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ABSTRACT

JIANI LI. Fundamental Understanding of Lithium Plating in Lithium-ion batteries:
Mechanism, Model and Mitigation Strategies
(Under the direction of DR. JUN XU)

During the normal charging process of lithium-ion batteries (LIBs), lithium ions are
extracted from the cathode, transported through the electrolyte, and finally intercalated into
the anode. However, abusive conditions such as overcharging, fast charging, and low-
temperature charging can lead to the occurrence of lithium plating on the anode, which
facilitates capacity fade, lithium dendrite growth, and even an internal short circuit in LIBs.
Therefore, detecting the onset of lithium plating, understanding its mechanism, and
avoiding this unwanted side reaction is significant for the safe design of LIBs.

Firstly, detecting the initiation of lithium plating on graphite electrodes is of paramount
importance in ensuring battery safety. To achieve this, Graphite/Li cells with consistent and
reliable electrochemical performance are manufactured and selected. Discharging tests
with various capacities are conducted on these cells to intentionally induce lithium plating
on the graphite electrode. By comparing the voltage analysis and morphology analysis
results of Graphite/Li coin cells with different discharging capacities, the localization of
the lithium plating onset is detected within a narrow discharge capacity range.

An electrochemical model applied to the experimental Graphite/Li coin cells is
proposed to further determine the precise onset of lithium plating and provide a deep

understanding of its mechanism. The model incorporating a concentration criterion can

precisely predict the onset of lithium plating on graphite and elucidate the underlying



v
mechanisms governing its occurrence. Moreover, comparative analysis reveals that the
model incorporating a concentration criterion is more suitable for predicting the onset of
lithium plating than a model relying on a potential criterion, particularly under high C-rate
conditions. Based on the concentration criterion model, a parametric study is conducted to
obtain an optimized discharging protocol with high discharging efficiency but no
occurrence of lithium plating.

Furthermore, a 2D physics-based model considering the actual winding structure of
the battery is established to investigate the distribution of lithium plating among the
winding structure in a cell. The model is validated based on the voltage-time curves of
charging tests with different C-rates. By analyzing the lithium plating current density and
lithium plating overpotential at different layers, it is shown that lithium plating tends to
occur in the inner layers of the battery. Based on this validated model, a parametric study
is conducted to clarify the influence of governing factors, including the electrochemical
properties of the materials, tab arrangement, and charge protocols. According to the results,
appropriate designs and use of the battery are proposed to reduce the risk of lithium plating.

This study comprehensively investigates the behavior of lithium plating, including its
onset, mechanism, and mitigation strategies. The results provide powerful tools for

designing the next generation of long cycle-life batteries.
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CHAPTER 1 INTRODUCTION

1.1 Background

Li-ion batteries (LIBs) have been playing an increasingly significant role in our
mobile society, including consumer electronics ! and electric vehicles 2 due to their
relatively high energy and power density > *, long lifecycle, and lower cost. However, the
current bottleneck for the wide application of lithium-ion batteries is the performance
deterioration and safety issues during cycling, and lithium plating is one of the most
challenging and dominant factors % °. As an undesired side reaction, the lithium plating
facilitates capacity fade, li-dendrite growth ®, and even an internal short circuit 8. Hence,
understanding the mechanism of lithium plating and avoiding side reactions is significant
for the safe design of Li-ion batteries.
1.2 Literature review
1.2.1 Lithium plating behavior

During battery charging, the Li ions are extracted from the cathode, transported
through the electrolyte, and finally intercalated into the anode. The insertion potential of
Li in the graphite is in the range of 200 to 65 mV (vs. Li/Li"), slightly higher than 0 V *°.
However, abusive conditions such as overcharging * ', fast charging **°, and low
temperature-charging %8 may contribute to the high polarization of the anode and drop
the anode potential below 0 V (vs. Li/Li*) *°, making lithium plating thermodynamically

feasible. Therefore, there are two electrochemical reduction reactions taking place at the



electrode/electrolyte interface during battery charging: li intercalation and lithium plating
(Fig.1). As an unwanted side reaction, lithium plating has adverse effects on battery safety.
Firstly, the plated lithium will partially react with electrolyte solvents to form a new SEI
layer 8 which consumes the active lithium and further induces capacity degradation.
Besides, partial-plated lithium may lose electrical contact with the anode (known as dead
Li). Both the formation of SEI and dead Li are responsible for capacity degradation and
poor Coulombic efficiency during cycling. Secondly, the internal resistance will increase
due to the pore clogged by plated Li metal, which hinders the transport of Li ions in the
electrode. The increasing internal resistance contributes to larger polarization during the
intercalation and deintercalation of Li ions 2°. Thirdly, with the accumulation of plated Li
metal, the continuous growth of dendritic or needle-like lithium is prone to penetrate the
separator and cause an internal short circuit and even thermal runaway of the battery. Hence,
understanding the mechanism of lithium plating and avoiding side reactions is significant

for the safe design of Li-ion batteries.
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Figure 1 Scheme of lithium plating on the (a) macroscopic, (b) microscopic, and (c) atomic
level 2!,



Plenty of research has discovered that lithium plating is more likely to occur under
extreme conditions such as fast charging, low-temperature charging, and overcharging.
Therefore, a deeper understanding of the behavior and underlying mechanism of lithium
plating under these extreme conditions is necessary. During a desirable charging process,
the Li ions are transported through the electrolyte, intercalated into the active particles, and
finally diffused from the surface of the active particles to their inside driven by the
concentration gradient. It is generally believed that the limited Li ions solid diffusion in
active particles is responsible for the high lithium plating risk at a high charging rate 22,
When charging at a high rate, the Li ions tend to accumulate at the active particle surface
since the Li ions diffusion in the solid phase is less than that in electrolytes 2 2, As a
consequence, the saturation of Li ions at the interface contributes to the occurrence of
lithium plating (Fig. 2(a)). The influencing factors of lithium plating at low temperatures
are charge-transfer resistance and Li-ion diffusion in solid phase 2°’. When charging under
a low temperature, the sluggish charge transfer kinetics and slow Li ions diffusion in the
solid phase hinder the intercalation reaction and facilitate lithium plating. Indeed,
investigations from experiments 1" 212831 and simulations - ° all showed that the anode
potential becomes lower with decreasing temperature, facilitating the occurrence of lithium
plating. As an example in a commercial battery (Fig. 2(b)), lithium plating occurs when the
charging rate is larger than 2C under 50 <C but 0.5C under 12 <T %, indicating that lowering

temperature reduces the critical charging rate of lithium plating. The intercalation of Li



ions into graphite tends to be slowed down with a higher state of charge (SOC) since the
solid diffusion barrier is increased with x in LixCs 33. For overcharging conditions 34 3,
when the anode has been fully lithiated, the Li ions will no longer intercalate into the anode

but plate on the surface of the anode (Fig. 2(a)).
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Figure 2 (a) Illustration of the lithium plating under extreme charging protocols (b)

Photograph of the anodes after cycling at different charging rates under 12 °C and 50 °C
32

1.2.2 Detection of lithium plating

Various experimental methods have been employed to detect the occurrence of lithium
plating and comprehensively understand lithium plating, encompassing electrochemical
techniques and physical characterization methods >°.

The electrochemical methods adopted for lithium plating detection include the



measurement of graphite electrode potential and cell voltage during discharging/rest
process 3”0, The graphite electrode potential measured in cells with 2-electrode *! and 3-

electrode 2% 31 4143

setup (Fig. 3(a)) can directly serve as the indicator of lithium plating
according to the traditional criterion of lithium plating > ** %°. Besides, the detection of
lithium plating can be realized by monitoring and analyzing the cell voltage vs time curve
87,40,4648 The occurrence of voltage plateau at the beginning of the discharging/rest process
(Fig. 3(b)) is caused by the stripping of plated Li metal, which can demonstrate that lithium
plating occurred during the preceding charging process. These electrochemical methods
are nondestructive and convenient for engineering applications, however, they can only
confirm the occurrence of lithium plating indirectly and fall short of in-situ detection of the
precise onset of lithium plating .

To detect the occurrence of lithium plating directly, ex-situ and in-situ physical
characterization methods have been proposed and applied. For the ex-sifu physical
characterization method, the cells are disassembled and the morphology of graphite
electrode surface 38 4952 gre characterized by optical microscopy >* °*, scanning electron
microscopy (SEM) *° and transmission electron microscopy (TEM) ¢ to determine the
existence of plated Li metal. However, the microscopic plated Li metal may not be
observed by these ex-situ observation techniques since the plated Li metal may dissolve

and intercalate back into the graphite electrode during the disassembling process. To solve

this problem, in-situ optical microscopy and electrochemical measurement were



simultaneously performed on half cells to monitor the voltage of the graphite electrode and
the occurrence of lithium plating (Fig. 3(c)) during battery cycling >’. Although the ex-situ
and in-situ physical characterization methods offer direct detection of plated Li metal, they
are hindered by expensive equipment and implementation challenges. Consequently, there
exists a need for an economical, convenient, nondestructive, and accurate in-situ method

for detecting the onset of lithium plating.
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1.2.3 Criteria of lithium plating

Understanding the mechanism of lithium plating is imperative for determining its
onset. Conventionally, it is held that lithium plating becomes thermodynamically possible
once the over-potential of the lithium plating reaction reaches smaller than 0 V vs. Li/Li"

(77, <OV) (Fig. 4(a)) >***. The elevated polarization resulting from high C-rates *' and

low temperatures ! contributes to a reduction in graphite potential, thereby promoting the
occurrence of lithium plating. However, while the potential criterion (77, <OV') is
considered a necessary condition for lithium plating, it is insufficient as demonstrated in
several experiments > %73 Uhlmann et al. **, for instance, subjected Graphite/Li cells
to charging pulses with varying C-rates after reaching a certain State of Charge (SOC).
Results indicated that during charging pulses at 5C and 10C, lithium plating did not
manifest until the graphite potential fell significantly below 0 V. Gao et al. *’, utilizing in-
situ optical microscopy coupled with electrochemical measurements on a single graphite
particle, observed that the graphite particle could withstand a negative potential of -115
mV before any plated Li metal was observed during the discharging of 0.6C. The above
experiments were conducted on cells with a 2-electrode setup, which may affect the
measurement accuracy of graphite potential due to the polarization on the counter electrode.
Based on this, Wandt et al. ** performed the forced lithium plating on cells with a 3-
electrode set up. Employing operando electron paramagnetic resonance (EPR)

spectroscopy, they observed that the onset of lithium plating was also identified at a



negative graphite potential measured with a reference electrode setup. Besides, the
electrolyte concentration gradient between the graphite electrode and reference electrode
was less significant due to the low C-rate of 0.1C, guaranteeing the measurement accuracy
of graphite potential. It has been demonstrated that the potential criterion (77,, <0V') alone
is inadequate in determining lithium plating onset.

