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Lithium plating detection using EIS and ICA
JINGHAN HE
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The rapid development of Fast Charging (FC) technology has significantly impacted
the automotive industry, which is often accompanied by aging phenomena. This re-
port presents a method to explore one such phenomenon: lithium plating. This
method can help avoid conditions that lead to lithium plating during operation,
thereby extending battery life and promoting Battery Electric Vehicles (BEVs) as
viable alternatives to Internal Combustion Engine (ICE) vehicles. This report fo-
cuses on aging mechanisms, particularly lithium plating, and proposes a detection
method using Electrochemical Impedance Spectroscopy (EIS), Incremental Capacity
Analysis (ICA) and pulse test. Through comparative analysis and commercial bat-
tery testing, it verifies the reliability of the proposed method in identifying lithium
plating during aging, which is beneficial for battery performance management.
The result of this study is that both single-sine and multi-sine methods are equally ef-
fective in analyzing electrochemical systems. The voltage required to induce lithium
plating varies across different materials, with the voltage limit of LiNi0.6Mn0.2Co0.2O2
(NMC622) being lower than that of LiNi0.8Mn0.1Co0.1O2(NMC811). Additionally,
NMC811 exhibits higher initial resistance compared to NMC622, with more pro-
nounced resistance fluctuations. Overcharging and discharging lead to lithium plat-
ing, as evidenced by the Nyquist plot shifting to the right in EIS, a decrease in peak
intensity in ICA, increased resistance in pulse tests with cycling, and a gradual
decrease in capacity retention.

Keywords: Lithium Plating, Sustainability, Aging Phenomena, Electrochemical Impedance
Spectroscopy, Incremental Capacity Analysis.
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1
Introduction

1.1 Backgroud

In recent years, the rapid development of Fast Charging (FC) technology has brought
about a revolutionary change in the automotive industry. FC often accompanies
some aging phenomena, and this report explore one of these aging phenomena,
lithium plating. Studying this phenomenon is bene�cial for better understanding
battery life, thus making Battery Electric Vehicles (BEVs) more favorable replace-
ments for traditional Internal Combustion Engine (ICE) vehicles. With several
countries committing to reduce the use of gasoline and diesel vehicles by 2030 and
accelerating plans to replace ICE with BEVs, the electric vehicle industry faces
unprecedented development opportunities[1]. Achieving a high charging rate has
become a key technical threshold for realizing this goal[2]. Advances in FC tech-
nology not only alleviate range anxiety during long-distance travel but also enable
ultra-fast charging within 15 minutes[3].

Since the commercialization of lithium batteries in 1991, research on lithium-ion
batteries has deepened, making lithium batteries with their high energy density the
ideal choice for supporting long-distance driving[4]. However, to meet the market
demand for fast charging capabilities of batteries, the challenges of accelerated bat-
tery aging and the decline in battery capacity and power must be confronted [5].
To address these challenges, at the end of 2020, the European Commission imple-
mented battery regulation laws aimed at specifying recycling requirements for the
main materials of batteries. This measure helps to improve the e�ciency of material
utilization in batteries, further advancing the sustainable development of the electric
vehicle industry[6].

The degradation mechanisms can be divided into aging occurring on the cathode and
on the anode. Aging on the anode includes �lm formation, loss of active material,
and other structural changes. This report focuses on lithium plating, which is a type
of active material loss. Particularly under FC conditions, it can lead to an increase
in resistance[7]. The accumulation of lithium ions on the anode surface, particularly
under extreme conditions, can lead to the formation of lithium dendrites, which can
penetrate the separator and cause internal short circuits, thus posing serious safety
risks[8][9].
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1. Introduction

1.2 Purpose

The purpose of this report is to detect lithium plating in batteries. This report
uses Electrochemical Impedance Spectroscopy (EIS) to measure the electrochemical
impedance spectrum and Incremental Capacity Analysis (ICA) to test the capacity
of coin cell[10]. For data processing, this report uses the traditional equivalent cir-
cuits to handle the data. Subsequently, this report compares the outcomes derived
from these methodologies. Concurrently, this report conducts EIS tests on commer-
cial batteries with di�erent levels of fast charging to verify if the observed aging
patterns align with those obtained from the coin cell, thus validating the previous
�ndings. This report aims to address the challenge of accurately identifying lithium
plating phenomena during battery aging, ultimately enhancing the understanding
and management of battery performance degradation.

1.3 Sustainability

BEVs are widely regarded as a more energy-e�cient and environmentally friendly
mode of transportation. For example, in China, pure electric vehicles can reduce
CO2 emissions by 37 % in regions with a high proportion of coal-�red power gen-
eration and by 90% in regions with a high proportion of hydropower[11]. However,
they're not completely free from pollution. The process of generating electricity
can lead to environmental pollution, and the production, processing, and recycling
of batteries may also have negative environmental impacts. Hence, enhancing the
e�ciency of battery usage and strengthening recycling requirements are crucial for
reducing the overall environmental footprint[12].

