reduced capacity. Moreover, the increased
internal impedance aggravates the heat generation during
battery operation which exacerbates the parasitic reactions and
accelerates the battery degradation. At the material level, the
cracking/pulverization of NCM particles and transition metal
dissolution are the main degradation processes on the positive
electrode side, while the >35% capacity drop of the negative

Fig. 7 Overview of the processes related to battery capacity fade and perspectives for extending the cycle life.
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electrode is mainly caused by the increased interfacial imped-
ance. Besides, the Li-plating and SEI lms are the main causes
for the loss of active Li-ions, accounting for 16.8% of the total Li
ions in the battery.

The degradation mechanisms of commercial NCM/graphite
LIBs identied in this work provide guidance to rationalize the
discharging and charging protocols for enhanced cycling
stability and cycle life. The aging mechanisms and the meth-
odology for identifying them could also be generalized and
extended to other types of rechargeable batteries or electro-
chemical energy storage devices.
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Unravelling the Mechanism of Pulse Current Charging for Enhancing 
the Stability of Commercial LiNi0.5Mn0.3Co0.2O2/Graphite Lithium-Ion 
Batteries 

Jia Guoa,b,c, Yaolin Xub,d*, Moritz Exnerb, Yongchun Lib, Hui Wangb, Xinrong Huanga, Julia Kowalf, Qi 
Zhanga, Peter Kjæ r Kristensenc, Deyong Wangc, Kjeld Pedersenc, Leonid Gurevichc, Daniel-Ioan 
Stroea*, Philipp Adelhelmb,e*

The key to advancing lithium (Li)-ion battery (LIB) technology, particularly with respect to the optimization of cycling 

protocols, is to obtain comprehensive and in-depth understanding of the dynamic electrochemical processes during battery 

operation. This work shows that pulse current (PC) charging substantially enhances the cycle stability of commercial 

LiNi0.5Mn0.3Co0.2O2 (NMC532)/graphite LIBs. More importantly, we combine electrochemical diagnosis with post-mortem 

and operando characterization to comprehend on various levels (material-, electrode-, and cell-level) the mechanism of PC 

charging for enhancing the cycling stability. Electrochemical diagnosis unveils that pulsed current effectively mitigates the 

rise of battery impedance and minimizes the loss of electrode materials. Operando and ex situ Raman and X-ray absorption 

spectroscopy reveal the chemical and structural changes of the negative and positive electrode materials during PC and 

constant current (CC) charging. Specifically, Li-ions are more uniformly intercalated into graphite and the Ni element of 

NMC532 achieves a higher energy state with less Ni-O bond length variation under PC charging. Besides, PC charging 

suppresses secondary electrolyte decomposition and continuous thickening of the solid-electrolyte-interphase (SEI) layer on 

graphite anode. These findings offer mechanistic insights into Li-ion storage in graphite and NMC532 and, more importantly, 

the role of PC charging in enhancing the battery cycling stability, which will be beneficial for advancing the cycling protocols 

for future LIBs and beyond.

Introduction 

Over the course of 30 years’ development of lithium (Li)-ion 

batteries (LIBs), focus in the field has remained on achieving 

safe and stable LIBs  for electric vehicles, portable electronics, 

etc.1,2 Generally, batteries retaining 80% of their nominal capacity 

(i.e., 80% state-of-health (SoH)) reach their end-of-life3,4. The 

nowadays state-of-the-art LIBs are based on LiNi0.5Mn0.3Co0.2O2 

(NMC532)/graphite3, which usually only have a service life of 5 to 8 

years3.By optimizing the cycling conditions, LIBs are expected to be 

in service even for decades5, which  will greatly alleviate the pressure 

on battery manufacturing and recycling,  and ultimately enhance the 

sustainability of our future society. 

Advanced charging protocols, e.g., pulse current (PC) charging, 

hold the potential to prolong the service life of current LIBs6,7. 

Specifically, PC charging with relaxation time  has been extensively 

employed in electrochemical testing of NMC/Graphite8–10, LiFePO4 

(LFP)/Carbon-based11,12, LiCoO2 (LCO)/Graphite13, and LFP/Li14 

batteries from lab cells to commercial batteries. A typical PC 

charging protocol consists of a constant current (CC) charging 

time followed by a rest time. The duration and ratio of these 

charging periods and intervals of rest vary based on 

experiments design. These studies have shown promising 

results, demonstrating the potential of PC charging for 

improving battery stability by a significant margin, ranging from 

0.5% to 34%, as depicted in Fig. 1. However, mechanistic 

understanding on how PC charging enhances battery 

performance remains limited, which hinders the optimization of 

charging protocols and the advancement of future batteries. 

To unravel the performance improvement of LIBs under PC 

charging, it is of vital importance to understand their aging 

mechanism during service. The aging mechanisms observed in 

commercial batteries are primarily attributed to several factors, 

including polarization resulting from interfacial film thicken, loss of 

active materials, and loss of Li ions15,16. Our previous work has 

unveiled the main causes of NMC532/graphite battery degradation, 

highlighting the crucial role of interfacial film growing and the loss of 

cathode and anode materials in this process17. A well-known aging 

mechanism in LIBs is the continuous growth of the solid-electrolyte 
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interface (SEI) on the anode resulting in the depletion of Li supply 

and capacity decay4,18. Moreover, the presence of SEI hinders the 

transport of Li-ions, leading to higher interface impedance19 and 

hence larger dis-/charge overpotential during battery operation, 

ultimately decreasing the achieved capacity20. Furthermore, the 

NMC532 and graphite electrodes suffer from cracking in structure, 

along with electrode exfoliation, which also contributes to capacity 

loss.  

 
Fig. 1 Relative improvement in SoH of Li-based batteries under PC charging 

compared to continuous current charging protocols. (CC: constant current, 

CV: constant voltage, CVNP: constant voltage with negative pulse) 

 

PC charging is hypothesized to mitigate these issues. Generally, 

the diffusion of Li-ions in the electrolyte is much slower than the 

electron transport in the external circuit and the electrodes. The 

slower Li-ion diffusion compared to electron transport results in 

concentration polarization of Li-ions within the battery3. 

Consequently, this uneven distribution leads to the depletion of Li-

ions and accumulation of solvent molecules and anions near the 

electrode, aggravating  the reaction between electrons and 

solvent/anion to form SEI species6. At the counter electrode 

(NMC532), the concentration of Li-ions increases. Subsequently, the 

reduction in solvent concentration becomes a hurdle to amalgamate 

the extracted Li-ions from the cathode with solvent anions. As a 

result, this could potentially influence the energy states of transition 

metals, nickel (Ni) included. In contrast, PC charging allows extra time 

for ion diffusion to compensate for the imbalance in electron and ion 

transport, thereby alleviating this hysteresis and reduces the 

polarization, suppressing the SEI thicken. Besides, the electrode 

materials undergo structural relaxation between current pulses, 

which mitigates the mechanical stress and structural degradation of 

electrode materials. 

To testify the hypothesis, in this work, we study the 

electrochemical behaviors of 18650-type NMC532/graphite LIBs 

during aging with different charging protocols: CC or PC. Moreover, 

through comprehensive electrochemical analysis and a toolkit of 

post-mortem and operando characterization, we comprehend in 

detail the electrochemical processes of Li-ion storage in 

NMC532/graphite and SEI formation under CC and PC charging. 

These results contribute to unraveling the mechanism of enhanced 

cycling stability under PC charging. 