Factors beyond potential, such as concentration, may play vital roles in lithium plating
occurrence. Using in situ optical microscopy, some researchers °7 % ¢! found that the
lithium plating occurred exclusively on the fully lithiated parts of the graphite electrode,
while the onset voltage is much below 0 V versus Li/Li* °7-%, Such observations illustrates
that the Li concentration in graphite is a more accurate indicator of lithium plating than
graphite potential, which has been rationalized by analyzing the energetics and kinetics of
the lithium intercalation and lithium plating >’. During the charging process, lithium
intercalation is always more favorable than lithium plating energetically and kinetically
even when the potential criterion of lithium plating is satisfied (77,, <OV). The tipping
point occurs when the graphite surface becomes saturated with intercalated Li-ions
(Csquri = Cq max )- At that time, lithium intercalation is energetically equally favorable but
kinetically less favorable than lithium plating due to the lack of sites for Li-ions to
intercalate and drop off of nucleation barrier for lithium plating. As a result, the
intercalation reaction is restrained and the applied current is redirected towards lithium

plating.
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Figure 4 Proposed criteria of lithium plating on Graphite electrode *’.

1.2.4 Modeling of lithium plating

Numerical simulation can provide quantitative information to predict the onset of
lithium plating and help analyze the underlying mechanism. Arora et al. ** firstly described
the reaction of lithium plating during overcharge. They proposed a mathematical model to
predict lithium plating behavior under a variety of operating conditions based on the
classical electrochemical model developed by Doyle et al. 622, The influence of key design
parameters (particle size, electrode thickness, and mass ratio) on lithium plating was
investigated to minimize the safety hazards and capacity fade problem. To study the lithium
plating behavior at low temperatures, Ge et al. % extended Arora’s model with the
temperature sensitivity of the electrochemical properties. The model was validated by
comparing the simulation and experimental data in terms of the amount of plated metallic
lithium under various conditions. Yang et al. ®® proposed a lithium-plating-induced aging
model able to predict the aging characteristics of Li-ion batteries. They discovered that the
drop of anode porosity due to SEI (solid electrolyte interface) growth was attributed to the
larger gradient of electrolyte potential in the anode, which lowered the lithium plating over-

potential and finally led to the onset of lithium plating. Furthermore, Yang et al. *° modified
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their electrochemical-thermal model with lithium stripping to gain a fundamental
understanding of the voltage plateau behavior. Similar research has also been reported by
other groups *°. In their work, the amount of plated lithium could be evaluated according
to the shape of the simulated voltage plateau due to lithium stripping. Mei et al. *
combined experimental and numerical methods to investigate the overcharge-caused
lithium plating comprehensively. They found that lithium plating started at the
graphite/separator interface and the lithium plating capacity and overcharge are linear-
dependent.

It can be found that most researchers have traditionally adopted graphite potential

(77,2 <O0V) as the primary indicator of lithium plating when establishing the models 18,45,

66-68 ' signifying lithium plating occurrence when the graphite potential falls below 0 V vs.

Li/Li". However, it is emphasized that the potential criterion (77,, <0V) is not universally
applicable under all conditions, as mentioned previously. Therefore, the Li concentration
in graphite emerges as an equally critical parameter in modeling and predicting lithium
plating onset. Besides, current models focus on limited-sized materials or adopt a
homogenization strategy for the cell to give a qualitative description of the lithium plating
%9, Such a model cannot provide enough detailed information and mechanism
understanding of lithium plating observed at the cell level due to the lack of the quantitative

relationship of “material-structure-performance”. Therefore, models considering lithium

plating growth in the actual winding structure of the battery are still lacking.
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1.2.5 Mitigation strategies

As an undesired side reaction, lithium plating on graphite electrode can be inhibited
by various mitigation strategies (Fig. 6) such as anode modification, cell design and
modified charging protocols.

70-72 and metal coating (Cu,

For graphite electrodes, adding amorphous carbon coating
Sn) 77 can improve the kinetics of intercalation reaction on graphite electrodes, thus
restraining the lithium plating reaction. Besides, adopting graphite electrodes with

73.76 can facilitate the lithium diffusion in the solid phase,

nanostructured graphene structure
accelerate the intercalation reaction, and finally inhibit the plating reaction. For Li anode,
surface modification such as constructing a patterned Li anode 7 can realize the selective
Li deposition in the patterned grooves, which suppresses the formation of Li dendrite.

The risk of lithium plating can be effectively reduced by optimizing the cell design.
Firstly, increasing the residual capacity and width of graphite electrodes helps suppress
lithium plating *°. However, increasing the capacity of graphite electrodes may result in the
capacity loss of cells, which needs to be considered when designing practical LIBs. Besides,
adjusting the position and number of the current collecting tabs can obviously influence
the current distribution and lithium plating distribution among the cells. To realize the
uniform distribution of current density and lower the risk of lithium plating, the

configuration of cathode and anode tabs needs to be designed appropriately ’® and the

number of tabs is suggested to be increased " (Fig. 6(b)).
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Compared to the mitigation strategies of anode modification and cell design which
require the improvement of the manufacturing process of LIBs, the adoption of modified
charging strategies is more convenient and applicable in battery management systems
(BMS). Several optimized charging strategies have been proposed to restrain the lithium
plating on graphite electrodes based on the graphite potential obtained from the 3-electrode
setup and numerical model (Fig. 6(c)). According to the graphite potential measured with
a reference electrode, a stepwise charging strategy was raised by Waldmann et al.':
charging with a high C-rate until the graphite potential reached 0 V vs. Li/Li", followed
by the charging with a low C-rate to the cut-off voltage. Besides, based on the
electrochemical model with the potential criterion of lithium plating ( 77,, <OV ),
Tippmann et al. proposed a detailed CC-CV charging strategy to avoid lithium plating on
graphite electrodes at low temperatures . However, the current charging strategies are
optimized and mainly focus on the inhibition of lithium plating without the consideration
of the charging efficiency of the battery. A comprehensive charging strategy is needed to

realize the restraint of lithium plating and enhancement of charging efficiency

simultaneously.
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(c) Charging strategies
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Figure 5 Proposed mitigation strategies to prevent lithium plating: (a) anode modification,
(b) cell design 7®, and (c) charging strategies.

1.3 Challenges and motivation

As mentioned above, a large number of studies have been carried out to investigate
the onset detection, criterion, modeling, and mitigation strategies of lithium plating,
providing us with a basic understanding of this unwanted side reaction in LIBs. However,
there are still some limitations to the results of these studies, which need to be figured out
and improved in the following research. For onset detection of lithium plating, the current
electrochemical techniques *"*° are convenient for engineering applications but fall short
of accuracy. The in-situ physical characterization methods ®’ can detect the plated Li metal
accurately but are hindered by expensive equipment and implementation challenges. Thus,
an economical, convenient, nondestructive, and accurate in-situ method is still lacking for
the detection of lithium plating onset. For the criterion of lithium plating, most researchers

2,44,45

adopt the potential criterion to describe the occurrence of lithium plating , while some

researchers >’ ¢! claim that the concentration criterion is more accurate and convincing.



15

To compare the reliability and accuracy of these two criteria, a comprehensive analysis is
needed combining the experimental and simulation methods. The existing electrochemical
models 7 44 6263 66 mainly adopt a homogenization strategy for the cell without the
consideration of a detailed battery winding structure. Such models can only provide a
qualitative description of the lithium plating rather than the detailed distribution of lithium
plating in the cell level. Therefore, it’s necessray to develop models considering lithium
plating distribution in the actual winding structure of the battery. For mitigation strategies,
optimizing the charging strategy '>® has been widely adopted due to its convenience and
applicability in battery management systems (BMS). However, except for the aim of
lithium plating restraint, the enhancement of charging efficiency also needs to be
considered when modifying the charging strategy. As mentioned above, the current studies
of lithium plating still have some limitations among the onset detection, criterion, modeling
and mitigation strategies of lithium plating, which will be further studied in my thesis work.
1.4 Chapter arrangement

Chapter 2 presents a synergistic integration of experiments to precisely detect the
onset of lithium plating. Chapter 3 develops electrochemical models incorporating different
lithium plating criteria (potential criterion and concentration criterion) to analyze the
underlying mechanism governing the onset of lithium plating. Besides, the optimization of
the discharging strategy is conducted based on the model with concentration criterion.