1.4 Ethics

In this report, certain sensitive data have been held back to protect intellectual
property and the privacy of collaborators. All disclosed information is ensured to
be authentic and accurate, preventing any academic misconduct.

2



2
Theory

2.1 Lithium-ion Batteries(LIBs)

Lithium-ion batteries are popular because of high energy density, quick charging
capabilities, and long lifespan. This technology is considered promising for energy
storage and is increasingly being used in everyday life as a reliable power source[13].

The basic principle of LIBs involves the repeated migration of lithium ions between
the cathode and anode to charge and discharge. The anode material is typically
graphite, while the cathode materials commonly include Lithium Iron Phosphate
(LFP), Lithium Nickel Manganese Cobalt (NMC), and Lithium Titanate (LTO).

2.1.1 Key States of LIBs

The stable operation and management of batteries require knowledge of the accurate
state of charge (SOC) and state of health (SOH). These two parameters can be used
to understand the battery's condition.

SOC is de�ned as the percentage of the current usable energy in the battery cor-
related to the current SOH of the battery cell. It can be used to predict future
usage time based on the current SOC level, and to prevent overcharging or over-
discharging. SOH is de�ned as the ratio of the battery's current energy storage
capacity to its initial energy storage capacity. It can be used to predict the remain-
ing lifespan of the battery[14].

2.2 Cell Aging Mechanism

Each cycle of lithium-ion battery usage causes irreversible degradation. Resistance
increases and capacity decreases during repeated charge and discharge processes.
Therefore, it is important to detect the cell aging mechanism to help mitigate battery
aging[15]. Various factors contribute to cell degradation, which di�ers between the
anode and cathode. This report focuses on the aging mechanisms at the anode,
particularly on lithium plating, which also results in the loss of active material.
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2. Theory

2.2.1 Anode Aging Mechanisms

At present, graphite is used as anode material, its aging mechanism is relatively
simple and its development is relatively mature. The selection range of cathode
materials is more diverse, and the aging mechanism is complex and highly �exible.
Therefore, this report focuses on anode aging mechanism when graphite is used as
anode[16]. For the anode, the aging mechanism can be divided into three types:
�lm-formation and loss of active material, and other structural changes.

2.2.1.1 Solid Electrolyte Interphase

Solid Electrolyte Interphase (SEI) is a typical �lm formed when the solvent and
salts in the electrolyte decompose on the surface of the negative electrode during
the initial charge of the battery. This �lm on the negative electrode prevents fur-
ther reactions between the negative electrode material and the electrolyte, thereby
protecting the negative electrode material. However, during cycling, particles can
crack, necessitating the formation of new SEI layers. As the SEI thickness gradually
increases, resistance rises and battery capacity decreases, leading to battery aging.

2.2.1.2 Lithium Plating

Lithium plating is a typical loss of active material aging mechanism. During the
charging of lithium-ion batteries, lithium ions from the cathode are intercalated into
the graphite electrode, which leads to loss of active material and thus reduced ca-
pacity. This unevenness on the anode's surface increases the polarization e�ect of
electrochemical reactions. This polarization e�ect makes the di�usion rate of lithium
ions uneven on the electrode surface, thus increasing the overpotential during the
charging process. This phenomenon also leads to more pathways for the transfer
of electrons and ions, e�ectively creating parallel resistances, thereby reducing the
overall resistance of the battery. In severe cases, a lot of lithium can gather inside
the battery, causing high voltage in certain spots. This might lead to a short cir-
cuit inside the battery. Furthermore, the formation of lithium plating exacerbates
the issues associated with the SEI. Once the lithium plating penetrates the SEI
membrane, the SEI might keep forming on the lithium plating, making the lithium
plating issue worse and creating a bad cycle. Therefore, dealing with lithium plating
is a big challenge for making batteries work better and safer[17][18].

2.2.1.3 Other Structural Changes

The structure of the anode material is an additional factor contributing to bat-
tery degradation. During lithium ion intercalation and de-intercalation, some crack
formation in particles occurs, leading to battery aging[17].

2.2.2 Cathode Aging Mechanisms

The aging of cathode and anode in batteries is similar. It also mainly happens in
three ways: a �lm forms on the surface, active material lost, and other changes in
the structure. Solid Permeable Interphase (SPI) is a �lm that forms on the cathode,
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2. Theory

similar to the SEI on the anode, but with di�erent materials. Additionally, there
can be disruptions in the structure of the cathode, for example, particles splitting
or cracking, which will lead to the capacity fade[17].

2.3 Test method

In this section, this report will introduce the principles of methods for monitor-
ing batteries: EIS and ICA. Speci�cally, for EIS, this report will also explain the
principles of single-sine and multi-sine impedance spectroscopy.