Results and discussion 

Battery performance and electrochemical diagnostics 

As shown in Fig. 2a, the NMC532/graphite battery charged at 

constant current retained only 37.8% of its initial capacity after 1000 

cycles, and stopped service (i.e., 80% SoH) after only 500 cycles. In 

sharp contrast, the batteries charged with pulsed current exhibit 

much enhanced cycling performance over cycling. In particular, at a 

pulsed current with a frequency of 100 Hz (denoted as Pulse-100), 

the battery’s capacity retention rate reaches 66.48% after 1000 

cycles with a cycle life of >700 cycles. And, at a 2000 Hz pulsed 

current (denoted as Pulse-2000), the capacity retention rate of the 

battery is as high as 81.73% in 1000 cycles, i.e., more than twice the 

cycle life compared to that at CC charging.  Obviously, the PC charging 

method effectively improves the battery cycling performance. In our 

previous report17, it has been revealed that the aging mechanisms 

under CC cycling is the increased interfacial impedance and 

polarization, especially on the graphite anode, and loss of active 

materials. Comparing the charging and discharging curves under 

these three charging methods (Fig. 2b2-d2), it shows a rising 

tendency of the charge voltage and a dropping trend for the 

discharge voltage over 1000 cycles. This is most evident for the CC-

charged battery and is related to battery polarization17. The battery 

polarization is reduced when charged with a pulse current, and 

further decreases as the pulse frequency increases from 100 to 2000 

Hz. The shift of the secondary peak (peak Ⅱ) in the incremental 

capacity (IC) curve is a useful parameter for quantifying the increase 

in polarization21. Here, the peak Ⅱ shifts by 0.166 V, 0.086 V and 

0.078 V for the batteries charged under CC, Pulse-100 and Pulse-

2000, respectively (Fig. 2b3-d3). The main peak (Peak I) serves as an 

indicator for the loss of active materials in both the cathode and 

anode22. Under CC charging, the peak I gradually diminishes and can 

nearly vanish after around 1000 cycles, reflecting the substantial loss 

of active materials from the electrodes. In contrast, when using 

Pulse-2000 charging, peak I remains prominent even after 1000 

cycles. This observation suggests that compared to CC charging, the 

loss of active material is significantly reduced with PC charging. In 

short, electrochemical diagnosis reveals that the application of PC 

charging significantly alleviates active material loss and reduces 

polarization of the battery and a higher pulse frequency result in less 

battery degradation. 
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Fig. 2 Electrochemical behaviors of the reference performance tests (RPTs) for 18650-type NMC532/graphite LIBs aged with different charging protocols: CC, 

Pulse-100 and Pulse-2000. The RPT rests were performed after every 100 cycles of battery aging. (a) The battery SoHs obtained from the RPTs during aging.  

The current wave shapes for battery aging, and the dis-/charge voltage profiles and IC curves of the RPTs for batteries aged with (b1-b3) CC, (c1-c3) Pulse-100 

and (d1-d3) Pulse-2000 charging protocols. BOL: begin of life. 

Electrochemical Impedance Spectroscopy (EIS) is an 

effective method for identification and analysis of the 

polarization that takes place within the battery23.  A typical 

Nyquist plot of the EIS data of a battery and the related 

processes are shown in (Fig. 3a)24,25. After aging for 1000 cycles, 

the Rsei and Rct values of the batteries aged at constant current 

and Pulse-2000 were measured and shown in Fig. 3b (see Fig.. 

S1 for the Nyquist plots). In general, the Rsei and Rct decrease as 

the state-of-charge (SoC) increases, and the resistances of the 

CC-aged battery are higher than that under PC aging. This is 

consistent with the much more significant decline of battery 

capacity during CC aging. 
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Fig. 3 EIS results of the batteries after aging for 1000 cycles under CC and Pulse-2000 charging. (a) The characteristic Nyquist plot and equivalent circuit diagram, 

(b) the fitting results of Rsei and Rct in relative with the SoC; The distribution of relaxation time (DRT) profiles at 10%, 30%, 50%, 70%, and 90% SoC for the 

batteries aged under (c) CC and (d) Pulse-2000 charging. The regions marked with colors are related to the major electrochemical processes in batteries, 

namely Ohmic resistance (purple) and across the SEI (pink), and charge transfer (blue), respectively. 

Distribution of relaxation times (DRT) is used to deconvolute 

electrochemical processes on various time scales from the EIS data 

at different SoCs. In the interpretation of DRT calculations, specific 

electrochemical processes (incl. charge transfer, interfaces, ion 

diffusion, etc.,) can be distinguished and identified by the time 

constant (τ) of the corresponding Randles circuit (i.e., RC paralleled 

circuit - a typical circuit for simulating the interfacial process that 

consists of ionic double layer and transport resistances)26. The 

timescale analysis reveals specific kinetic characteristics of the 

electrochemical processes. In general, charge transfer typically takes 

place with a time constant between 10-2 and 10-1 s and Li-ion 

transport across interfacial films (i.e., SEI and cathode-electrolyte 

interface CEI) occurs between 10-3.5 and 10-2 s27,28. The DRT results 

(Fig. 3c-3d) show that the battery aged with CC charging exhibits a 

lower time constant and hence a higher impedance for interface and 

charge transfer resistance, compared to that at Pulse-2000. 

Particularly at a higher State of Charge (SoC), this distinction 

becomes more pronounced. This phenomenon is attributed to the 

low porosity of the graphite electrode and the reduced volume 

fraction of the electrolyte, a consequence of the densely packed 

graphite particle contacts in high SoC conditions29. As a result, this 

configuration leads to lower resistance. Besides, the interface 

resistance, which is the major kinetic limiting factor for CC sample as 

proved in our previous work17, is significantly reduced for Pulse-

2000. During the charging of NMC532/graphite battery, Li ions are 

extracted from the NMC532 cathode and intercalated into the 

graphite anode, which is susceptible to SEI growing on the graphite 

anode. Besides, the volume of graphite expands during Li-ion 

intercalation and shrinks during de-intercalation, destabilizing the 

SEI film and leading to the rupture and continuous growth of SEI. 

Therefore, the discrepancies of interface resistance under CC and 

Pulse-2000 charging are mostly associated with the SEI (and not CEI), 

and the growing SEI film under Pulse-2000 charging has a lower 

impedance. Meanwhile, the charge transfer is accelerated in battery 

aged under Pulse-2000. The time constant of charge transfer at 

Pulse-2000 charging decreases from 10-1 s to 10-2 s with increasing 

SoC from 10% to 90%, while the charge transfer time constant at 

constant current is less influenced by SoC. This observation is 

possibly related to the porosity formed as a result of the cracking of 

graphite particles during CC aging29. 

Overall, electrochemical diagnoses (i.e., IC, EIS, and DRT) unveil 

that PC charging effectively mitigates the increase of the SEI and 

charge transfer resistances, and also alleviates the loss of electrode 

materials, ultimately leading to an extended battery lifespan. 

Mechanism of electrode degradation 

Degradation mechanism of graphite anode. To elucidate the 

structural changes that happen to the graphite anode with different 

lithiation protocols, we performed post-mortem analysis and 

employed ex situ synchrotron X-ray diffraction (XRD) to reveal the 

crystal structures of graphite electrodes after aging for 1000 cycles 

under CC and PC charging protocols. The XRD patterns of fresh and 

aged graphite electrodes in Fig. 4a shows similar positions for all 
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crystalline peaks of graphite, including the major diffraction peak 

from the (002) lattice plane, indicating that the layer spacing of 

graphite remains unchanged after battery aging30. Besides, as the 

battery ages, the (002) peak broadens significantly, with notable 

increase of the full width at half maximum (FWHM) for all the aged 

graphite electrodes, as shown in insert picture of Fig. 4a, indicating 

cracking or even pulverization of graphite particles and collapse of 

the electrode structure31. In particular, the increase of FWHM for 

graphite electrodes aged under pulsed current (4.12×10-3 Å for 

Pulse-100 and 4.01×10-3 Å for Pulse-2000) is less significant than the 

CC-aged electrode (4.38×10-3 Å), and as the frequency of the current 

pulse increases the FWHM decreases, which suggests that the pulsed 

current allows structural relaxation and reduces the mechanical 

strain in the particles, suppressing the cracking of graphite particles 

and expansion of the electrode. Particle cracking causes an increase 

in the internal porosity of the electrode, consequently leading to an 

increase in the electrode thickness. As a result, the thickness of 

graphite electrode increases by about 15% (115 μm vs 100 μm for 

pristine electrode) after aging under 2000 Hz PC charging, which is 

significantly less than that under CC charging (35 %, 135 μm vs 100 

μm) (Fig. 4b). The cross-section FE-SEM images are shown in Fig. S2.