Chapter 4 presents a 2D physics-based model considering the distribution of lithium plating
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in the actual winding structure of pouch cells. Chapter 5 summarizes the conclusions of

this dissertation.
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CHAPTER 2 DETECTING THE ONSET OF LITHIUM PLATING

In this chapter, our primary objective is the precise detection of the lithium plating
onset on the graphite electrode through a synergistic integration of experiments. To achieve
this, the Graphite/Li cells with excellent electrochemical performance were manufactured
and the discharging tests with varying capacities were conducted, intentionally inducing
lithium plating on the graphite electrode. The onset of lithium plating was discerned by
analyzing both indirect differential voltage curves and direct morphology characterization
of disassembled cells.
2.1 Experimental
2.1.1 Preparation of coin cells

The experimental cells were meticulously assembled in a glove box under an Argon
atmosphere, with the graphite as the working electrode and an ample Li plate as the counter
electrode. The detailed preparation procedure and nominal capacity (Q, =2.03 mAh) of
the Graphite/Li coin cell are described in APPENDIX A. The nominal capacity of the cells
was calculated from the materials loading of the graphite electrode (Supplemental
Information). Before the formal tests, the experimental cells underwent a pre-cycling
process at 0.1C, spanning from 0.005 V to 2 V, repeated for three cycles. The charging
capacity observed during the third cycle was the rated capacity. Subsequently, only cells
exhibiting a rated capacity within the 1.81-1.92 mAh range were selected for the

subsequent formal tests. This stringent selection criterion ensures consistency and
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reliability in the electrochemical performance evaluation of the graphite electrode. Besides,

discharging tests were conducted on the selected Graphite/Li cells at 0.01C to obtain the

equilibrium potential of intercalation E,;,

on the graphite electrode (Figure 6 (a)), which

was adopted for the model establishment in Chapter 3.
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Figure 6 (a) Equilibrium potential of intercalation on graphite and its differential curve
as a function of SOC (b) Voltage and its differential curve as a function of capacity
during the discharging test of Graphite/Li cells at 0.01C to 1.81 mAh;

2.1.2 Method to detect the lithium plating onset

The electrochemical performance of the graphite electrode during overdischarge was
assessed using Graphite/Li coin cells on an electrochemical workstation (Metrohm
Autolab). In the formal experiments, the selected cells with similar rated capacities were
discharged at 0.5C to different extents by setting different discharging capacities from 1 to
5 mAh. Subsequently, without any relaxation period, the cells were promptly charged at
0.1C, reaching a cut-off voltage of 2V. The differential analyses of voltage 7 3% 3! were
then applied to the discharging and charging curves mentioned above, employing an
indirect detection method to assess the occurrence of lithium plating. Furthermore, the

morphology of the disassembled cells was characterized to detect lithium plating directly.
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Specifically, cells with different capacities were initially discharged at 0.5C and
immediately disassembled within the confines of a glove box to prevent the stripping of
plated Li metal and the potential reaction between Li metal and air. This comprehensive
experimental approach, encompassing indirect and direct detection methods, contributes to
a precise detection of lithium plating onset on the graphite electrode.
2.2 Results and discussion
2.2.1 Voltage analysis

As mentioned above, to induce lithium plating on graphite electrode and detect the
onset of lithium plating, overdischarge tests were conducted on Graphite/Li cells with the
electrolyte of 1.0 M LiPFs /EC+PC+EDC (1:1:1). The four cells A1-A4 were discharged
at 0.5C to different extent by setting different discharging capacities (Al: 4.53 mAh, A2:
2.14 mAh, A3: 1.70 mAh, and A4: 1.38 mAh), then immediately charged at 0.5C to 2 V
with no relaxation. The U _Q and dU/dQ Q curves during the discharging process (Figure
7(a)) show the reliable repeatability of cell performance. The curves during the subsequent
charging process (Figure 7(b)) can be further analyzed to help determine the onset of
lithium plating. Lithium stripping plateaus can be observed in the starting stage of U QO
curves for cells A1 and A2. These stripping plateaus are attributed to the preferential
stripping of plated Li metal, due to its lower standard potential than intercalated lithium
inside graphite 8. Besides, the peaks at dU/dQ O curves of cells A1 and A2 correspond to

the transition from lithium stripping to lithium deintercalation, which indicates that the
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capacity at the dU/dQ peak can be regarded as the amount of reversible Li metal. The
lithium stripping plateau and peak indicate that lithium stripping occurs during the initial
charging process of cells Al and A2. Furthermore, it demonstrates that lithium plating
occurs during the overdischarging process of A1 and A2. Cells A3 and A4 have no obvious
Li stripping plateau and peak in the charging process (Figure 7(b)). There are two possible
explanations for this phenomenon, i.e., (i) Lithium stripping does not occur during charging;
(i1) Lithium stripping occurs, but the amount of plated Li metal is too small to be detected.
As a result, it is challenging to determine if lithium plating occurs during the discharging

process of cells A3 and A4.

(a) ‘ (b) 1.5
04t

Voltage, U (V)
dU /dt
Voltage, U (V)

Capacity, Q (mAh) Capacity, Q (mAh)

Figure 7 The U Q and dU/dQ Q curves during (a) discharging tests with different
capacities and (b) charging tests.

It has been confirmed that lithium plating occurs during the discharging of cells Al
and A2. On this basis, three possible locations for lithium plating onset can be defined as
PO, P1 P2 according to characteristics of U Q and dU/dQ Q curves during discharging
(Figure 7(a)). PO is defined at U = OV since most researchers "> * 4  believe lithium

plating occurs when the graphite voltage drops below 0 V (based on potential criterion).
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P1 is defined at the valley of dU/dQ Q. By comparing the dU/dQ Q curves of the
overdischarge test with 0.5C (Figure 7(a)) and normal discharge test with 0.01C (Figure
1(b)), an additional valley is found at around 1.63 mAh in Figure 7(a), which may result
from the occurrence of lithium plating. Besides, P2 is defined at dU/dQ = 0, representing
the onset of the final plateau stage of U Q curve. Generally, the plateaus of U _Q curve
represent the coexisting phase regions since the chemical potential of Li in coexisting

phases is equal *?

. Accordingly, the plateau after P2 represents the coexisting phase region
of LiCs and Li metal.
2.2.2 Morphology analysis

To further determine the onset of lithium plating, the morphologies of disassembled
cells with varying discharging capacities were systematically characterized (Figure 8).
Cells B1 and B2 were discharged to capacities exceeding P2 (Figure 8(a)) and promptly
disassembled within the glove box. Evident silver Li metal deposits were observed on the
graphite surface of both B1 and B2 (Figure 8(b)). Cell B3, discharged to a capacity
surpassing P1 yet falling short of P2 ((Figure 8(a)), exhibited a modest presence of Li metal
on its graphite surface ((Figure 8(b)). In contrast, Cell B4, discharged to a capacity below
P1, displayed no discernible plated Li metal on the disassembled graphite electrode.
Consequently, it can be inferred that the onset of lithium plating is situated between B3 and

B4, proximate to or precisely at P1. This characterization allows for precise localization of

the lithium plating onset within the specific discharge capacity range defined by cells B3
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and B4. Besides, the graphite voltage range between B3 and B4 (-0.076 ~ -0.021V)
indicates that lithium plating occurs at a negative graphite voltage, which can not be
explained by the traditional potential criterion > ** 4. As described in some references *”
84.85 Li concentration in graphite is considered as the indicator of lithium plating instead
of graphite voltage. In this case, lithium plating may be induced since the Li concentration

at the graphite particle surface reaches the saturation level.
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Figure 8 (a) Cells B1-B4 were discharged at 0.5C to different capacities. (b) The
morphology of graphite electrodes disassembled from cells B1-B4.

2.3 Conclusion

Detecting the initiation of lithium plating on graphite electrodes holds paramount
importance in ensuring the safety of batteries. In this study, the Graphite/Li coin cells with
consistent and reliable electrochemical performance were prepared and selected. To
precisely locate the onset range of lithium plating on graphite, a comprehensive
experimental investigation including voltage analysis and morphology analysis was

conducted on the Graphite/Li coin cells. By comparing the experimental results of
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Graphite/Li coin cells with different discharging capacities, the precise localization of the
lithium plating onset was detected within a narrow discharge capacity range. Besides, the
negative graphite voltage at the lithium plating onset indicates that Li concentration in
graphite needs to be considered as the indicator of lithium plating instead of graphite

voltage in this case.
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CHAPTER 3 MODIFYING THE CRITERION OF LITHIUM PLATING

In this chapter, electrochemical model applied to the experimental Graphite/Li coin
cells was proposed to compensate for experiments and provide a comprehensive
understanding of the mechanism governing the onset of lithium plating. Electrochemical
models incorporating different lithium plating criteria, such as the potential criterion and
concentration criterion, were developed and systematically compared across different C-
rates. Comparing to the traditional potential criterion, the modified concentration criterion
in our proposed model serves as a nuanced improvement, allowing for a more accurate
depiction of the onset of lithium plating. Building upon the insights gleaned from our
models, we propose optimal discharging protocols designed to enhance efficiency while
mitigating the occurrence of lithium plating.
3.1 Simulation

The electrochemical model applied in this work is developed based on the pseudo-
two-dimensional (P2D) model established by Doyle and Newman et al. >3 %7 which
consists of a one-dimensional representation of the cell and a second dimension
representing the spherical active material particles. The basic equations in model consist
of charge conservation equations which describe the potential distribution in the solid and
liquid phases, mass conservation equations to describe the Li concentration distribution in
the solid and liquid phase, and electrochemical kinetic equations that describe the reaction

7,44,45, 65, 66

rates of lithium intercalation and lithium plating. In most cases , the potential of
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graphite is commonly used as the indicator of lithium plating. Lithium plating started when
the graphite potential dropped below 0 V vs. Li/Li". However, according to the assumption
of solid diffusion limitation in graphite %, lithium plating is triggered when the inserted
Li-ions saturate the graphite surface due to the slow solid diffusion compared to
intercalation. Accordingly, the criterion of Li concentration needs to be considered in some
cases. In the present work, model with concentration criterion is established to predict the
onset of lithium plating on graphite electrode of Graphite/Li coin cells and analyze the
underlying mechanism.

3.1.1 Charge conservation equations

In the battery, the solid phase potential distribution is governed by Ohm’s law > 88:

V'(O-seﬁv¢s): jtotal (D

where o

. 1s the effective electrical conductivity of solid phase, ¢, denotes the potential

of solid phase and j,, is defined as the total volumetric current density of all

electrochemical reactions. The boundary conditions at the current collector/graphite

interface and graphite/separator interface are listed as below, where i,,, represents the

p

applied current density.