2.3.1 EIS

EIS is a highly sensitive electrochemical testing technique used to evaluate the elec-
trochemical processes and performance inside lithium-ion batteries. EIS is a non-
destructive technique that applies a small perturbation, such as current or voltage,
typically in galvanostatic mode (GEIS) or potentiostatic mode (PEIS). It then mea-
sures the voltage in response to current or the current in response to voltage to obtain
the impedance response. It can detect frequencies in the range of approximately 1
MHz to 1 mHz[19].

EIS is usually represented using Bode plots and Nyquist plots to describe the fre-
quency response of the system. The Nyquist plot represents impedance at di�erent
frequencies, with the real part (Zre) on the horizontal axis and the negative imagi-
nary part ( � Z im ) usually on the vertical axis. The shape and size of the Nyquist plot
can indicate impedance processes, including charge transfer reactions and di�usion-
controlled processes, within the electrochemical system. Di�erent batteries produce
di�erent Nyquist plots. Figure 2.1 shows an idealized Nyquist plot for a commercial
lithium-ion battery at di�erent frequencies[20].

Bode plots consist of two parts: the �rst part shows the relationship between fre-
quency and impedance magnitude (jZ j), and the second part shows the relationship
between frequency and phase angle (� ). In the �rst part, you can see how the system
impedance changes with frequency, while in the second part, you can observe how
the phase angle changes with frequency.

The measurement results of EIS must satisfy three types of relationships: causal
relationship, linear relationship, and stable relationship. Kramers-Kronigis(KK) a
commonly used validation method, and the KK relationship is based on the princi-
ple of causal relationship. EIS also requires the impedance response of the system
to adhere to this physical causal relationship. This means that if the data conforms
to the KK relationship, then these data are likely to be accurate and reliable. Con-
versely, if the data do not conform to the KK relationship, it may indicate problems
in the measurement process or that the behavior of the system does not adhere to
the linear assumption[21].
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2. Theory

Figure 2.1: Nyquist plot[21]

2.3.1.1 Single-Sine Impedance Spectroscopy

Single-Sine Impedance Spectroscopy is a traditional type of EIS that follows all the
basic principles of EIS. It involves applying a small-amplitude voltage or current
excitation signal and obtaining the impedance response. Therefore, its principle
is simpler because it only requires measuring one frequency of excitation signal,
making it easier to implement and analyze.

2.3.1.2 Multi-Sine Impedance Spectroscopy

Multi-sine is also a type of EIS, where multiple sinusoidal signals of di�erent frequen-
cies are simultaneously used for excitation. This helps in obtaining more frequency
response data in a shorter time, aiding in better understanding the dynamic behav-
ior and characteristics of electrochemical systems. This relation can be represented
as,

s(t) =
NX

k=1

Ak sin(2�f k t + � k) (2.1)

In this equation, Ak represents the amplitude of each sinusoidal component,f k

represents the frequency, and� k represents the phase shift of each component.N
is the number of sinusoidal components.

The multi-sine method can capture the dynamic response of the system more com-
prehensively, making it easier to meet the KK relation requirements. This method
is more suitable for handling complex systems. In contrast, the single-sine method
cannot capture all dynamic characteristics of the system during the measurement
process, leading to deviations in the frequency-domain analysis[22].

6



2. Theory

2.3.2 Incremental Capacity Analysis(ICA)

ICA is commonly used to study the aging of batteries. By converting voltage changes
caused by electrode phase transitions into an incremental capacity (IC) curve, the
IC curve plots voltage on the horizontal axis anddQ

dV (the rate of change of capacity
with respect to voltage) on the vertical axis. The variations in the peak of the
IC curve describe the phase transition characteristics during the intercalation and
extraction processes and can re�ect the degree of aging. The position, height, and
area of the peaks in the IC curve are considered IC features, which are used to
observe the decay of battery capacity more speci�cally.

To obtain more precise information, batteries are typically cycled at a constant low
current. To achieve balanced battery parameters, the current is reduced to minimize
the e�ects of resistance and di�usion.

2.3.3 Pulse test

The pulse test can determine the internal resistance of the battery by passing a
current with a c-rate greater than 1, which leads to noticeable voltage changes. The
voltage changes are measured, and according to Ohm's law, dividing the voltage
change by the current change, thus obtaining the battery's internal resistance. This
can be represented as,

Rinternal =
U2 � U1

I 2 � I 1
(2.2)

whereU1 and U2 are the initial and �nal voltage values, andI 1 and I 2 are the initial
and �nal current values.

2.3.4 Reference Performance Test (RPT)

RPT is a testing method used to evaluate battery performance by setting a reference
and comparing other test results to it. The setup of the RPT can vary. In this report,
the RPT setup includes capacity test, EIS measurement when SOC is at 10%, 30%,
50%, 70%, 90%, pulse test when SOC is at 30%, 50%, 70%, and ICA.

2.4 Data Processing Methods

In this section, this report will introduce the principles of methods for processing
battery data: Equivalent Circuit Model. This method is used for analyzing EIS data
in the frequency domain.