Fig. 4 (a) Ex situ synchrotron XRD patterns of fresh and aged graphite anode, and the FWHM of the (002) peak of fresh and aged graphite electrodes as inserted 

picture; (b) thickness of fresh and aged negative electrodes based on SEM results; operando Raman spectra of the graphite during (c) CC and (d) PC lithiation 

processes; the state of graphite with Li-ions (e) unevenly distribution during CC lithiation, and (f) evenly distribution during PC lithiation
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    To further unravel the structural evolution of the graphite anode 

in LIBs during cycling and the influence of the charging protocol, 

operando Raman spectroscopy was utilized to monitor the real-time 

evolution of the graphite structure during lithiation under constant 

and pulsed current, respectively. Usually, graphite undergoes 

complex phase transition during Li-ion intercalation, resulting in 

various intermediate states, such as LiC48, LiC24 LiC18, LiC12, LiC6 [32,33]. 

The arrangement of Li ions in graphite inherently strives to achieve a 

state of lower energy due to the maximized interaction between the 

embedded Li ions and the graphite host[32]. Operando Raman 

spectroscopy can capture the subtle changes in structure during 

lithiation which occurs from 1.0 V to 0.003 V vs Li+/Li. As shown in 

Fig. 4c, during CC lithiation, the voltage profile displays four distinct 

stages. At stage I, graphite is lithiated to LiC48 demonstrating a single 

G band with a high intensity in the Raman spectrum[34]. In the 

following stage (II) where LiC48 transits to LiC24 then to LiC18, the 

intensity of the single G band peak decreases and the peak gradually 

transforms into a doublet band. At stage III (i.e., LiC18 to LiC12 

transition), the doublet peaks decrease in intensity, with the left peak 

of the doublet becoming significantly weaker. Finally, at stage IV (i.e., 

transition from LiC12 to LiC6), the doublet band intensity increases. As 

reported, the doublet G band observed in the Raman spectrum of 

graphite is related to the unevenly distribution of Li-ions in graphite  

during intercalation[34], which can be mitigated by pulsed current. 

The operando Raman spectra of graphite during PC lithiation are 

shown in Fig. 4d. At stage I and II, the Raman spectra are similar 

between CC and PC lithiation. During stage III, the doublet peaks 

undergo a steady decrease in intensity and merge gradually. By stage 

IV, only low-intensity single peaks remain. The 2 D Raman spectrum 

as seen in Fig. S3. The observations imply that Li-ion distribution in 

graphite during lithiation is more even under pulsed current, as 

depicted in Fig. 4e, f. The thickness of the negative electrode during 

the lithiation and delithiation processes were measured by an 

operando electrochemical dilatometry. As shown in Fig. S4, the 

thickness of the negative electrode experiences significant 

fluctuations throughout the CC cycling, indicating it unstable. 

However, when it comes to PC charging, the thickness variation is 

notably reduced. This highlights the divergence in the lithium 

insertion behavior of graphite in these two scenarios. Under PC 

charging, lithium integration within the graphite becomes more 

uniform, resulting in reduced volume fluctuations and mitigated 

mechanical stress that might otherwise lead to graphite fracture.   

    In short, PC charging facilitates more homogeneous Li-ion 

distribution in graphite during lithiation and mitigates the cracking 

and pulverization of graphite particles, effectively suppressing the 

structural and thickness changes of graphite electrodes in LIBs. 

Hence, PC charging inhibits the loss of the graphite anode. 

Degradation mechanism of NMC532 cathode. To study the 

degradation of NMC cathode, ex situ synchrotron XRD and ex situ X-

ray absorption near-edge structure (XANES) were employed for 

detailed crystallographic analysis of fresh and aged NMC532 

cathodes. ex situ synchrotron XRD reveals in detail these structural 

deteriorations. As shown in Fig. 5a, the leftward shift of the (003) 

peak in the CC aged electrode indicates an expansion of the crystal 

volume or layer spacing in NMC532 materials32. Moreover, the lower 

intensity of the (018)/(110) double split peak under CC charging than 

that under PC charging suggests a reduction in crystallinity33. The Ni-

O bond length (Radial-distance) in the aged positive electrode is 

significantly shortened (Fig. 5b). This can be attributed to the fact 

that the atomic radius of high-valent Ni (Ni3+ and Ni4+) is lower than 

that of Ni2+34, leading to a shortened Radial-distance. Furthermore, 

the peak intensity of the EXAFS is positively correlated with the 

coordination number35,36. After aging, Ni exhibits a higher 

coordination number with oxygen atoms, particularly for the 

electrodes aged under CC charging, which shows a higher 

coordination number than that under PC charging. Therefore, PC 

charging aging results in less high-valent nickel oxides compared to 

CC charging, with these oxides potentially being deteriorated lithium 

vacancies37. These observations indicate that PC charging is 

beneficial for preserving the crystallinity and layered structure of 

NMC532 cathode materials. 

      To comprehend the aging mechanism of the NMC532 cathodes in 

LIBs, we utilized operando Ni k-edge X-ray absorption spectroscopy 

(XAS) to investigate the local chemical environment of Ni atoms 

under CC and 250 Hz PC charging. In Fig. 5c, the Ni K-edge XANES 

exhibits a rightward shift during the initial charging of the battery, 

followed by a leftward shift to a lower energy position during 

discharge. This shift is attributed to charge compensation achieved 

through the redox process between Ni2+ and Ni4+ ions38. Compared 

with that under CC charging, the shift of Ni edge under PC charging 

is more obvious, indicating the energy and valence states of Ni 

element change more significantly. The quantified results are shown 

in the bottom of the Fig. 5c. Under PC charging, the Ni element trends 

to attain a higher energy and valence compared to that under CC 

charging. 

Furthermore, operando Ni k-edge EXAFS was employed to 

correlate the charge state with the changes in the intensity of Ni-O 

and Ni-transition metal (Ni-TM) bonds, as shown in Fig. 5d. During 

the charging process, the intensity of the Ni-O peak continuously 

increases, while the Ni-TM peak displayed an opposite trend, since 

the Ni valence increase during the delithiation of NMC532 results in 

more oxygen coordination. Similarly, in the followed dis-/charging 

process, the peak intensity of Ni-O and Ni-TM changes more 

significantly under PC charging than that under CC charging. 

Particularly, the bond numbers between Ni and transition metals 

exhibited minimal changes after the initial charge. This is consistent 

with the energy change of the Ni edge, and the NMC material shows 

a greater degree of coordination number change under PC charging, 

which means that the Ni valence will achieve a higher valence state 

in PC charging. Additionally, the Radial-distance shifts of the Ni-O 

bond under CC and PC charging are depicted in the inserted pictures. 

The length of the Ni-O bond undergoes fluctuations with changes in 

the Ni valence state during charge and discharge. When comparing 

PC charging to CC charging, the prolonging and shortening of the Ni-

O bond length is less pronounced in the former, indicating a more 

relaxed redox reaction process. This result provides a deeper 

understanding of the reduced structural deterioration observed in 

the PC aging case. 

In short, the ex situ XRD results unveil that the degradation of 

cathode materials primarily manifests as an increase in cathode 

crystal volume and a decrease in the crystallinity of NMC532 cathode 

materials. Additionally, ex situ Ni K-edge EXAFS further discloses that 



   Paper 

This journal is ©  The Royal Society of Chemistry 20xx  

Please do not adjust margins 

Please do not adjust margins 

these deteriorations are closely linked to the formation of Li vacancy 

phase featuring high valence Ni-O bonding. As summarized in Fig. S6, 

PC charging mitigates this process. Additionally, operando XAS 

highlights the similarities and differences in the valence state, 

energy, and coordination of Ni atoms in NMC532 under CC and PC 

charging. PC charging enhances the growth of the valence state of 

the Ni element, while the fluctuation of the bond length between Ni 

and O diminishes during battery charging. The moderate changes in 

structure and Ni-O bond length induced by PC charging could be 

explained for the overall deterioration of the electrode structure. 