-05'V g,

interface __
cc/gr __Iapp (2)

interface
gr/sep = 0 (3)

_Gseff Vq)s

The governing equation for the liquid phase potential distribution and the

corresponding boundary conditions at the current collector/graphite interface and
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graphite/separator interface as follows:

. 2RT (1-t7 din f . )
—V'(G|ﬁv€0|)+ (F )(Hdlnc, V—(alf'VIncl)zjtotal (4)
o'V |1 =0 s
_aleffvgol ig;]rtisrzzce :_Iapp (6)

where ot is the effective electrical conductivity of liquid phase, ¢, is the potential of
liquid phase. R, T and F are gas constant, temperature and Faraday parameter,
respectively. t* represents the transport number of Li*, f is the activity coefficient and
denotes the Li" concentration in the liquid phase.
3.1.2 Mass conservation equations

The distribution of Li concentration inside the solid active material particles follows
Fick’s law '® (Equation (7)). C, denotes the Li concentration in the solid phase, D,
represents the solid phase diffusion coefficient (APPENDIX B) and r is the radius of the
particle. The boundary condition at the particle center (+=0) (Equation (8)) indicates that
no Li source exists at the center of particle. At the particle surface (=R;), the Li flux is
determined by the local current density of lithium intercalation ( j;, ). Here @, represents

the specific surface area of the particle.

&, _p (28, 0% ;
ot \ror or? )
oC
—|,,=0 (8)

or
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The Li" distribution in the liquid phase is directed by the Nernst-Plank equation
(Equation (10)) *. The related boundary condition at the current collector/graphite interface

can be expressed as Equation (11).

ac Jiota
5|E|:_V'(J|)+t?“ (10)
-V | = 0 (1)

where €, and & represent the Li" concentration and volume fraction of the liquid phase,
respectively. J, is defined as the Li* flux density in the liquid phase, which is related to C,

and i, (liquid phase current density) as follows:

J,=-Df"v¢, +tE+iI (12)
2RT (1-t*
o+ 2T 1 400 o) o
1

3.1.3 Electrochemical kinetic equations

During the overdischarging process of Graphite/Li cell, lithium intercalation is the
main electrochemical reaction at the surface of the graphite particle, while lithium plating
is regarded as the side reaction that will take place if the criterion of lithium plating is
satisfied. Accordingly, the total volumetric current density j, includes the current

densities of lithium plating j,,, and lithium intercalation J; :
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Jtotal J pla + Jlnt (14)

As mentioned above, ], is used in the charge conservation Equations (1) (4) and mass
conservation Equation (10) as the reaction sources. However, only j, . is applied as a
reaction source in Equation (9) since the lithium inside the particle comes entirely from the
lithium intercalation at the particle surface, irrelevant to lithium plating.

The volumetric current density of lithium plating j,,, is expressed by the Butler-
Volmer equation as written in Equation (15). Unlike the widely used model which adopts
graphite potential as the indicator of lithium plating 7 ** 45 65 6 the Li concentration
criterion is applied in the present model. Specifically, the expression for exchange current
density of lithium plating i, ,, (Equation (16)) indicates that lithium plating is induced

when the Li concentration at the particle surface C, ; exceeds the maximum value C_ .

s,sur

- aa, IaFn la ac, IaFn la
Jpla = a 0,pla {exp(%J - exp(_%]} (15)
0 pla — kala ( s,surf 2 Cs,max) (16)
joa
77pla =0, —¢ — Eeq,pla — =l Rfilm (17)

S

a, ., and «a, . is the charge transfer coefficient of the cathode and anode, respectively.

c,pla a,pla

K. Tepresents the reaction rate constant for lithium plating. 77, is the over-potential of

lithium plating and E is the equilibrium potential of lithium plating, which equals 0 V

eq,pla

vs. Li/Li*. R, represents the resistance of the surface film.

film

The volumetric current density of lithium intercalation j, is also expressed by the
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Butler-Volmer equation *:

H H aaint Fnint ac int I:77int
o=adl,. . | exp| —— |—exp| ———— 1
Jlnt s 0,int |: p( RT ] p( RT j:| ( 8)

where iy, represents the exchange current density of lithium intercalation:

1 Oeint Aajnt C .
Io,im = Fkintcs,éuﬁ ACs ' (C_IJ (19)
1,ref
ACs =min {maX |:(Cs,max - Cs,surf )’Csl:| ’ C52 - Cs,surf } (20)

7. 18 the over-potential of lithium intercalation:

joa
it = Qs —® — Eeq,int - tat I Rﬁlm (21)
S

The general expression of Ac, in traditional P2D model with potential criterion is

AC, =C, . —C.. % (black line in Figure. 9), which will lead to a non-convergence

S 's,max s,surf

problem in the present model with concentration criterion. Specifically, AC, will be

infinitely close to 0 when C,; increases and approaches C, .., which will lead to the

approach to 0 of iy, according to Equation (19). At this moment, ], still remains as 0
since lithium plating hasn’t been triggered (Equations (15-16)), j,, is therefore equal to
Jiota Which remains unchanged under constant current discharging (Equations (14)).
According to Equation (18), the unchanged J;, and the approach to 0 of iy, will lead to
the infinite increment of 77,,, , which will finally result in the non-convergence of the model.

When applied with the concentration criterion in the present model, to avoid the

computational conflict and simulate the transition from lithium intercalation to lithium



30

plating during discharging progress, the expression of AC, needs to be modified as

Equation (20). ¢, and C_, are parameters to define Ac, which are adjusted through the

calibration of experimental and simulated voltage. As depicted in Figure. 9, compared to
the traditional expression of Ac, (black line), modified AC, (blue line) is not infinitely

close to 0 but remains at a small constant value when C_, increases and approaches C_ .

so that the non-convergence can be avoided.

Besides, ki, is the reaction rate constant, C . represents the reference Li"
concentration in the liquid phase. «;, and a,;, is the charge transfer coefficient of the
cathode and anode, respectively. E, ;. is the equilibrium potential of lithium intercalation

on graphite (Figure 6(a)), which was derived from the discharging test conducted on

Graphite/Li coin cells at 0.01C.
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Figure 9 The comparison of Acs as a function of cs surf between the model with

concentration criterion and the model with potential criterion.

Following the mass conservation, the thickness of the plated li metal &,, can be

expressed as:
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where M . and p,, represent the molar weight and density of the plated li metal. Then,
the resistance of the Li metal film can be determined by the thickness 6, and conductivity

O Of the plated Li metal:

Rim = = (23)

film

Besides, the pore of the graphite electrode is occupied by plated li metal. As a result, the
porosity of graphite can be written as:
& =&~ a‘sé‘pla (24)
The model was established and presented in COMSOL Multiphysics. The

electrochemical parameters applied in model are listed in Table. 1.

Table 1 Electrochemical parameters of the model.

Symbol Unit Value
Li intercalation
& 44.4%
& 38.3%
o, S/m 100
R m 5e-6
i 0.5
ac,int 05
lithium plating
Ko m/s 7e-10
Cq max mol/m? 25414
Ceq mol/m? 205.9%

C., mol/m? 26350
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e, pla 0.5
Eeo,pia \% 0
M kg/mol 6.94¢-3
Pola kg/m’ 534
ad Adjusted

3.2 Results and discussion
3.2.1 Mechanism of lithium plating onset

The experiments in Chapter 1 have provide a relatively narrow range for lithium
plating onset, yet the precise location of lithium plating onset and the underlying
mechanism need to be confirmed and interpreted by simulation. Considering the fact that
the potential criterion is not suitable to illuminate the occurrence of lithium plating in this
case, the model was established with the concentration criterion for lithium plating. Figure
10(a-c) shows the model predictions, where the dash lines correspond to the experimental
results while the simulated results are shown with the solid lines. The results show that the
simulated U ¢ and dU/d¢_t curves of overdischarging cases at 0.1C, 0.2C, and 0.5C can fit
the experimental results well, which validates the accuracy of the model. Besides,
according to the variation rate of the plated Li metal concentration dc; /dt, the turning
point of dC; /0t can be determined as the simulated onset of lithium plating, which is
denoted as 1, . When lithium plating occurs at t,, valley points appear on the simulated
dU/dt t curves in all cases, indicating that the valley point P1 on dU/d¢ t arises from the
occurrence of lithium plating. Based on this, the valley points on the experimental dU/dz ¢

curves can be determined as the experimental onset of lithium plating t; . The model with
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concentration criterion can precisely predict the actual lithium plating onset ({z ~t,,) at
various C-rates.