2.4.1 Equivalent Circuit Model

Traditionally, EIS usually uses the Equivalent Circuit Model to process data. Typ-
ically, resistors, capacitors, or constant phase elements are connected in series or

7



2. Theory

parallel based on experience to form an equivalent circuit, which simulates the ac-
tual circuit diagram. However, there is no perfect equivalent circuit diagram.

In lithium-ion batteries, Figure 2.2(a) is commonly used to represent LiB without
lithium plating. Here, Zdl,a and Rct,a represent the anode interface,Zdl,c and Rct,c

represent the cathode interface, andZs represents other in�uences from the elec-
trolyte and SEI. This report adds an impedanceZw after the parallel with Zdl,a and
Rct,a to represent the di�usion process in the electrolyte.

(a) (b)

Figure 2.2: Equivalent Circuit Model

As the battery undergoes continuous charge and discharge cycles, lithium plating
occurs, leading to battery degradation. In consideration of this state, the equivalent
circuit model will be modi�ed by adding a resistorRct,Li in parallel with the anode.
Rct,Li represents the lithium plating reaction on the anode[23].
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3
Methods

3.1 Case set up

This experiment is divided into two parts: coin cell and commercial cell. For the
coin cell part, batteries are assembled using di�erent nickel concentrations (NMC622
and NMC811) in three-electrode, with two samples for each material. Each battery
is cycled at a rate of C/3 within the SOC range of 0-100%. One group is designated
as a reference and cycled within the voltage range of 3V-4.25V. The other group
undergoes overcharging with a voltage range of 3V-4.45V. All batteries undergo an
EIS sweep every one week at SOC levels of 10%, 30%, 50%, 70%, and 90%, and an
RPT every two weeks.

For the commercial cell part, after fast charging, EIS is conducted at SOC levels of
10%, 30%, 50%, 70%, and 90%. Finally, a comparison is made between the aging
mechanisms observed in the coin cell and those in the commercial cell to determine
if the �ndings from the coin cell can be veri�ed in the commercial cell.

3.2 Experimental cells assembling

This experiment is conducted in a glove box to ensure that the batteries are in a
dust-free, moisture-free, and oxygen-free environment. The experiment uses a PAT-
cell, which is a type of coin cell. Figure 3.1 is a visualization of the PAT-cell. The
steps for assembling the PAT-cell are as follows:

1. Place one-coated cathode material, anode material, insulation sleeve with
lithium metal reference ring, and glass �ber separator, upper plunger, lower
plunger, lower case, and upper case into the glovebox.

2. Put the cathode material on the separator, and block it with the lower plunger.

3. Place the separator and lithium metal reference ring, lower plunger, and cath-
ode material into the lower case.

4. Add 100� l of LiPF6 onto the separator.

5. Place the anode material onto the separator, ensuring the active material faces
inside.

9



3. Methods

6. Stack the anode material with the upper plunger.

7. Place the upper case on the upper plunger and tighten it.

Figure 3.1: Structure of the PAT Cell[24]

3.3 Testing measurements of experimental

In this section, PAT-cells in coin cells will be cycled as an example. After cycling,
PAT-cells will be tested using EIS measurements. Furthermore, commercial batter-
ies after fast charging will also undergo EIS measurements. The results from coin
cells and commercial batteries will be compared to observe patterns.

3.3.1 Coin cell

This report focuses on assembling coin cells, primarily because coin cells are easy to
implement, have simple principles, and are easy to analyze. This approach can be
helpful to discover aging mechanisms.

3.3.1.1 EIS hardware and software

The report will use three di�erent laboratory testing instruments: BCS-810, VMP-
3e, and PAT-Tester in coin cell. These instruments are to be utilized for experimen-
tation, speci�cally for accommodating battery samples. The PAT-Tester is to be
used in conjunction with Lab Event LT/100/40/5. The PAT-Tester will be placed
inside the Lab Event LT/100/40/5, which serves as a thermal chamber. BCS-810
and VMP-3e are sourced from the same manufacturer and are controlled using the
EC-LAB software. On the other hand, the PAT-Tester is controlled via EL-cell soft-
ware. Despite the distinct software settings of these three instruments�Bio-logical

10



3. Methods

for BCS-810 and VMP-3e, and EL-cell for the PAT-Tester, their functionalities re-
main the same. Due to resource constraints, it is not possible to use instruments
from the same brand. Therefore three di�erent instruments and their corresponding
software were selected for experimentation. Table 3.1-3.4 are the basic parameters
of the four instruments:

Table 3.1: Characteristic of BCS-810

Voltage range 0V-10V
Current range range 1A down to 0.1mA

EIS range 10kHz-10mHz

Table 3.2: Characteristic of VMP-3e

Acquisition time 200 � As with EC-Lab
Current range ± 10 � A to ± 1 A (6 ranges)
EIS capability 1 MHz to 10 � AHz
Compliance 20 V adjustable from± 10 V between [-20 ; 20] V

Table 3.3: Characteristic of PAT-Tester

Control Voltage -7 V to +7 V
Compliance Voltage -8 V to 8 V (no load)

Current ± 100 mA
Acquisition Time (Time Base) 1 ms

EIS range 10kHz-10mHz

Table 3.4: Characteristic of Lab Event LT/100/40/5

Minimum temperature -40‰
Max temperature 100‰

3.3.1.2 Testing parameters

In this report, the protocol for testing is divided into three main sections: formation,
reference performers test (RPT), and cycling.