Fig. 5 Ex situ synchrotron XRD results for fresh and aged NMC532 cathodes (a), and Ni K-edge ex situ EXAFS (b); operando XAS for fresh positive electrode 

under CC and PC charging protocols; (c) the Ni K-edge XANES evolution of NMC532 during battery cycling under CC and PC charging; (d) the operando Ni K-

edge EXAFS and Ni-O radial distance under CC and PC charging. 
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Degradation in graphite-electrolyte interface 

PC charging has been demonstrated based on the electrochemical 

analysis to reduce the increase of interfacial resistance, particularly 

the SEI layer on graphite anode, which can be attributed to its impact 

on the thickness, composition, and structure of the SEI. As shown in 

Fig. S7a, the Raman spectra of graphite anodes show insignificant 

graphite D, G, D' and G' peaks, due to the surface coverage of SEI 

layer on graphite. In addition, other heterogeneous peaks appear in 

the 1800 − 2500 cm-1 region, which are from the LixPyFz compounds 
39. In comparison to the CC-aged sample, the Pulse-2000-aged one 

exhibits sharper graphite peaks, indicating a higher light transmission 

through the SEI film. This suggests that the SEI film on the Pulse-

2000-aged graphite electrode may be thinner and/or composed of 

materials with higher light transmittance than that of the CC sample. 

To uncover the nature of graphite, the surface of the graphite 

electrodes was scraped off and re-measured with Raman 

spectroscopy. Distinct graphite peaks were observed in the Raman 

spectra for both the surface-removed CC and Pulse-2000 samples, as 

shown in Fig. S7b. It is noticeable that the LixPyFz peaks representing 

the SEI film disappear, proving the presence of a surface film that 

covered the original graphite electrodes that affects the reflection of 

532 nm laser.  

       The SEI film is usually thin and adheres to the graphite particles, 

which poses a challenge for visualizing the SEI morphology40,41. To 

address this challenge, graphite electrodes were cross sectioned to 

observe the SEI layer. As shown in Fig. S7c1, the CC sample has 

ruptured interfacial films on and between the graphite particles. The 

rupture of these films is related to the mechanical stresses generated 

by Li-ion de-/intercalation in graphite during charging and 

discharging as mentioned before. Fig. S7c2 shows that a distinct 

passivation film that appeared on the graphite particles surface in 

the CC sample. In contrast, the Pulse-2000 sample has no obvious 

passivation film on and between graphite particles, as shown in Fig. 

S7d1. This is consistent with the finding from the electrochemical 

analysis that the SEI growing under CC charging is less stable 

compared to that under PC charging. Fig. S7d2 shows a thin and 

indistinct film (i.e., SEI) adheres to a graphite particle. This implies 

that the PC charging inhibits the continuous growth and thickening 

of the SEI film. The SEI film in Fig. S7c2 was further imaged at a higher 

magnification and analyzed with EDS mapping of O and C elements, 

as shown in Fig. S7e. The SEI film with uneven thickness is distributed 

around the edges of the graphite. The SEI film region is consistent 

with the O element distribution region.   

       To further investigate the growing of SEI films, depth-dependent 

XPS with different etching time of 0, 50 min, and 100 min were 

performed for the pristine, CC-aged, and Pulse-2000-aged graphite 

electrodes. Quantitative results of the chemical composition of SEI 

based on Li2CO3, C=O (e.g., R-CH2OCO2Li and –(CH2CH-(OC(O)CF3))n-

), C-O (e.g., R-CH2OLi and -(CH2CH2O)n-), LiF, and LixPOyFz
17,42 are 

shown in Fig. 6a and the depth-dependent XPS for O 1s and Li 1s are 

shown in Fig. S8.  In consecutive XPS etching from 0 minutes to 100 

minutes, the fresh electrode exhibited a highly similar chemical 

composition. This could be due to the relatively thin SEI of the fresh 

electrode, where the first etching has penetrated the SEI film. Under 

CC aging conditions, the LiF content increases significantly with the 

growing etching depth, indicating a thick SEI film. The second etching 

result of the PC-aged graphite electrode closely resembled the third 

etching result, suggesting it is thinner than the SEI in the CC case. This 

is consistent with the results observed through SEM. 

Additionally, compared with the SEI film on fresh and Pulse-2000 

graphite electrode surface, the CC-aged electrode has SEI with a 

higher percentage of Li2CO3 at each etched depth. Li2CO3 is produced 

as a reaction product of semi-carbonates (e.g., lithium ethylene 

dicarbonate (LEDC)) with HF, water, or CO2
43. After aging of batteries, 

inorganic components such as Li2CO3 and LiF accumulate on the 

graphite surface. Generally, the SEI films on graphite surface are 

brittle due to a high content of inorganic salt44,45. This will cause the 

SEI film to continually rupture and reform as the graphite’s volume 

varies during the cycling of battery aging. The SEI debris accumulates 

on the graphite surface, resulting in a porous and thickened SEI film. 

Inorganic salts are less abundant on the surface of the Pulse-2000-

aged graphite anode than on the surface of CC-aged graphite due to 

the ordered Li+ intercalation during PC charging, which reduces the 

electrolyte decomposition and produces fewer by-products during 

the SEI re-formation process.  
     Correspondingly, a low inorganic salt content in the SEI implies a 

relatively high organic salt and polymer content. The content of C-O 

compounds is much higher on the Pulse-2000-aged graphite surface 

than that on the CC-aged anode surfaces, which will increase the 

flexibility of the SEI film to suppress its fracture upon the volume 

expansion of graphite. As a result, the anode aged under Pulse-2000 

charging exhibits a thinner SEI film.  

     Based on the results of SEM, EDX and XPS analysis, the electrode 

interface aging modes under PC and CC charging are summarized in 

Fig. 6b. PC charging inhibits the reduction reaction between solvent 

and interface electrons by balancing the uneven concentration 

distribution of Li-ions in the electrolyte and reducing lithium 

depletion at the interface. Both the initial reactions (EC reacts with 

e, and decomposition of LiPF6) and secondary reactions (Li2CO3, and 

Li2O, and LiOR from LEDC decomposition) involved in film growing 

will be inhibited. Finally, the reformation, rupture, and accumulation 

of inorganic substances (Li2CO3, LiF and Li2O) of SEI will be 

significantly slowed down, resulting in a thinner SEI film. This 

effectively explain the electrochemical analysis result that PC 

charging mitigates the increase in interfacial impedance. 
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Fig. 6 XPS results of the interfaces of graphite electrodes. Chemical compositions of SEI obtained by quantitative XPS characterization of pristine, CC-aged, and 

Pulse-2000-aged graphite electrodes, and the detailed C 1s, F 1s, O 1s, and Li 1s XPS spectra of graphite electrodes with different etch durations (a). The 

mechanism of SEI film growing at the graphite interface under CC and PC charging based on the demonstration of the above SEM, EDX and XPS results (b).

Discussion on the battery aging mechanisms and the influence of 

charging protocols 

Based on the above results, we can conclude that PC charging greatly 

impacts the operation and performance of NMC532/graphite 

batteries on various levels.  

I. On the cell level, PC charging substantially prolongs the

lifespan of batteries. Moreover, the impact of PC charging

is influenced by the current pulse frequency. As the current

pulse frequency increases e.g., from 100 to 2000 Hz, the

battery’s cycling stability is notably enhanced.

II. On the electrode level, PC charging is effective in reducing

the structural changes of graphite & NMC532 electrodes

and impedance of the electrode-electrolyte interfaces,

especially the SEI film on graphite anode.
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III. On the material level, detailed effects of PC charging on

NMC532/graphite electrode materials and the electrolyte

are demonstrated in Fig. 7. (a) During Li-ion intercalation

with a pulsed current that allows for structural relaxation

of graphite, the distribution of the intercalated Li-ions in

graphite is more uniform, alleviating the mechanical strain

and therefore suppressing the cracking/pulverization and

volume expansion of graphite particles. (b) PC charging

suppresses the formation of structural distortion and

amorphization of NMC532, maintaining its crystal

structure over cycling. (c) PC charging mitigates Li-ion 

depletion at the electrode-electrolyte interface, thereby

altering the electrolyte decomposition and SEI reformation

pathway and suppressing second-order reduction of the 

carbonate-based electrolyte that leads to the formation of

inorganic Li salts (e.g., Li2CO3). As a result, the SEI layer on

graphite anode appears to be thinner and with a relatively

higher ratio of organic compounds resulting from the first-

order reduction of carbonate-based electrolyte.