Further analysis is conducted to interpret the relationship between lithium plating
occurrence and valley point on dU/d¢ ¢ curve (Figure 10(d)). When lithium plating occurs,

the current density of plating i . starts to increase from 0 while the current density of

pla
intercalation I, starts to decrease. As a result, the flux of Li-ion across the particle surface
@, , determined by I, , starts to decrease. With the decreasement of @, , the Li
concentration and SOC at the particle surface keep increasing, but the corresponding
variation rates (dC; . /dt, dSOC/dt) begin to decrease. Since the equilibrium potential

of intercalation E,;, is the function of SOC, the decrease of dSOC/dt leads to the

decrease of dE,, ;, /dt, which finally causes the valley on the dU/dz_t curve.
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Figure 10 The comparison of results between the model with concentration criterion and
overdischarging tests at (a) 0.1C, (b) 0.2C, and (c) 0.5C. (e)The underlying mechanism of
valley point

3.2.2 Comparison of models with different criteria of lithium plating

As described above, the model with concentration criterion is able to predict the onset
of lithium plating precisely. To further demonstrate the superiority of concentration
criterion in lithium plating onset prediction, the simulated results are compared between
the models with concentration criterion and potential criterion. To quantify the the accuracy

of model in lithium plating onset prediction, the prediction error of lithium plating onset
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€ 1is defined as the ratio of the interval between simulated and experimental lithium plating
onset (|tM —tE|) to the experimental lithium plating onset (;). As shown in Figure 11(a),
for the model with potential criterion, the prediction error of lithium plating onset €
generally increases from 1.21% to 8.34% as C-rate varies from 0.1C to 0.5C. By
comparison, the € of model with concentration criterion firstly increases from 0.84% to
2.27% as C-rate changes from 0.1C to 0.2C, then € remains at this level while C-rate
increases from 0.2C to 0.5C. The results demonstrate that the concentration criterion is
more suitable to predict the actual lithium plating onset under a high C-rate compared to
the potential criterion. The adoption of the concentration criterion can keep the prediction
error of lithium plating onset at a relatively low level for all C-rates, indicating that the
experimental lithium plating is more likely to be induced by saturated concentration at
graphite particle surface rather than negative over-potential of lithium plating.
Furthermore, the evolution process of minimum over-potential of lithium plating
Moa_min @among the graphite electrode and maximum surface concentration of Li-ion
Cs sut_max among the graphite electrode are extracted and analyzed in Figure 11(b). 72 min
continues to decrease as time increases and the potential criterion is triggered as 77y, min
reaches 0 V (red circle). G gt max continues to increase with time, the concentration
criterion is triggered when Cg gt max reaches Cg . (blue circle). It can be observed that
the potential criterion is triggered prior to the concentration criterion in all cases. As C-rate

increases, the difference between the triggering time of the potential criterion and
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concentration criterion becomes larger since Cg g, max at the potential criterion triggering
time (red circle) becomes smaller. As a result, the predicted lithium plating onset of the
model with potential criterion is obviously prior to the actual lithium plating onset at a high

C-rate of 0.5C.
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Figure 11 (a) The comparison of results between models with concentration criterion and
potential criterion at different C-rates. (b) The evolution process of minimum over-
potential of lithium plating #pi. min among the graphite electrode and maximum surface
concentration of Li-ion ¢y surr maxr among the graphite electrode at different C-rates.

3.2.3 Optimal charging protocol

By applying the concentration criterion of lithium plating, the model can precisely
predict the lithium plating onset under various C-rates. Based on this, the optimization of
the discharging protocol can be conducted on the model with concentration criterion to
restrain lithium plating and enhance discharging efficiency. Firstly, two typical protocols
CC(0.5C)_CV and CC(0.5C) CC(0.4C) are proposed (Figure 12(a)(b)). For CC(0.5C) CV,
the cell is discharged with a constant current of 0.5C (grey part) until the concentration
criterion of lithium plating is triggered (C; g, =C; s ), then the cell is discharged with

constant voltage to a certain SOC (green part). The result of the current density of lithium
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plating ipla shows that lithium plating occurs at the starting point of CV process since C
continues to increase and remains larger than C; ., during the CV process. The traditional
CC_CV protocol can not restrain lithium plating. For CC(0.5C) CC(0.4C) in Figs 12(b),
the cell is discharged with 0.5C (grey part) until C, s =C; ., then the cell is discharged
with 0.4C to a certain SOC (green part). During the CC(0.4C) process, C firstly
decreases from C; . and then increases to exceed C; . . As a result, the onset of lithium
plating is postponed in CC(0.5C) CC(0.4C) compared to the CC(0.5C) CV.

Furthermore, different C-rates nC(n = 0.1, 0.2, 0.3 and 0.4) are adopted for the second
CC process and the effect of C-rate (nC) are analyzed in Figure 12(c-f). As the C-rate
decreases from 0.4C to 0.1C, the voltage recovery at the starting point of CC(nC) process
increases from 0.02 V to 0.11 V. Besides, while the C-rate decreases from 0.4C to 0.2C,
the onset of lithium plating is postponed from t; (6027 s) to t3 (7340 s) (Figure 12(d)) since
that the triggering time of concentration criterion C g, = C; ., is postponed from t; (6027
s) to t3 (7340 s) (Figure 12(e)). It should be noted that lithium plating doesn’t occur in
CC(0.5C) _CC(0.1C) case since the concentration criterion is not triggered during the
whole discharging process. Although the decrease of C-rate on the second CC process
contributes to the delay of lithium plating, the discharging efficiency also becomes poorer
since it takes more discharging time to reach the set discharging SOC. Besides, when

lithium plating occurs respectively at t; (6027 s), t2 (6400 s), and t3 (7340 s) for cases with

n =04, 0.3 and 0.2 (Figure 12(d)), the valley points appear on dU/d¢ ¢ curves (Figure
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12(c)). The specific valley points on dU/dz ¢ curves can be recognized as the signal of
concentration saturation at the graphite particle surface and lithium plating occurrence.
Accordingly, the lithium plating onsets can be detected in situ by monitoring the data of

dU/dt t, which is simple and suitable for engineering applications.
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Figure 12 The results of (a) CC(0.5C) CV and (b) CC(0.5C) CC(0.4C) based on the model
with concentration criterion. The (c) voltage, (d) current density of lithium plating, (e)
maximum surface Li concentration, and (f) average soc of the CC(0.5C) CC(nC) protocols
with different n values.

As mentioned above, lithium plating is not induced when the cell is discharged with
CC(0.5C)_CC(0.1C). Based on this protocol, four multi-CC discharging protocols (Table

2, Modes 1~4) are proposed by inserting CC steps between CC(0.5C) and CC(0.1C) and
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performed on the model with concentration criterion. AC-rate is defined as the difference
of C-rates between the adjacent CC steps. The multi-CC discharging protocols are
performed based on the concentration criteria of lithium plating. Specifically, the transition
between two adjacent CC steps is induced when the concentration criteria is triggered
(Cs surt = Csmax )- It can be found that no lithium plating occurs in these four modes (Figure
13(b)) since C 4, remains lower than or equal to C., during the whole discharging
process (Figure 13(c)). Besides, as AC-rate decreases from 0.4C (Mode 1) to 0.05C (Mode
4), the discharging time to reach the set discharging SOC becomes shorter (Figure 13(d)).
It indicates that decreasing the AC-rate of multi-CC protocol can enhance the discharging

efficiency of cell with no lithium plating.

Table 2 Multi-CC discharging protocols.

Name C-rate of each CC step AC-rate
Mode 1 0.5C 0.1C 0.4C
Mode 2 0.5C 0.3C 0.1C 0.2C
Mode 3 0.5C _0.4C 0.3C 0.2C 0.1C 0.1C

Mode4 0.5C_0.45C_0.4C_0.35C_0.3C_0.25C_0.2C_0.15C 0.1C  0.05C
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concentration, and (d) average soc of the multi-CC discharging protocols with different
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3.3 Conclusions

In this study, we performed a simulation investigation to obtain a comprehensive
understanding of lithium plating onset on graphite. Firstly, we developed an
electrochemical model employing concentration criteria to precisely determine the onset
of lithium plating on graphite and elucidate the underlying mechanisms governing the
initiation of lithium plating. Besides, Comparative analysis revealed that the model
incorporating a concentration criterion, demonstrated superior suitability in predicting the

onset of lithium plating, particularly under conditions of elevated C-rates, when contrasted
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with the model relying on a potential criterion. Employing the model with modified
criterion, a parametric study was undertaken to derive an optimized discharging protocol
that not only exhibits high discharging efficiency but also mitigates the occurrence of
lithium plating. This finding underscores the significance of protocol design in achieving

optimal battery performance with minimal risk of lithium plating.
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CHAPTER 4 INVESTIGATING THE DISTRIBUTION OF LITHIUM PLATING IN
LITHIUM-ION BATTERIES

The 1D electrochemical model in Chapter 3 adopts a homogenization strategy for the
Graphite/Li coin cells to give a qualitative description of the lithium plating initiation. In
this chapter, we extend the 1D electrochemical model into 2D physics-based model
considering the distribution of lithium plating in the actual winding structure of pouch cells.
Based on this validated model, a parametric study is conducted to quantify the influence of
governing factors, including the electrochemical properties of the materials, tab
arrangement, and charge protocols.

4.1 Simulation
4.1.1 Finite element modeling

The LixCe/LiC0O- battery with a capacity of 4 Ah supplied by CosMX is chosen as the
target sample in this study. The electrolyte is dissolved LiPFs salt in carbonate solvents.
The target pouch cell is composed of battery casing and jellyroll, and the jellyroll is a spiral
winding structure with an anode-separator—cathode—separator sequence. The 2D
electrochemical model is established based on the jellyroll of the sample cell via the
COMSOL platform (Figure. 14). The spiral winding structure with 8 cycles is built
according to the actual geometric dimensions of separator, cathode, and anode active
material, cathode and anode current collectors. The anode and cathode tabs are separately
located at the innermost anode and cathode layers. To enhance the computational efficiency

and convergence, we adopt the mapping method is to mesh the entire model in quadrilateral
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elements with the total number of 7,570.

Component Thickness Length

; / Current collector of cathode 10 um 1034 mm
.

T’ _’ Active material of cathode 43 ym 973 mm
\

[P, e . WL LR S0 oo Current collector of anode 6 pm 1022 mm
Spiral structure 8 cycles

Figure 14 The geometry of the 2D battery model. The spiral winding structure is of 8
cycles with an anode-separator—cathode—separator sequence. The sizes of cathode,
anode, separator, collectors, and the positions of tabs are defined based on the actual
battery.

4.1.2 Modeling of lithium plating and SEI growth

In the present model, the governing equations of charge conservation and mass
conservation are identical to those in Chapter 2 (Equations (1-13)). Besides, three
electrochemical reactions are considered in this model. Lithium intercalation into graphite
1s the main reaction, while the lithium plating and SEI growth are regarded as side reactions.
Lithium plating would occur if the local anode potential becomes smaller and finally
negative vs. Li/Li". The formation of SEI is attributed to the decomposition of electrolyte
solvent at the graphite anode surface due to the low anode potential.