In the formation step, a single cycle is conducted at a C-rate of C/20, followed by
two cycles at a C-rate of C/10.

For the RPT step, two cycles are performed at a C-rate of C/3, followed by an
additional cycle at C/3 to obtain capacity. Subsequently, the battery is charged to
the cuto� voltage and discharged to various SOC levels:90%; 70%; 50%; 30%; and
10%. EIS measurements are taken at each of these SOC levels, while pulse tests are
conducted at SOC70%; 50%; and 30%to determine internal resistance at each SOC
level.

In the cycling step, the battery is cycled at a C-rate of C/3 within the SOC range
of 1-100% for one week.

11



3. Methods

3.3.1.3 ICA measurements

In this report, an ICA measurement is carried out at a C-rate of C/25.

3.3.2 Commercial cell

This report also tests commercial cells that have only undergone EIS measurement,
validating the patterns discovered from coin cells to see if the �ndings apply.

3.3.2.1 Parameters of Commercial Cells

The commercial cells are prismatic cell which have undergone fast charge.

3.3.2.2 EIS hardware and software

The report will use two di�erent laboratory testing instruments: Climate Test
Chambers and Gamry Instruments Reference 3000. The chamber will maintain
the battery at 25� during EIS testing, while the Gamry instrument will be used for
battery charging, discharging, and EIS testing. The Gamry instrument is controlled
using the Gamry Framework software and data analysis is conducted using Gamry
Echem Analyst. Table 3.5 and 3.6 are the basic parameters of the two instruments:

Table 3.5: Characteristic of Climate Test Chamber

Minimum temperature -30‰
Max temperature 70‰

Table 3.6: Characteristic of PAT-Tester

Maximum Applied Potential � 35 V
EIS range � 10� Hz � 1MHz

3.3.2.3 EIS parameters

In this report, commercial cell underwent EIS testing at SOC levels of 90%, 70%,
50%, 30%, and 10%. The initial SOC was set to 90%, and a constant current
discharge of 30 Amps was applied. Voltage limit control was used as the cuto�
condition for each SOC levels. The SOC levels of 70%, 50%, 30%, and 10% were
used as voltage limits.
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4
Results and Analysis

This chapter compares the results of the normally charged and discharged coin cells
and those of cells with possible lithium plating induced by overcharge. Three testing
methods which are EIS, ICA, and Pulse Test are used for analysis. Additionally,
it validates the patterns by using the EIS of commercial cells that have already
undergone fast charging and lithium plating.

4.1 Coin Cell

The testing is divided into two parts. One part serves as the reference group,
which includes two sets of materials, NMC622 and NMC811, with normally charged
and discharged cells, and each set contains two samples. The other part is the
overcharge group, which also includes two sets of materials, NMC622 and NMC811,
with overcharging to induce lithium plating, and each set contains two samples.
This report analyzes only one sample from each material, while the other sample
is kept as a backup. Cold temperatures and high C-rates are both reasons for
lithium plating. This report chose overcharge because low temperatures increase
resistance, which might lead to very high resistance. High C-rates might quickly
reach the voltage limit during charging and discharging, potentially damaging the
battery. In this report, 0RPT represents the �rst RPT after battery formation,
1RPT represents the RPT after two weeks of cycling, 2RPT represents the RPT
after four weeks of cycling, 3RPT represents the RPT after six weeks of cycling.
In the �gure label, N6 represents the battery with NMC622 as the anode material,
N8 represents the battery with NMC811 as the anode material, REF represents
reference group, OVER represents overcharge group, CHAR represents charge, and
DISC represents discharge.

4.1.1 Reference group

This section presents the results of EIS, ICA, and Pulse Tests conducted on the
reference group of NMC622 and NMC811, and analyzes the �ndings.

4.1.1.1 EIS

Figure 4.1 compares the Nyquist plots of batteries on the reference group of NMC622
and NMC811 at SOC30% during 0RPT. It is found that the Nyquist plot of the
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battery with NMC622 as the anode material has two semicircles, one representing
the anode and the other representing the cathode. On the other hand, the Nyquist
plot of the battery with NMC811 as the anode material has only one semicircle. This
may be due to the properties of NMC622 and NMC811, which result in di�erent time
constants. The peaks for NMC811 are closer together, making it appear as though
there is only one semicircle. This may be the reason why the Nyquist plot is di�erent,
but this is just a conjecture. To verify the results, a test must be added. The battery
assembled with electrodes which will be manually cleaned and the battery assembled
with electrodes provided by the supplier are tested simultaneously for EIS.