Based on the findings of this study, the high-frequency square-

wave current PC charging protocols can be employed to prolong the 

lifetime of commercial LIBs. To further optimize the charging 

protocol for battery performance improvement, this effect should be 

investigated with more influence factors. This investigation has 

shown that a rather high frequency of 2000 Hz is beneficial, so testing 

even higher frequencies could be interesting. However, the pulse 

frequency should not be higher than the frequency where the 

impedance becomes inductive, as charging would not take place at 

such high frequencies. Most probably, the optimal frequency is in the 

frequency range of the first semicircle. Understanding in detail the 

relationship between current pulse frequency and electrochemical 

processes in batteries such as Li-ion movement or SEI growth is 

crucial to determining the optimal current pulse frequency for 

stabilizing the battery performance. Also, it is important to address 

the impact of duty cycle on battery materials, such as Li-ion 

concentration gradient at interfaces and structural stability of 

electrode materials, which however requires further detailed studies 

or simulations. Furthermore, gaining a comprehensive 

understanding of the structural changes and electrochemical 

reactions of electrode materials and electrolytes under different 

charging protocols (e.g., various waveform PC charging46,47 and 

multi-step CC charging48) will facilitate the development of more 

effective charging protocols. 

Although there was no significant lithium plating in this 

experiment, this was due to the experiments being conducted at high 

temperatures (35 °C) and standard current. At lower temperatures 

or higher current charging, lithium plating often occurs because the 

voltage can drop below 0V. However, if charging is done with high-

frequency current, the voltage remains above 0V as the presence of 

relaxation time just before plating starts, which has been proved in 

Li-metal battery system49–52. In addition, whether PC charging with 

relaxation time and multi-step CC fast charging48,53 can also inhibit 

dendrite growth in commercial Li-ion batteries will also be worthy of 

further exploration. 

     Furthermore, the mechanism of PC charging for enhancing the 

cycling stability and cycle life can also be applicable to other types of 

LIBs, particularly those using transition metal oxide cathode (e.g., 

LiFePO4, LiCoO2, LiMn2O4, and other types of NMC) and graphite 

anode, which undergo similar electrochemical processes during 

operation. 

Fig. 7 Mechanisms of PC charging for stabilizing the cycling performance of commercial NMC/graphite LIBs. 
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Conclusion 

In this study, we show the utilization of PC charging can significantly 

enhance the cycling stability of commercial NMC532/graphite 

batteries and prolong their cycle life (from 500 cycles to more than 

1000 cycles) and unravel the detailed mechanism of battery cycling 

stability enhancement under PC charging with a comprehensive 

approach involving electrochemical analysis, operando and ex situ 

characterization.  Specifically, PC charging facilitates a more even 

distribution of Li-ions in graphite during the intercalation process, 

reducing mechanical strain and cracking of graphite particles and 

enhancing the structural stability of graphite anodes. Unlike previous 

reports, our findings indicate that the volume expansion of graphite 

after aging is not simply attributed to an increase of interlayer 

spacing of graphite. Instead, it is a result of the mechanical strain 

induced by uneven intercalation of Li-ions in graphite during 

charging, leading to graphite cracking and electrode expansion. 

Meanwhile, compared to CC charging, the formation of structural 

distortion and amorphization of NMC532 is suppressed during PC 

charging, which greatly enhances Ni redox activity and contributes to 

the structural stability of NMC532 cathode material during battery 

cycling. Moreover, PC charging suppresses the secondary reduction 

of carbonate-based electrolyte, resulting in a thinner and organic-

enriched SEI film at the graphite-electrolyte interface with a lower 

interface resistance compared to that formed under CC charging. 

       In conclusion, the use of PC charging is advantageous in 

maintaining the stability of electrode materials and interphase and 

thereby enhancing the battery cycling performance. These findings 

offer insights for optimizing the charging protocols of nowadays LIBs 

and beyond during service and more broadly for the advancement of 

future battery technology. 

Experimental 

Full Cell Test 

Commercial 18650-type LIBs (Jinggong company, HTCNR18650, 

nominal capacity: 2200 mAh and voltage: 3.6V), consisting of 

Li(Ni0.5Co0.2Mn0.3)O2 (NMC532) cathode and graphite anode, were 

used for battery aging tests under different charging protocols.  

Test platform for battery aging. The batteries were placed and 

tested in a VT 4002EMC climate chamber with a temperature of 25 

°C. The current modes were generated by an analogy output module 

(type: National Instruments (NI) 9263) controlled by LabVIEW in host 

computer, then transferred to a KEPCO BOP 100-10 MG bidirectional 

program for battery power supply. At the same time, an analogy 

input module NI 9215 is used to measure the voltage and current of 

the battery, which is connected to a NIcDAQ-9172 Data Acquisition 

(DAQ) module for data collection. The details can be found in our 

previous report 54. 

Aging test procedures. Three batteries were used for aging tests. At 

first, the batteries were aged with CC, Pulse-100 and Pulse-2000 

charging, respectively. The average current for all three charging 

modes is the same, i.e., 1 C (2.2 A), for which the actual current 

applied under PC charging is two times of that under CC charging. For 

aging test, the batteries were discharged to a cut-off voltage of 2.5 V 

at a CC of 2 C (4.4 A) and charged to 4.2 V at a selected charging 

mode, and no constant voltage segment or relaxation period was 

included.  After every 100 cycles, battery aging was interrupted to 

perform a reference performance test (RPT) for diagnosis of the 

battery health state. 

RPT test procedures. Before cycling and after aging for every 100 

cycles, RPT tests were performed to diagnose the battery health 

state in a 25 °C climate chamber. The RPT consists of a capacity test 

and an EIS test. For the capacity test, the batteries were charged with 

a constant current-constant voltage (CC-CV) protocol until the 

current reduced to <0.11 A at the 4.2 V CV stage, then were relaxed 

for an hour, followed by CC discharging to 2.5 V and an hour 

relaxation. The charging and the discharging processes were carried 

out once at 0.25 C, 0.5 C and 1 C, respectively. EIS test was performed 

after the capacity test, for which the batteries were first fully charged 

(100% SoC) with a CC-CV charging protocol at a current of 1 C and 

then discharged to 90%, 70%, 50%, 30%, and 10% SoCs then EIS tests 

were performed at these SoCs using a Digatron potentiostat. The 

frequency range of EIS is between 6.5 kHz and 10 mHz. 

Operando characterization 

Operando Raman spectroscopy. It was conducted using a Renishaw 

QONTOR instrument with a 532 nm laser. Electrochemical tests were 

performed with an operando cell and a BioLogic SP 150 potentiostat. 

Due to the limited frequency range of the BioLogic potentiostat, the 

pulse charge charging during operando Raman measurements was 

conducted at 250 Hz (instead of the 2000 Hz frequency that was used 

in the aging test). The applied current is 0.01 C. The operando cell is 

ECC-Opto-Std type (EL-Cell GmbH, Hamburg, Germany). In the 

operando Raman test, a small (12×4 mm rectangle) piece of graphite 

electrode served as the working electrode, while a Li sheet acted as 

the counter electrode, and the electrolyte used in the experiment 

was composed of 1 mol of LiPF6 dissolved in 1 liter of solvent with a 

ratio of ethylene carbonate (EC) to diethyl carbonate (DEC) and 

Dimethyl Carbonate (DMC) at 1:1:1. 

Operando electrochemical dilatometry. It was employed to test the 

thickness of negative electrode during battery cycling. The applied 

current is 0.2 C. The operando cell is ECC-Opto-Std type (EL-Cell 

GmbH, Hamburg, Germany). 10 mm diameter graphite electrode 

served as the working electrode, while Li disc acted as the counter 

electrode, and the electrolyte used in the experiment was composed 

of 1 mol of LiPF6 dissolved in 1 liter of solvent with a ratio of ethylene 

carbonate (EC) to diethyl carbonate (DEC) and Dimethyl Carbonate 

(DMC) at 1:1:1. 