The total volumetric current density is equal to the sum of the current density of all

three reactions:

Jow = Jion e + jpla (25)

The volumetric current density of lithium intercalation is calculated by the Butler-
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Volmer equation:

H H a Iaint l j;int o 'cint Fj;int
o=—al,. exp| ——— [—eXp| —— 26
Jmt ® O’Int { p{ RT } p[ RT j} ( )

. ! . .
where a represents the specific surface area, I, is the exchange current density of

lithium intercalation, and 7, indicates the over-potential, which denotes as:

j ota
Tt =Ps =) — Eeq,int - tat I Rfilm (27)

S

where ¢, and ¢ indicate potentials of the solid and liquid phase; EEq iw 1s the
thermodynamic equilibrium potential for lithium intercalation, and R is the resistance of
the surface film.

The side reactions for SEI formation and lithium plating are described by the cathodic

Tafel expression *:

1 S aC F - ota

Jser =~ FKq g Cec €XP(- Fifll (@, -0 —Egqse — J;t “Riim)) (28)
P P aIC,F“a E jtotal R
Joa =241 10 €XP(— RT (0= —Eeqpa — Q| fim ) (29)

S

where K¢ is the kinetic rate constant, Coc represents the concentration of solvent

molecules ethylene carbonate (EC) on the graphite surface, Eeq,SEI and E indicate the

eq, pla

equilibrium potential of SEI formation and lithium plating reaction, | 'O,pla is the exchange

current density of lithium plating. C2 can be obtained from the mass conservation of EC:

s 0 ;
-D Cec —Cec —_ Jsei
EC

5 aF (30)

film



45

where D¢ is the diffusivity of EC, Cgc is the concentration of EC in electrolyte, Ogp,
represents the thickness of the particle surface film.

The mass conservation of SEI and lithium metal can be expressed as:

aCSEl jSEI jpla
=—- S5 _ 1
at oF 2% 3D
aCL' jpla
it I L
p = Q-2 (32)

where Cg; and C; are the concentrations of SEI and lithium metal. } denotes the fraction
of plated lithium that is oxidized to form a new SEI.

The surface film of graphite particles is composed of SEI and lithium metal. The
thickness of the surface film can be derived as follows assuming that the surface film is
uniform:

1 Ce Mg +CLiM

-
film
a P Pl

(33)

5 Li)

where |\ i’ M L P and p, 2re molar weights and densities of SEI and lithium metal.

The resistance of the surface film can be expressed as:

5 ilm
Rm = Wegy — (34)

SEI

The resistance of lithium metal is neglected here due to the much larger conductivity of
lithium metal compared to SEI. W, indicates the fraction of SEI in the surface film, and
K¢, represents ionic conductivity.

In this work, cell design information and key model parameters related to Li



intercalation, SEI growth, and lithium plating are summarized in Table 3.

Table 3 Key parameters of the finite element model.

46

Symbol Unit Anode Cathode Separator
Appearance parameters
H m 5.92e-5 4.3e-5 N/A
W m 7.78e-2
Li intercalation
R, m 5e-6 6e-6 N/A
ayint 0.5% 0.5% N/A
a'n 0.5% 0.5% N/A
SEI and lithium plating
ko,sa m/s 2e-12 N/A
Cec mol/m? 4541 % N/A
De. m?/s 2e-19 N/A
Qe skl 0.5% N/A
K, S/m 1.8e-6 N/A
Mg kg/mol 0.162% N/A
o kg/m’ 1690 ¥ N/A
', pla A/m? 0.0001 * N/A
a'; i 0.5 % N/A
Eey pia \Y 0 N/A
M kg/mol 6.94e-3 N/A
Phpia kg/m? 534 N/A
ad Adjusted

4.2 Model validation and results

4.2.1 Model validation

The charging and discharging experiments were performed on the commercial
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prismatic LIB by the BK6808SAR rechargeable battery performance tester. All C rates in
this work were assigned relative to the nominal capacity of 4 Ah. Two types of charging
protocols, e.g., CC-CV charging and step charging were adopted to comprehensively
validate the accuracy of the model.

(1) CC-CV charging. The cells were charged with a constant current (CC) of various
C rates (0.1C, 0.5C, 1C, and 2C) from 3.2 V to the cut-off voltage of 4.4 V, followed by a
constant voltage (CV) stage at 4.4 V until the charge current dropped below 0.025C.
Afterward, the cells were discharged with 0.1C to 3.0 V. Besides, the discharging current
could be changed to 0.5C, 1C, and 2C while the current of CC charging was maintained as
0.1C.

(2) Step charging. The charging period can be divided into four steps. a). The cell was
CC charged with 8A to the upper voltage limit of 4.25 'V, followed by CV charged until the
charge current dropped below 6A. b). The cell was CC charged with 6A to the upper voltage
limit of 4.30 V, followed by CV charged until the charge current dropped below 5SA. c).
The cell was CC charged with 5A to the upper voltage limit of 4.35 V, followed by CV
charged until the charge current dropped below 1C. d). The cell was CC charged with 1C
to the upper voltage limit of 4.40 V, followed by CV charged until the charge current
dropped below 0.025C. Finally, the cells were discharged with 0.7 C to 3.0 V.

We are able to observe the satisfied agreement of the results from the established

model and experimental characterization results in various charging protocols (Figure 15).
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The developed 2D model is capable of predicting the electrochemical behavior of the

battery.

Voltage, U (V)

experiment
simulation

1 2 3 4 5
Time, t (x10%s)

Voltage, U (V)

i experiment
30r simulation
00 02 04 06 038 1.0 1.2

Time, t (x10%s)

Figure 15 Comparison of the simulated and experimental cell voltages of (a) CC-CV
charging and discharging with 0.1C, 0.5C, 1C, 2C and (b) step charging.

4.2.1 Distribution of lithium plating

During the charging process, the Li intercalation is the main reaction that determines

the reaction rate compared with SEI formation and lithium plating by comparing the current

densities of these reactions (Figure 16(a)). Further analysis is conducted to clarify the

possible area of lithium plating. For step charging, the distribution of lithium plating over-

potential (Figure 16(b)) in anode at charging time ¢ =350 s is extracted. The lithium plating

over-potential in the inner layer is smaller than that in the outer layer, which means that

lithium plating is more likely to occur in the inner layers of the winding anode. Besides,

the lithium plating over-potential at the separator/anode (sep/an) interface is smaller than

that at the anode/current collector (an/cc) interface ((Figure 16(b))), indicating that lithium

plating is prone to occur at the separator/anode (sep/an) interface. As indicated by Equation
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(27), lithium plating over-potential is determined by the solid-phase potential ¢, , liquid-
phase potential ¢ , and resistance of the surface film R, . The resistance of the surface
film is small at room temperature 5. Among the two remaining factors ¢, (Figure. 16(c))
and @ (Figure 16(d)), the distribution of ¢, in anode associated with the anode tab
position is the dominant factor of the smaller over-potential in the inner layers. Besides,
compared with the unchanged solid-phase potential along the thickness direction, the
varying ¢} along the thickness direction (Figure 16(d)) due to varying Li-ion
concentration is the primary effect contributing to the tendency that the lithium plating

over-potential is smaller at the separator/anode (sep/an) interface.
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Figure 16 Distribution of the (a) over-potential of lithium plating, (b) solid-phase
potential and (c) liquid-phase potential in anode at the charging time t =350 s.

4.3 Discussion
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4.3.1 Effect of design parameters on lithium plating

The thickness of active material on the cathode H. is parametrically studied from
38.7 to 47.3 um. The charging time increases with H. (Figure 17(a)) since larger cathode
material mass leads to higher cathode capacity, which determines the battery capacity in
the situation of anode excess. During the charging period, the local over-potential reaches
the minimum (the risk of lithium plating reaches the highest) at the end of CC charging
with 8A (t = 350 s). Therefore, the distribution of the lithium plating over-potential (77,,)
in anode at 350 s is worth studying to help analyze the effect of H. on lithium plating
(Figure 17(c)). Inall cases, 77, inthe inner layers are smaller than those in the outer layers,
while 77, at the sep/an interface is smaller than that at the an/cc interface. It indicates that
lithium plating is most likely to occur at the sep/an interface of the innermost layer. As
mentioned before, the distribution pattern of ¢ is responsible for the smaller 77,,, in inner
layers while the distribution pattern of ¢; along the thickness direction is the main reason
for the smaller 77,, at the sep/an interface. As H. increases, the overall distribution
pattern of 77, is unchanged while the decreasing ¢, and increasing ¢; contribute to smaller
Mpia» Whereas ¢; plays the primary role. lithium plating occurs at position P in cases of
H. =45.15,47.30 um. The average 7,,, of the innermost anode layer decreases so that the

risk of lithium plating increases with increasing H¢ (Figure 17(b)).
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Figure 17 (a) Charge and discharge curves of batteries with different thicknesses of
the active material on the cathode; (b) Average lithium plating over-potential of the
innermost layer of anode of batteries with different thickness of cathode active
material; (c¢) Distribution and ranges of lithium plating over-potential, solid-phase
potential and liquid-phase potential in the anode of batteries with different thickness
of cathode active material at the end time of CC charging with 8A;

4.3.2 Effect of material property on lithium plating
The material properties of electrodes and electrolytes can significantly influence the
rate of lithium plating reaction ¥2. Among all the material properties, the influences of the

conductivity of the electrolyte, and diffusivity of Li-ion in cathode and anode electrodes
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are studied. The conductivity of electrolyte o, changes with the range from 0.1 S/m to 10
S/m; the diffusivities of Li-ion in cathode and anode electrode are set from 10°'° to 10!
m?/s and 10'* to 107!° m%/s, respectively.