Figure 4.1: NMC622 and NMC811 Comparison at SOC30%

Figure 4.2 presents the Nyquist plots at 0RPT with NMC622 as the anode material.
From the �gure, it can be observed that as the SOC increases, the radius of the two
semicircles also increase. This is consistent with the pattern indicated in Figure 4.3.

Figure 4.2: NMC622 Comparison at SOC10%,30%,50%,70% and 90%
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Figure 4.3: NMC811 comparison at SOC10%,30%,50%,70% and 90%

Figure 4.4 presents the Nyquist plots of the battery with NMC622 as the anode
material at 0RPT, 1RPT, 2RPT and 3RPT. As the battery cycles, the starting
points of each Nyquist curves move to the right, representing the increase in the
battery's resistance. According to �gure 4.5, batteries with NMC811 as the anode
material also follow this pattern. Both graphs depict a �tting line simulated by the
previously mentioned equivalent circuit model Figure 2.2.

Figure 4.4: NMC622 at 0RPT, 1RPT, 2RPT, and 3RPT
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Figure 4.5: NMC811 at 0RPT, 1RPT, 2RPT, and 3RPT

Figure 4.6 presents when anode material with NMC622 at SOC10% using single
sine signal and multi sine signal. The multi sine used in this report follows the
same con�guration as single sine mentioned in Section 3.3.1.1. The two lines almost
overlap, which can be used to prove that these two measurement methods are equally
e�ective in analyzing electrochemical systems. Because the other characteristics
remain the same, with the only di�erence being the use of multi-sine or single-
sine signal, the impedance characteristics captured by both methods are essentially
consistent. As a result, the outcomes are similar.

Figure 4.6: NMC622 at SOC10% with single and multi Sine Signal

4.1.1.2 Pulse Test

Figure 4.7 presents the Direct Current(DC) resistance obtained through pulse tests
for batteries with NMC622 and NMC811 as the anode material at SOC 30%, 50%,
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and 70%. It can be seen that the resistance of the NMC811-based battery is generally
greater than that of the NMC622-based battery. This could be due to the higher
nickel content of NMC811, which increases the battery's resistance. Additionally, the
SOC level has little e�ect on the resistance of batteries with NMC622 and NMC811
as the anode material. At SOC 50%, the resistance is higher than at SOC 30%
and SOC 70%. This is because the duration at SOC 50% is 30 seconds, and the
longer pulse duration increases the polarization e�ect, leading to a higher measured
resistance, which is longer than the 10 seconds at SOC 70% and SOC 30%.

Figure 4.7: DC Resistance at 1.5CC Charge and Discharge: SOC 70% (T=10s),
SOC 50% (T=30s), SOC 30% (T=10s)

Figure 4.8 shows the DC resistance of batteries with NMC622 and NMC811 as the
anode material at 0RPT, 1RPT, and 2RPT, the Y-axis represents the growth rate
of resistance, with the resistance value of all RPT0 considered as 1. As the battery
cycles, the resistance of both NMC622 and NMC811 increases, but the increase
in resistance for NMC811 is bigger than that for NMC622. This may be because
NMC811 is less stable, resulting in bigger nickel content of it. There is no RPT3
point on the �gure because when the pulse is performed during testing, as the
resistance increases, the battery voltage reaches the limit voltage, so there is no
valid pulse test.
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Figure 4.8: Growth Rate of DC Resistance for NMC622 and NMC811 at 0RPT,
1RPT, and 2RPT

4.1.1.3 ICA

Figure 4.9 shows the ICA of NMC622 and NMC811 at 0RPT. It can be seen that
when the voltage is about 4.1V, NMC811 has a peak, which can help identify ma-
terials from �gure.

Figure 4.9: ICA Plot for NMC622 and NMC811 at C/25

Figure 4.10 shows the ICA of NMC622 at 0RPT, 1RPT, 2RPT, and 3RPT. As the
battery cycles, the peak value at around 3.5V moves up slightly and shifts a bit to
the right. The slight upward movement of the peak at 3.5V may due to measurement
error, and more cycling is needed to see a clearer shift. The overall rightward shift
is caused by the electrolyte drying out with cycling.
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Figure 4.10: ICA Plot for NMC622 at 0RPT, 1RPT, 2RPT, and 3RPT at C/25

Figure 4.11 shows the ICA of NMC811 at 0RPT, 1RPT, 2RPT and 3RPT. As the
battery cycles, it can be seen that all peaks are moving downwards, indicating a loss
of active material with cycling. The movement is more obvious than NMC622. The
reason for this noticeable change might be that NMC811 is more active.