Operando X-ray absorption spectroscopy (XAS). Operando XAS was 

performed on NMC samples at various SoCs during the first 1.5 

cycles. The measurements were performed at the KMC-2 beamline 

of the BESSY-II synchrotron light source in Berlin, Germany. For 

accurate energy calibration, pure metal foil samples were measured 

simultaneously with each NMC sample. The PC is 2 C with a frequency 

of 250 Hz (for the same reason as indicated above). The acquired 

spectra from the XAS measurements underwent data processing 

using an Athena Software package, including background correction, 
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normalization, k2-weighting, and Fourier transformation 55,56. The in-

situ cell that was lab-designed and compatible with the KMC-2 

beamline was pre-prepared in an argon-filled glovebox and then 

attached to the KMC-2 end station. Both NMC and graphite 

electrodes with a diameter of 12 mm were cut from a disassembled 

fresh commercial battery.  The electrolyte employed in the 

experiment consisted of 1 mol of LiPF6 dissolved in 1 liter of solvent, 

with a composition ratio of EC, DEC, and DMC at 1:1:1. 

Post-mortem analyses 

After 1000 cycles of aging, the batteries were disassembled for post-

mortem analysis. Firstly, the batteries were discharged to 2.5 V by a 

constant current of 0.1 C. Then, the batteries were transferred to a 

glove box in an argon atmosphere. Secondly, the batteries were 

disassembled and the graphite anode and NMC532 cathode were 

retrieved and washed with di-ethyl carbonate (DEC) separately. 

Finally, the washed electrodes were dried for 48 hours and sealed in 

bags inside the glove box prior to further physio-chemical 

characterization. 

Ex situ Synchrotron X-ray powder diffraction (XRD). Ex situ XRD 

measurement was performed at PETRA III (DESY, Hamburger) on the 

High-Resolution Powder Diffraction Beamline P02.1. The graphite 

powder and NMC powder collected from cycled electrodes were 

filled into Kapton capillaries with a diameter of 0.8 mm and tested 

using an X-ray equipment voltage of 300 KV. 

Ex situ Raman spectroscopy. A RXN1 (Kaiser Optical systems, Inc., 

MI, USA) spectrometer was employed to examine the graphite 

electrodes. The excitation light source is a 532 nm laser with a 

resampling interval of 1 cm–1. The aged electrodes were measured 

twice. The as-obtained electrodes were measured first. Afterwards, 

the surface films of the electrodes were scraped off with a knife and 

measured again to reveal the real state of graphite excluding 

contribution from the surface species. 

SEM. A Zeiss EVO 60 field emission SEM was employed to image the 

morphologies of the graphite electrodes with a voltage of 15 KV. 

Samples for cross-sectional imaging were obtained by carefully 

cutting electrodes using a sharp knife. 

Depth-dependent XPS. The XPS depth profile analysis by Ar ion beam 

etching to reveal subsurface information of the aged graphite 

electrodes. A Specs XR50 with a non-monochromated Al Kα (hv = 

1487 eV) X-ray source and a Phobos 1501D-DLD electron detector 

was employed. For data analysis, the peak fitting of the XPS spectra 

was carried out with a CasaXPS software using a Shirley-type 

background, and the peak shift induced by charging effects were 

corrected based on C-C at 284.91 eV in the C 1s region. For 

quantification of the chemical substances, relative sensitivity factor 

(R.S.F.)  was employed to correct the peak area that represents the 

amount of substance. The R.S.F. of C 1s, O 1s, F 1s, and Li 1s are 1, 

2.93, 4.43, and 0.0568, respectively. 
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Supporting information 

Fig. S1 Operando EIS results of commercial NMC532/graphite batteries aged at CC and PC charging conditions. 

Fig. S2 Cross-section FE-SEM images for pristine and aged graphite electrode after aging for 1000 cycles under CC, Pulse-100 

and Pulse-2000 charging conditions. The thicknesses were measured five times for each sample, based on which the median 

values and errors were determined. 
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Fig. S3 Operando Raman spectra of graphite anode lithiated under pulsed and constant current. 

Fig. S4 Operando dilatometry results of graphite anode under CC and PC charging. 

Both cells show a large increase in electrode thickness during the initial lithiation process, which has been proved due to the 

restructuring of the electrode particles combined with surface film formation[1].  
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Fig. S5 Operando Ni K-edge EXAFS under CC and PC charging. 

Fig. S6 The mechanism of NCM structure changes in the influence of PC charging based on the ex situ and operando 

synchrotron XRD and XAS results. 
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Fig. S7 Raman spectra of (a) as-cycled and (b) surface-removed graphite anodes aged under CC and Pulse-2000 charging.  FE-

SEM images of the cross-sections of graphite electrodes aged with CC (c1-c2 and e) and Pulse-2000 (d1-d2) charging. (c2) and 

(d2) are edge-magnified images of (c1) and (d1), respectively. (e) shows the micrograph and O and C element mapping of the 

surface of CC-aged graphite electrode. 
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Fig. S8 Depth-dependent XPS of O 1s and Li 1s of pristine, CC- and Pulse-2000-aged graphite electrodes. 
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Abstract: Electrochemical impedance spectroscopy (EIS), a 

conventional technique for impedance measurement, is commonly 

used in battery diagnosis, which, however, requires expensive 

equipment and is complex and model-dependent in data analysis. 

Recently, novel constant current analytics have emerged as an 

alternative to EIS. They are simple yet powerful, which can reveal 

impedance information that traditionally could only be obtained 

through EIS and enable the identification and quantification of lithium-

ion diffusion. With machine learning methods, a complete EIS 

spectrum can be predicted based on constant current charging curves. 

This work highlights the similarities and discrepancies between 

constant current techniques and EIS in electrochemical analysis of 

lithium-ion batteries. Looking ahead, constant current measurements 

may be promising substitutes for EIS in battery diagnosis, requiring 

simplified testing infrastructure while offering a deep understanding of 

battery impedance and its underlying degradation modes. 

1. Introduction

With the ever-escalating demand for high-performance batteries 

for sustainable mobility and energy storage, it is imperative to gain 

a comprehensive and in-depth understanding of their 

electrochemical behaviors to accelerate their development and 

optimal use[1]. Battery impedance is a pivotal parameter that 

determines battery output voltage, heat generation, and overall 

health status, and therefore demands significant attention in the 

design and operation of the battery system[2–4].  

Battery impedance measurement methods can be broadly 

categorized into direct current (DC) and alternating current (AC) 

methods based on the approach used to apply the current, as 

shown in Fig. 1[5]. The DC methods comprise DC resistance 

(DCR), hybrid pulse power characterization (HPPC). The DCR 

and HPPC methods differ primarily in the duration of their charge 

and discharge currents, with the former generally having shorter 

durations than the latter, which typically is 18 seconds. Besides, 

for the impedance of Li-ions diffusion measurements, 

galvanostatic intermittent titration technique (GITT) and 

intermittent current interruption (ICI) can be employed. On the 

other hand, AC testing primarily pertains to EIS, which can rapidly 

measure all the aforementioned impedances. Here, we are using 

Lithium-ion batteries (LIBs) as an example to discuss the 

functions of DC vs. EIS, emphasizing that this discussion is not 

confined solely to LIBs. 

Fig. 1 Commonly used DC and AC measurement methods for battery internal 

impedance and lithium-Ion diffusion testing 

LIBs are nowadays the dominant battery technology on the 

market, have been extensively studied since the 1980s and the 

principal electrochemical processes during battery charging and 

discharging have been identified. Nevertheless, specific 

mechanisms, such as the impact of operating conditions on the 

aging of battery components, have yet been fully understood[6]. 
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EIS is a powerful technique capable of providing insights and 

resolving the unanswered questions related to battery research[7]. 

The main function of AC-based EIS in batteries is to determine 

the electronic and/or ionic conductivity of electrodes, electrolytes, 

interphases, and interfaces, and provide information on the 

reactance (e.g., capacitance)[8]. Besides, EIS proves to be 

exceptionally fast for measurement of the mass transfer (e.g., Li-

ion diffusion) coefficient in solid electrodes of batteries[9]. However, 

harsh operating conditions (highly sensitive and easily affected) 

and high-precision equipment requirements limit wide application 

of EIS. Instead, DC impedance measurement technique is easy 

to realize in applications. This is because the DC charging and 

discharging processes can be executed during battery operation, 

and thus the battery does not have to be in a long static state. 