The charging time (especially the charging time of CV period) is shortened when
increasing D, while the change of 0, and D, hardly influences the voltage-time curves
of the battery (Figure 18(a), (d), (g)). It indicates that the diffusion rate of Li-ions in the
cathode limits the overall charging rate of the battery in these cases. The distribution of
Mo 0 the anode (Figure 18(c), (1), (i)) shows that the lithium plating is more likely to
occur at the sep/an interface of the innermost layer of the anode, independent of the material
properties. The average 77, in the innermost anode layer (Figure 18(b), 5(¢), 5(h)) shows
that the risk of lithium plating increases while increasing o, , D. and decreasing D, .
Increasing the diffusion rate of Li-ions in the cathode, increasing the conductivity of Li-
ions in the cathode, and decreasing the diffusion rate of Li-ions in the anode all contribute
to the massive accumulation of Li-ions on the anode/electrolyte interface and finally leads

to lithium plating. Indeed, lithium plating occurs at position P in the following cases:

o, =5,10 S/m, D =10"10",10" m*/s and D, =10™m’/s.
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Figure 18 Charge and discharge curves of batteries with different (a) electrolyte
conductivity, (d) diffusivity of Li-ion in cathode electrode and (g) diffusivity of Li-ion
in anode electrode; Average lithium plating over-potential of the innermost anode layer
with different (b) electrolyte conductivity, (e) diffusivity of Li-ion in cathode electrode
and (h) diffusivity of Li-ion in anode electrode; Distribution of lithium plating over-
potential in the anode of batteries with different (c) electrolyte conductivity, (f)
diffusivity of Li-ion in cathode electrode and (i) diffusivity of Li-ion in anode electrode
at the end time of CC charging with 8A (t =350 s);

4.3.3 Effect of charge protocol on lithium plating

The optimization of the charging protocol can restrain the lithium plating of the anode
82 Various charging protocols have been proposed (Figure 19(a), 6(d), 6(g)) and carried
out to study the influence of charge protocol on lithium plating, including constant current

charge (4 modes) and step charge (7 modes) (Table 4).

Table 4 Summary of the charging protocol
Constant current charge

C rate 0.1C 0.5C 1C 2C
Step charge
Upper limited voltage of each constant current phase
8A 6A 5A 3.92A
Base 4.25 4.30 4.35 4.40
® 4.23 4.30 4.35 4.40
@ 4.27 4.30 4.35 4.40
©) 4.25 4.28 4.35 4.40
@ 4.25 4.32 4.35 4.40
® 4.25 4.30 4.33 4.40
© 4.25 4.30 4.37 4.40
@* 4.20 4.32 4.27 4.40

Above all, the risk of lithium plating in the innermost layer of the anode becomes
higher as C rate increases (Figure 19(a)). For constant current charging with low C rates,

NMpia 1s high and even distributed among the entire anode except for the part of the corner

(Figure 19(c)). The smaller N/P (capacity ratio of the negative electrode to the positive
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electrode) at the corner due to geometric factor leads to the massive accumulation of Li-
ions (higher concentration of Li-ions) in the liquid phase of anodes at the corner, which
contributes to the higher ¢; and finally lower 77, at the corner. For constant current
charging with high C rates, lithium plating is more prone to be triggered at the sep/an
interface of inner layers (Figure 19(c)). On the one hand, the high C rate increases the
sensitivity of ¢ distribution to the anode tab position. The distribution pattern of ¢; is the
dominant factor leading to the lower 77, in the inner layers. On the other hand, massive
Li-ions accumulate on the anode/separator interface at high C rates (Figure 19(c)) due to
the significant difference between the diffusion rates of Li-ion in graphite and electrolyte,
the higher ¢/ (concentration of Li-ions) leads to higher ¢; and finally lower 77, at the
sep/an interface.

For step charge, the effect of the upper-limited voltage of each constant current phase
on lithium plating is discussed. The upper-limited voltages of three CC charging stages are
adjusted respectively (charging modes (1)~©)) (Figure 19(d)). The distribution pattern of
Noa (Figure 19(f)) indicates that lithium plating is more obvious in the inner layers under
these six charging protocols. It is interesting that the risk of lithium plating increases when
raising the upper-limited voltage of CC charging with 8A (Figure 19(e)). The extended
stage of CC charging with 8A leads to a lower minimum 77, during the whole charging
process.

Based on the results, charge mode (7)* is proposed to suppress lithium plating by



56

shortening the stage of CC charging with 8 A. Compared to the basic charge mode, the
upper limited voltages of the high-rate charging step are reduced, and the upper-limited
voltages of the low-rate charging step are raised in (7)*. According to the distribution
pattern of 77, (Figure 19(i)), lithium plating is more obvious in the inner layers under
mode (7)*, and the battery has a lower risk of lithium plating when charged under (7)*

overall.
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Figure 19 Charge curves of batteries (a) with different C rates, (d) with different upper
limited voltages of CC charge stages in step charge (g) with charging mode @*;
Average lithium plating over-potential of the innermost layer of the anode (b) with
different C rates, (e) with different upper limited voltages of CC charge stages in step
charge (h) with charging mode @*. (c). Distribution of lithium plating over-potential,
solid-phase potential, liquid-phase potential, and concentration of Li-ions with
different C rates at the end time of CC charging; Distribution of lithium plating over-
potential (f) with different upper limited voltages of CC charge stages in step charge
and (i) with charging mode (D* at the end time of CC charging with 8A;

4.3.4 Effect of tab arrangement on lithium plating
By changing the position and number of the cathode and anode tabs, the effect of tab
arrangements on the lithium plating are studied (Figure 20). The tabs move from inner

layers to outer layers as the position changes from P1 to P4. Table 5 shows the different

arrangements of tabs.

Table 5 Summary of the tab arrangement

Type Case (cathode tab position_anode tab position)
Changing cathode tab position P1 Pl P2 Pl P3 Pl P4 Pl
Changing anode tab position P1 _P1 P1 P2 P1 P3 P1 P4
Changing Cathode & Anode tab

position P1_Pl P2_P2 P3_P3 P4 P4

PI1P4 Pl

Multiple Cathode & Anode tabs P1 _PI P3 P1P4 PI1P4 P3 P4
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Figure 20 Available positions for cathode and anode tabs in 2D model.

The influence of the cathode tab position on lithium plating is investigated by
changing the cathode tab position from P1 to P4, while the anode tab is maintained at P1.
The charging time tends to be shorter when the cathode tab moves from P1 to P4 (Figure
21(a)), and changing the position of the cathode tab obviously influences the distribution
of 77, (Figure 21(b)). When cathode and anode tabs are both located at the innermost P1,
lithium plating is more likely to occur in the inner layers. As the cathode tab moves outward
and the anode tab remains unchanged, the risk of lithium plating in the inner layers
decreases while that of the outer layers increases (however, the risk in the inner layer is
always higher than the outer layers). For the case of P4_P1, the even distribution of 77,,,
indicates the consistent risks of lithium plating in the inner and outer layers. As mentioned
before, the distribution of 77, among anode is the result of the interaction of ¢; and ¢.
Further analysis reveals that the distribution of ¢, in the anode is determined by anode tab
position which remains unchanged in these cases, while the distribution of ¢; in the anode
is slightly influenced by outward-moving cathode tab. In the case of P4_P1, the unevenly
distributed ¢, and ¢; lead to evenly distributed 7, .The average 7,, curves of the

innermost layer of the anode show that the risk of lithium plating in the innermost anode
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layer gradually decreases as the cathode tab moves from inner layers to outer layers (P1 to
P4) (Figure 21(c)).

Besides, the results of the parametric study for different anode tab positions are shown
in Figure 21(d-f). As the anode tab moves outward while the cathode tab remains
unchanged, the uneven distribution of 77, gradually changes into an even distribution. It
can be observed that the distribution of ¢, in the anode changes with outward-moving anode
tab, and the distribution of ¢; in the anode is also influenced by outward-moving anode tab.
Compared with the cathode tab position (Figure 21(b)), the anode tab position (Figure 21(e))
dominates the distribution of ¢s and ¢;. For cases with anode tab in P1 and P2, both ¢, and
@1 increase with the increase of layer number of the winding structure. For cases with anode

tab in P4, both ¢, and ¢; decrease with increasing layer number.
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Figure 21 Charge and discharge curves of batteries with (a) different cathode tab
positions (d) different anode tab positions; Distribution of lithium plating over-
potential, solid-phase potential and liquid phase potential in anode with (b) different
cathode tab positions, (e) different anode tab positions at the end time of CC charging
with 8A; Average lithium plating over-potential of the innermost layer of anode of
batteries with (c) different cathode tab positions (f) different anode tab positions;

In addition, the cases of changing cathode and anode tabs simultaneously are
discussed (Figure 22). It can be observed that the charging time tends to be shorter when
the cathode and anode tabs both move from P1 to P4. In P1_P1 case, the risk of lithium
plating is higher in the inner layers. As the cathode and anode tabs move outward
simultaneously (P1 to P4), the risk of lithium plating in the inner layers and outer layers
respectively decreases and increases. In P4_P4 case, the risk of lithium plating in the outer
layers is higher than inner layers. The average 77,, curves show that the risk of lithium
plating in the innermost layer of the anode gradually decreases as the positions of the
cathode and anode tabs move from the inner layer to the outer layer at the same time.