Figure 4.11: ICA plot for NMC811 at 0RPT, 1RPT, 2RPT and 3RPT at C/25

4.1.1.4 Capacity retention

Figure 4.12 shows the decreasing trend of NMC622 and NMC811 during common
charge and discharge cycles. The decreasing trend of NMC811 is more signi�cant
due to the greater instability of its anode material. According to Figure 4.8, the
resistance growth rate shows a signi�cant increase. Interestingly, it is observed that
when the resistance change is particularly pronounced, the capacity retention is
notably lower.
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Figure 4.12: Capacity retention of NMC622 and NMC811

4.1.2 Overcharge group

This section shows data where cells are overcharged and discharged to force lithium
plating to occur. It then compares these cells to ones that undergo regular charge
and discharge cycles to analyze the impact of lithium plating on aging.

4.1.2.1 EIS

Figure 4.13 compares the Nyquist plots of the NMC622 reference group and the
overcharge group at 0RPT, 1RPT, 2RPT and 3RPT. It demonstrates that with
cycling, both cells shift to the right, indicating the increase of battery resistance.

Figure 4.14 is based on the equivalent circuit model and shows the NMC622 reference
and overcharge groups: anode and ohmic resistance. The Y-axis represents the
growth rate of resistance, with the resistance value of all RPT0 considered as 1.
This �gure indicates that the anode and ohmic Resistance all increase with cycling.
Comparing the blue and grey lines, the anode resistance in the overcharge group
increases more than that in the reference group. This could be due to two reasons:
�rst, �tting errors in the data; second, initially setting the voltage limit low enough
to cause the anode's voltage to drop below 0V, leading to lithium plating. However,
�gure 4.15 shows that the anode voltage gradually increases with cycling. This
increase is because, as the battery ages, its resistance increases, making it easier to
reach the cuto� voltage. As a result, there is not enough time for lithium plating to
occur during charging. The aging e�ect is more signi�cant than the lithium plating
e�ect, causing the anode resistance in the overcharge group to increase more than in
the reference group. Comparing the orange and yellow lines, the ohmic resistance in
the reference group is greater than in the overcharge group. This might be because
the initial resistance in the reference group was higher than in the overcharge group,
or it could be due to �tting errors.
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Figure 4.13: NMC622 at 0RPT, 1RPT, 2RPT and 3RPT, Normal vs.
Overcharge

Figure 4.14: Comparative Growth Rate of Pulse Test Anode and Ohmic
Resistance: NMC622 Reference vs. Overcharge Groups
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Figure 4.15: Anode Voltage of NMC622 in Overcharge Group During Cycling
After 0RPT

Figure 4.16 compares the Nyquist plots of the NMC811 reference group and the
overcharge group at 0RPT, 1RPT, 2RPT and 3RPT, similar to the anode material
being NMC622, both cells shift to the right, indicating the increase of battery resis-
tance. It is surprised that at 2RPT and 3RPT, the charge transfer resistance in the
overcharge group is unexpectedly lower than that in the reference groups.

Figure 4.17 is based on the equivalent circuit model and shows the NMC811 reference
and overcharge groups: anode and ohmic resistance. The Y-axis represents the
growth rate of resistance, with the resistance value of all RPT0 considered as 1.
The anode resistance in the reference group is higher than the overcharge group
at 1RPT but lower at 2RPT, showing no consistent trend. This might be due to
�tting issues. Figure 4.18 shows the anode voltage of NMC811 after 0RPT, which
follows a similar trend to NMC622. The anode voltage starts below 0V but gradually
increases, and this increase is more pronounced in NMC811. This could be because
NMC811 is less stable than NMC622, making its resistance grow more easily and
reach the voltage limit sooner. Additionally, the voltage limit was set based on
NMC622's voltage, but NMC811 should have a higher voltage limit to force lithium
plating. Comparing the orange and yellow lines in Figure 4.17, the ohmic resistance
in the reference group is similar to that in the overcharge group. This might be
because NMC811 is not reaching the real voltage limit.
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Figure 4.16: NMC811 at 0RPT, 1RPT, 2RPT and 3RPT, Normal vs.
Overcharge

Figure 4.17: Comparative of NMC811 Reference and Overcharge Groups: Anode
and Ohmic Resistance
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Figure 4.18: Anode Voltage of NMC811 in Overcharge Group During Cycling
After 0RPT

4.1.2.2 Pulse Test

Figure 4.19 compares the DC resistance of the NMC622 reference group and the
overcharge group at 0RPT, 1RPT, and 2RPT. The Y-axis represents the growth
rate of resistance, with the resistance value of all RPT0 considered as 1. It can
be seen that the resistance of both the reference group and the overcharge group
will increase. However, the resistance of the overcharge group increases signi�cantly
more than that of the reference group. This is because overcharge will lead to the
generation of lithium plating, which will accelerate the increase in resistance.