This feature allows for the realization of the DC impedance 

measurement while the battery is in use, making in-situ or 

operando impedance measurement feasible. However, DC 

impedance measurement cannot deconvolute electrochemical 

processes inside batteries, hindering mechanistic understanding 

of the detailed electrochemical processes inside batteries. 

Furthermore, the traditionally DC method of GITT used to assess 

Li-ion diffusion resistance is considerably more time-consuming 

when compared to EIS.  

With the development of theoretical computations, DC impedance 

measurement technique has been continuously advanced, and 

can perform some functions of EIS measurement. For example, 

the results of DC impedance measurement also have the potential 

to differentiate electrochemical processes inside batteries. 

Through data training, the EIS impedance spectrum (typically 

obtained with AC measurement methods) can be simulated from 

the constant current charging curves with the help of machine 

learning[10,11]. Furthermore, conventional GITT method for 

measurement the impedance in Li-ion diffusion is highly time-

consuming, while the novel ICI technology saves at least 75% of 

the measurement time[1]. As DC measurement continues to 

advance, it is anticipated that it may eventually be able to achieve 

all functions of EIS.  

In this concept paper, we discuss the potential of DC impedance 

measurement for obtaining similar battery electrochemical 

understanding as we get from EIS measurement. Additionally, we 

explore the potential advancements and prospects of impedance 

measurement technology from an application perspective. 

2. Origins of impedance in battery

Battery impedance is not only influenced by battery state of 

charge (SOCs) but also by the state of health (SOH) and 

operating temperature[12]. As discussed, battery impedance is 

rooted in multiple processes, such as the electrode surface film 

formation and growth, charge transfer, Li-ion diffusion inside 

electrode materials, and Ohmic impedance. These specific 

processes contributing to battery impedance and the battery 

aging mechanisms are shown in Fig. 2[13,14]. As the battery 

impedance can be divided into ohmic impedance (related to 

conductivity loss, electrolyte consumption, and electrolyte 

decomposition)[12], surface film impedance (related to loss of Li, 

involving CEI in cathode surface and SEI in anode surface)[15], 

charge transfer impedance (related to charge storage in double 

layer, and charge transfer reaction)[7,16], and Li-ion diffusion 

impedance (also related to loss of active materials, e.g., particles 

fracture, and materials structure change)[17] during the 

measurement, the aging modes of the battery can be easily 

identified. This will allow for accurate and effective battery 

diagnosis. Therefore, EIS is often used to identify the battery 

aging mechanism, and to unravel the cause of battery aging. For 

instance, the loss of electrode material and loss of Li can be 

identified from the Rct and Rsei features of EIS spectrum. 

EIS measurements are typically conducted at a specific state of 

charge (SOC) because the distribution of Li-ions in electrode 

materials can affect Li-ions diffusion and charge transfer 

resistance. In addition, as the SOC increases, the volume of the 

negative electrode (Graphite) also increases, resulting in a 

reduction in battery impedance. [18]. Meanwhile, the impedance is 

related to the battery SOH and can be used to estimate battery 

SOH. 

Currently, the diffusion coefficient of Li-ions in solid electrodes can 

be measured using GITT, an intermittent constant current 

technique, next to EIS measurement. However, in the analysis of 

impedance contributions other than Li-ion diffusion that are 

related to electrochemical processes, EIS remains the preferred 

method that allows for the deconvolution and detailed analysis of 

various electrochemical processes that contribute to battery 

impedance.
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Fig. 2 The electrochemical processes inside a LIB and the corresponded battery impedance contributions during battery operation and aging[13,14]. Take cathode 
material as an example, but it is not limited to cathode material particles.

3. EIS and DC impedance show similar results
in impedance identification

Both EIS and DC impedance measurements can be used to 

identify different battery electrochemical processes, such as the 

Rsei, Rct, and Rmt
[8,19] (Fig. 3). The EIS results are obtained based 

on the changing of current frequency. With the frequency 

changing, the transfer (electron conductive and Li ions diffusion) 

process can be identified from the EIS spectrum. Similarly, DC 

constant current also can be used to measure battery impedance. 

Depending on the duration of current applied, the battery 

impedance corresponding to different electrochemical processes 

can be calculated. This means that both EIS and DC techniques 

can obtain battery impedance results, which are dependents on 

the rate of the chemical reaction process. Stolz et al[8]. 

summarized the mechanisms of EIS impedance and DC 

impedance, respectively. They highlighted the advantages of DC 

measurement techniques. Consistent with Stroe’s study, the 

advantage of the DC pulse technique is that one can extract the 

impedance/resistance directly from the battery’s real-life 

operation[20].  

Both AC and DC measurements rely on discerning the reaction 

rates of diverse electrochemical processes to deconvolute these 

processes. However, how to distinguish the timescales for Rmt, Rct 

and Rsei in DC impedance measurement is still a challenge. This 

is expected to be solved with the help of developments in 

computational methods, such as employing advanced data fitting 

or prediction methods to identify the timescales of individual 

reaction processes. 

Fig. 3 EIS and DC impedance measurements, e.g. constant current techniques 
both can be used to quantify the battery impedance for Rohm+sei, Rct, and Rmt

[8]. 

4. Determination of Li diffusion impedance in
solid electrodes

As shown in Fig. 4, both AC and DC current can be used to 

measure the Li diffusion coefficient. EIS is the most convenient 

method for measuring Li-ion diffusion as it takes only several 

minutes to measure the EIS of LIBs, which can be used to 

determine Li-ion diffusion coefficient in the electrodes. The low 

frequency range of the EIS spectrum, and the shape of Nyquist 

plot in the low-frequency region can be used to calculate the Li-

ion diffusion coefficient[21]. 

GITT is the conventional and primary method for determining Li+ 

diffusion coefficients for insertion electrode materials. GITT 
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involves two consecutive steps: firstly, applying a constant current 

for a duration where the assumption of semi-infinite diffusion is 

valid, and secondly, interrupting the current until the voltage 

stabilizes to indicate equilibrium[22]. By analyzing the electrode 

potential during the current pulse and the subsequent change in 

equilibrium potential, GITT allows for the determination of the 

chemical diffusion coefficient of the charge-carrying ions[1]. The 

disadvantage is that GITT is time-consuming, typically between 

hours to days, as it requires an significant time interval (over 60 

minutes) between current pulses[23]. Recently, a novel ICI method 

has been proposed as an alternative to the GITT measurement [1]. 

By conducting linear regressions of the potential change against 

the square root of step time during the current pauses, it becomes 

possible to extract both the time-independent and time-dependent 

components of the resistance. These components are referred to 

as the internal resistance and the diffusion coefficient, 

respectively. The ICI method shortens the relaxation interval to 1 

– 10 seconds, significantly reducing the measurement time.

The innovative ICI method can quickly determine the diffusion 

coefficient of Li-ions. It is also easier to apply in real-world 

application. With a deep measurement is associated with the 

understanding of the Li-ion diffusion process in electrode and 

advancement of data processing, a more simplified DC technique 

determining Li diffusion can be envisaged. 

Fig. 4 The Li+ diffusion coefficient in insertion electrode materials can be identified by (a) EIS[21] measurement: the slope of the low-frequency region can be used 
to calculate the Li-ion diffusion coefficient, (b) ICI measurement: the relaxation time is short only a few seconds, and (c) GITT method: the relaxation time is long 

(over 60 minutes) in after each applied current[1]. 
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5. EIS spectrum prediction based on constant
current charging curves

With the development of machine learning, it has been found that 

the constant current charging curve can be used to predict the 

EIS spectrum with marginal error[10,24]. The prediction process is 

shown in Fig. 5. First, the model underwent training with an 

extensive dataset, which included voltage-capacity curves 

collected at different State of Health (SOH) levels, together with 

their corresponding EIS data. Then, the established model was 

used to predict the corresponded impedance spectrum. Finally, 

the machine learning model successfully established a mapping 

between the battery charging curve and the corresponding EIS 

data. This demonstrates that there exists a discernible correlation 

between the DC charging curve and the EIS data. However, the 

machine learning process is like a black box, and the intricate 

relationship between battery charge curves and EIS remains 

elusive. 