Figure 4.19: Growth Rate of DC Resistance of NMC622 at 0RPT, 1RPT, and
2RPT

Figure 4.20 compares the DC resistance of the NMC811 reference group and the
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overcharge group at 0RPT, 1RPT, and 2RPT. It can be seen that the resistance R0
of both the reference group and the overcharge group will increase, but the change
in resistance is not signi�cant for either group. This might be because, as mentioned
before, there is no clear di�erence between the reference group and the overcharge
group in NMC811, and the e�ect of lithium plating is not obvious.

Figure 4.20: Growth Rate of DC Resistance of NMC811 at 0RPT, 1RPT, and
2RPT

4.1.2.3 ICA

Figure 4.21 shows the ICA plot of the NMC622 reference group and the overcharge
group at 3RPT. It can be observed that the peak intensity in the 3.7V reference
group is higher than in the overcharge group. This proves that the peak intensity
in the overcharge group decreased more than in the reference group, indicating the
occurrence of lithium plating in the overcharge group.

Figure 4.22 shows the ICA plot for the NMC622 cathode voltage at 3RPT. It seems
that the peak intensity does not change signi�cantly, but there is an overall rightward
shift. This could be because the phase change in the electrode material requires a
higher voltage. Figure 4.23 shows the ICA plot for the NMC622 anode voltage at
3RPT. It seems that the peak intensity near 0.1V for the overcharge group is lower
than the reference group. This is because the overcharge group lost more active
material than the reference group as cycling continued.
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Figure 4.21: ICA plot for NMC622 at 0RPT, 1RPT, 2RPT and 3RPT at C/25,
Normal vs. Overcharge

Figure 4.22: ICA plot for NMC622 cathode volage at 3RPT at C/25

Figure 4.23: ICA plot for NMC622 anode voltage at 3RPT at C/25

Figure 4.24 shows the ICA plot of the NMC811 reference group and the overcharge
group at 3RPT. It can be seen that the peak intensity in the reference group shifts
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to the right compared to the overcharge group. This might be due to a lack of
electrolyte.

Figure 4.25 shows the ICA plot for NMC811 cathode voltage at 3RPT. It can be seen
that the changes in the cathode are signi�cant with cycling. Figure 4.26 also shows
the ICA plot for NMC811 anode voltage at 3RPT. It can be seen that the changes
in the anode are not signi�cant with cycling, further con�rming that overcharge
group of NMC811 may not have much lithium plating. However, observing that the
�rst discharge point is very close to 0V represents a signi�cant potential for lithium
plating.

Figure 4.24: ICA plot for NMC811 at 3RPT at C/25, Normal vs. Overcharge

Figure 4.25: ICA plot for NMC811 cathode voltage at 3RPT at C/25
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Figure 4.26: ICA plot for NMC811 anode voltage at 3RPT at C/25

4.1.2.4 Capacity retention

Figure 4.27 shows the capacity retention of the NMC622 reference group and the
overcharge group at 0RPT, 1RPT, 2RPT and 3RPT. It can be observed that with
cycling, the capacity of both the reference group and the overcharge group decreases.
However, the capacity fade of the overcharge group is greater than that of the
reference group. This is because the batteries in the overcharge group experienced
lithium plating due to overcharging, leading to more capacity fade.

Figure 4.27: Capacity retention of the NMC622 at 0RPT, 1RPT, 2RPT and
3RPT

Figure 4.28 shows the capacity retention of the NMC811 reference group and the
overcharge group at 0RPT, 1RPT, 2RPT and 3RPT. It can be seen that with
cycling, the capacity of both the reference group and the overcharge group decreases.
However, the capacity fade of the overcharge group is smaller than that of the
reference group after 2RPT. This is because the voltage limit was set according
to NMC622. As cycling continued, the resistance of NMC811 increased, making it

28



4. Results and Analysis

easier to reach the voltage limit. Therefore, there wasn't enough charge to cause
lithium plating in NMC811.

Figure 4.28: Capacity retention of the NMC811 at 0RPT, 1RPT, 2RPT and
3RPT

4.1.2.5 Battery Tear Down

This section displays the NMC622 and NMC811 after teardown. Figure 4.29 shows
the NMC622 reference group. Since it was a tear down conducted at 100%SOC,
lithium ions can be observed gathering on the anode, represented by the gold-colored
areas. Figure 4.30 displays the overcharge group of NMC622. In this �gure, there
are some bubbles, which originate from the sealed plastic casing. Additionally,
there are white spots stemming from the separator adhered to the anode. The gray
sparkling dots seen on the �gure represent lithium plating. Their limited presence
may be attributed to the anode's voltage not dropping below 0V in the later stages
of cycling.

Figure 4.31 shows the NMC811 reference group, �gure 4.32 shows the NMC811
overcharge group. Both of these �gure don't have any obvious shiny gray dots. This
might be because it's easy to reach the voltage limit, which leads to not enough
charging time, and thus, no lithium plating occurs.
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