This prediction method, which relies on model training, has the 

potential to accelerate the battery SOH diagnosis in vehicles 

applications. The EIS information of the battery can be quickly 

obtained according to the charging curve of the battery. 

Here, the implementation of DC measurement method 

demonstrates the potential as a substitute for EIS in application. 

The development of machine learning can help DC charging 

curve replace the function of EIS to study and diagnose the 

battery electrochemical behavior.    

Fig. 5 The EIS spectrum can be predicted by the battery constant current 
charging curve by machine learning method, and the training process is based 
on a huge dataset collected in early stage[24]. 

6. Perspective for the development of
impedance identification

6.1 Understanding the underlying mechanisms of impedance 

Understanding of the underlying mechanisms of impedance is 

continuously evolving. Currently, it is broadly associated with 

specific chemical reaction processes which can be identified from 

the EIS measurement. In particular, the resistance of the Li-ion 

diffusion process is related to the phase transition of the electrode 

material. To further understand the Li diffusion resistance, it is 

necessary to clarify how the structural change of the electrode 

material affects the diffusion process of Li-ions in the electrode 

material. This requires intensive material structure studies 

combined with electrochemical measurement analysis. The 

transformation process of the material structure corresponds to 

the change in the diffusion coefficient of Li-ions. In this way, the 

relationship between material structure and diffusion resistance 

can be established accurately.  

The charge transfer is a slower process than the Li-ion transfer 

across the interfacial film, but faster than Li-ion diffusion in the 

solid phase. The Li-ion desolvation and solvation processes 

involved in the charge transfer process remains unclear. The 

microscopic process of charge transfer is still inferred. Especially 

under different measurement techniques. It is necessary to adopt 

advanced measurement methods such as element labeling to 

track and clarify the charge transfer process. Then, the 

electrochemical process inside battery will be subdivided again to 

achieve a more precise diagnosis.  

For the surface film impedance, the components and formation of 

the EEI (SEI and SEI) film are still unclear. Highly ordered 

pyrolytic graphite (HOPG) with a smooth surface is usually used 

to study the growth process and composition of SEI films. For the 

study of SEI morphology, it is necessary to use cryo-electron 

microscopy, which will overcome the inability of traditional 

transmission electron microscopy (TEM) to continuously capture 

the dynamic change process of SEI films. For SEI composition 

analysis, X-ray photoelectron spectroscopy (XPS) or etching XPS 

will help to analyze the composition of the SEI film on the surface 

of the material.  

The study of the underlying impedance mechanisms relies on 

advanced detection equipment and powerful electrochemical 

analysis techniques. Clear microscopic descriptions of the 

mechanism will enhance the detail of the electrochemical process, 

leading to highly accurate models and reliable impedance 

calculations. 

6.2 Development of impedance identification methods 

Time-consuming GITT measurements and DC impedance 

measurements are still being widely used. In principle, the DC 

impedance measurement is similar to the EIS test, and various 

electrochemical processes are distinguished according to the 

duration of the current application. Therefore, DC impedance 

measurement is expected to replace EIS. However, it is difficult to 

distinguish the time constants of different chemical processes 

during DC impedance measurement. If a large amount of 

measurement data can be used to calibrate and establish an 

accurate function, it will be beneficial to the development of DC 

impedance technology. In addition, the test method of Li-ion 
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diffusion coefficient GITT has been simplified, and the ICI 

technology with fast measurement is to establish a functional 

relationship under the unsteady state of the battery. With the 

development of electrochemical models and computing science, 

it is promising to find a more universal and rapid impedance 

measurement method.  

6.3 Development of impedance identification in the application 

The battery’s charging voltage curve can serve as a basis for 

predicting impedance spectra. While training the predictive model 

initially demands a substantial dataset, it ultimately enables 

accurate real-time impedance estimations during battery charging 

in practical scenarios. As a result, obtained EIS electrochemical 

diagnosis can furnish the battery management system with 

additional insights into battery health status. This enhanced 

feedback of battery information is instrumental in advancing 

intelligent battery management systems. 

Furthermore, digitizing the potential connection between the 

charging curve and EIS could simplify the direct acquisition of 

battery impedance information through alternative means. 

Simplifying DC impedance measurement as an alternative to EIS 

measurement or employing machine learning algorithms to 

estimate battery impedance from extensive charging datasets 

holds promise for achieving practical automotive battery 

impedance identification and advancing battery diagnosis and 

health estimation.

7. Conclusions

Impedance measurements are effective methods for battery 

diagnosis and SOH estimation. Both DC and EIS methods can be 

utilized to identify and study the battery impedance. The DC 

impedance measurement can yield results equivalent to EIS 

measurements in some cases. Besides, with the development of 

computing methods, the DC impedance test procedure is 

constantly being simplified and faster. Moreover, prediction 

methods such as machine learning can also realize the prediction 

from DC test curve to EIS by capturing the correlation between 

DC measurement curve and EIS results. This undoubtedly 

reflects the consistency between the DC impedance 

measurement and the EIS measurement. 
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Abstract 

Electrochemical impedance spectra (EIS) have been widely used to diagnose the battery state of health 

(SOH), because the battery SOH is influenced by resistance-induced overvoltage (polarizations), i.e., 

ohmic (RΩ), activation (charge transfer; Rct), and concentration polarization (mass transport; Rmt)[1]. 

However, the implementation of onboard EIS measurement is hindered, due to the high cost of the 

measurement equipment, test results subject to SOC, and time-demanding measurements. Here, we 

predicted impedance spectrum by battery charging voltage curve based on electrochemical mechanistic 

analysis and machine learning. 

As reported, both EIS and charging curves can be used to predict battery SOH[2]. This indicates that the 

DC charging curve can also demonstrate the dynamic behaviors inside a battery (e.g., charge transfer and 

mass transfer). Besides, in constant current charging process, it has been found that the voltage change in 

the first few milliseconds corresponds to RΩ, and the voltage change of first several seconds corresponds 

to Rct, and the voltage change of first 100 seconds corresponds to Rct
[1]. It further confirms that both the 

EIS and constant current technique can express same electrochemical information. 

Battery charging curves as input were used to predict EIS, as shown in Fig. 1. The experimental results 

show that the proper partial voltage range has high accuracy for EIS prediction. The predicted errors for 

impedance spectrum are less than 1.9 mΩ. This provides a new perspective and means for EIS 

interpretation. 

Fig. 1 Charging voltage curve were used to predict electrochemical impedance spectra. 
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Constant current charging and discharging is widely used nowadays for commercial lithium (Li) ion 

batteries (LIBs) in applications of portable electronic devices and electric vehicles. However, the main 

battery degradation mechanism during constant current cycling remains unclear. 

In this work, electrochemical cycling, real-time temperature monitoring, and operdando electrochemical 

impedance spectroscopy of a fresh and an aged battery have been carried out to unveil the aging 

mechanism during constant current cycling[1]. The results of the incremental capacity analysis (ICA) 

indicate that polarization is the main reason for the capacity fading during operation. 

As shown in Fig. 1[1], with battery aging, the battery charging curve shows an upward trend and the 

battery discharging curve shown a drop trend in voltage scale. The voltage plateau also can be translated 

to peaks in IC curves, Fig. 1b. As battery cycling, the b peak shifts to a high voltage direction, which 

means the impedance increasing inside the battery. The change of b peak shows same trend with the 

battery SOH degradation in Fig. 1c. Therefore, the battery degradation is related to the impedance 

increasing inside battery. As internal impedance increasing, the battery OCV becomes more and more 

narrower, which leads to a low charge and discharge capacities. Therefore, the battery degradation. 

The main reason of impedance increasing also be analyzed and discussed in our recent study. 
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Fig. 1 aging process of an aged commercial battery in 1000 cycles. (a) cycling performance; (b) IC curve; 

(c) SOH and polarization change; (d) battery OCV of a commercial battery[1].
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