Finally, considering the actual situation in industry manufacturing, the cases of
multiple cathode and anode tabs are discussed (Table 5) (Figure 22). Among all the cases,
the charging time is shortest in the case of P1P4_P1P4, i.e., two cathode tabs are
respectively located at P1P4, and two anode tabs are respectively located at P1P4.
According to the 77, distribution of all cases, the six cases can be divided into two
categories: P1_P1, P1P4 P1, P1_P1P4, and P1P4 P1P4, P3_P1P4, P1P4 P3. For the first
category, the cathode and anode tabs are not distributed symmetrically with respect to the
middle layer. As a result, the distributions of 7, are uneven. Taking the case of P1P4_P1,

for example, the cathode tabs are symmetrically located at P1 and P4, but the anode tab is
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located at the innermost P1. Therefore the lithium plating is more likely to take place in the
inner layers. The distribution of 7, is uniform, and the risk of lithium plating is low for
the entire anode due to the symmetric distribution of the tabs. The average 7,,, curves
show that the risk of lithium plating in the innermost layer of the anode is lowest in the

cases of P3_P1P4 and P1P4_P3.
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Figure 22 Charge and discharge curves of batteries with (a) different cathode & anode
tab positions and (d) multiple cathode & anode tabs; Average lithium plating over-
potential of the innermost layer of anode of batteries with (b) different cathode & anode
tab positions and (e) multiple cathode & anode tabs; Distribution of lithium plating
over-potential in anode of batteries with (c) different cathode & anode tab positions and
(f) multiple cathode & anode tabs at the end time of CC charging with 8A;

4.4 Conclusion
In this study, a 2D model considering the actual winding structure of the battery is
established to investigate the distribution of lithium plating risk within the winding

structure in a cell. The model is validated based on the voltage-time curves of charging
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experiments with different rates. The analysis of lithium plating current density and lithium
plating over-potential at different layers illustrates that lithium plating tends to occur in the
inner layers of the battery. Further research on lithium plating is conducted by the
parametric study of the numerical model. The relationship between the risk of lithium
plating and vital design parameters is clarified. In conclusion, the distribution of 77,
among anode is the result of the interaction of ¢s and ¢;. Whereas the distribution of ¢, in
the anode is dominated by anode tab position, especially in cases of high C rates, and the
distribution of ¢; in the anode is dominated by c¢; distribution in the anode which can be
affected by other factors including cathode active material thickness, material properties,
charging rate and tab position. According to the results, appropriate design and use of the
battery is proposed to reduce the risk of lithium plating which can be summarized as
follows:

(1) Decreasing the cathode thickness, the conductivity of the electrolyte, diffusivity
of Li-ion in the cathode;

(2) Increasing the diffusivity of Li-ion in anode;

(3) Adopting the charge protocol mode I;

(4) Adopting appropriate tab arrangements under which the tabs are symmetrically
distributed with respect to the middle layer.

This study mainly focuses on the influence of battery design parameters on lithium

plating, to guide the safety of battery designs. Results establish a mechanistic model for
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describing the lithium plating at the cell level and provide powerful tools for designing the

next-generation long cycle-life batteries.
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CHAPTER 5 CONCLUDING REMARKS

In this work, we developed a comprehensive study of the lithium plating reaction in
lithium-ion batteries. Firstly, we prepared the Graphite/Li coin cells and selected the cells
with consistent and reliable electrochemical performance for the experiments of lithium
plating onset detection. The onset range of lithium plating on graphite electrodes was
determined through a comprehensive experimental investigation including voltage analysis
and morphology analysis. By comparing the experimental results of Graphite/Li coin cells
with different discharging capacities, the precise localization of the lithium plating onset
was determined within a narrow range. Besides, the negative graphite voltage at the lithium
plating onset indicates that Li concentration in graphite needs to be considered as the
indicator of lithium plating instead of graphite voltage. Furthermore, electrochemical
models incorporating different lithium plating criteria (potential criterion and concentration
criterion) were developed to further determine the precise onset of lithium plating and
interpret the mechanism governing the occurrence of lithium plating. The comparative
analysis revealed that the model with concentration criterion was more suitable to predict
the lithium plating onset than the model with potential criterion, especially under
conditions of high C-rates. Based on the model with concentration criterion, optimized
discharging protocols were proposed considering both the restraint of lithium plating and
the enhancement of discharging efficiency. Finally, we extend the 1D electrochemical

model into 2D physics-based model considering the distribution of lithium plating in the
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actual winding structure of pouch cells. The model was validated and the results of lithium
plating current density and lithium plating over-potential at different layers indicated that
lithium plating was more likely to occur in the inner layers of the battery. A parametric
study was conducted based on the validated 2D physics-based model to clarify the
relationship between lithium plating distribution and vital battery parameters including
electrochemical properties of the materials, tab arrangement, and charge protocols.
According to the results, appropriate strategies of cell design were proposed to mitigate
lithium plating among the winding structure of the battery.

This work provided a comprehensive and deep understanding of lithium plating
including the onset detection method, mechanism, modeling, and mitigation strategies. The
related experimental and modeling methods also provide an innovative solution for onset

detection, mechanism evaluation, and mitigation of lithium plating.
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APPENDIX A: Preparation Procedure and nominal capacity of CR2032 Coin Cells

A. Preparation Procedure of CR2032 Coin Cells:

The CR2032 Coin Cells are assembled in glove box in argon atmosphere with graphite
as the working electrode, an ample Li plate as the counter electrode and 1.0 M LiPF6
/[EC+PC+EDC (1:1:1) as the electrolyte. The detail preparation procedure is decribed as
follows:

(1) Wash the spring, spacer, positive and negative caps with ethanol by ultrasonic cleaning.
Then the components are heated and dried in the vacuum drying oven

(2) Cut the copper sheet coated with sigle side graphite into round tablets with a diameter
of 12 mm. The tablets without graphite debonding were picked out as working
electrodes, they were heated and dried in the vacuum drying oven at 80°C for 4 hours.

(3) Cut the Celgard 2400 seperator into round tablets with a diameter of 16 mm.

(4) Transfer all components of Graphite/Li coin cells into the glove box. During the
assembly process, the water content and oxygen content in the glove box need to be
less than 0.01 ppm to keep the Li plates from being oxidized and nitrided.

(5) Li plates need to be stored in an oxygen-free and nitrogen-free environment, the well-
stored Li plates with silver surface can directly serve as counter electrodes. If there is
an oxide layer on the surface of Li plate, it is necessary to scrape off the oxide layer at
first. Then the Li plates with silver surface can be adopted.

(6) Assemble the coin cells in the following order: negative cap, Li plate, electrolyte (20
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L), seperator, electrolyte (20 L), graphite (copper side up), spring, spacer and
positive cap.
(7) Transfer the coin cell onto the sealing machine with the negative cap side up. The coin

cell was sealed with the pressure of 50 kg/cm?.

B. Nominal capacity of CR2032 Coin Cells
The nominal capacity of the Graphite/Li cells Q, was calculated from the materials

loading of the graphite electrode as follows:

Qn = (mge _O-ccScc)a)l//

Al
= (14.5mg —7.3mg / cm* x1.13cm?) x 95.7% x 340mAh / g = 2.03mAh (A1

where My, represents the mass of the graphite electrode, o, and S, denote the surface

mass density and surface area of the current collector of the graphite electrode, @ is

defined as the mass fraction of the active material, ¥ represents the capacity per unit

weight of the active material.
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APPENDIX B: Procedure to obtain the solid phase diffusion coefficient

The solid phase diffusion coefficient D of the graphite electrode was obtained from
the GITT (Galvanostatic Intermittent Titration Technique) tests (Table 6) ® on the
experimental Li/Graphite cells. Firstly, the cell was charged at 0.1C to the cut-off voltage
of 1 V and rested for 2 h. Then, the cell underwent 36 cycles which consisted of the
discharge at 0.1C for 20 min and rest for 2 h. The voltage-time curves during the overall
cycling process and a single GITT step are shown in Figure 23 (a-b). According to the
values of AE, and AE_ obtained from each GITT step (Figure 23 (b)), the solid phase

diffusion coefficient D; at this SOC can be calculated as follows:

4 (V) AE, )

n
D, =—| | — (B1)

rr\ S AE,
where 7 is denoted as the galvanostatic current pulse time, N, and V,, represent the molar
number and molar volume of graphite, S is the area of the electrode-electrolyte interface.
AE, represents the variation of the steady-state voltage after a single GITT step, while AE,
is the variation of the voltage during a galvanostatic current pulse. Finally, the calculated
D, as the function of average SOC (Figure 23 (c)) can serve as the input parameter in the

model.

Table 6 Experimental procedure to obtain the solid phase diffusion coefficient

Number Step Value Cut-off voltage/Time
1 Charge 0.1C |
2 Relaxation / 2h
3 Discharge 0.1C 20 min
4 Relaxation / 2h
5 Cycle 3and 4 36 times
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single GITT step. (c) the calculated solid phase diffusion coefficient as the function of

average SOC;
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Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder{s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or “you” is the person or entity making the use granted under the relevant License, Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.,

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms



and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (i) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis,

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or ohscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantialy all other credits or
notices for the new work containing the republished Work are located. Failure to incdude the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all daims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS 15" CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANMER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
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13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized {and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder’s ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or dassroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i)y No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit “publishing ventures” where any particular
anthology would be systermatically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby induding all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or artides;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
maodify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit, As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficent for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on acadernic institution intranets, the following additional terms apply:
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i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14{b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material {provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14{b){i)jA) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14b)i)A) abowve; (ii) to display and perform the requested material to such members of such class in
the physical dassroom or remotely by means of streaming media or other video formats; and (jii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) incude
any right by User to create a substantively non-identical copy of the Work or to edit orin any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)B) or {C) above, as described in such Sections) (i)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject ta any further limitations determined in the Rightshaolder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) useis limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) useis limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure {through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o a statement to the effect that such copy was made pursuant to permission,

o astaterment identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and
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o astaterment to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service,
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission, CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

t) Pay-Per-Use Permissions for Certain Reproductions {(Academic photocopies for library reserves and interiibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i){v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting: and non-
academnic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction {(whether in plain-text, POF, or any other format) other than on a
transitory basis;

iy the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions induded in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-emall, intranet, internet and extranet). For
“electronic reproductions’, which generally incudes e-mail use (induding instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date ofthe Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
maodified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modffication or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.
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a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCCs privacy policy, available online
at www.copyright.com/ab out/privacy-policy/.

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) Mo amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder, The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCCs standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrurment.

&) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
Mew York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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ccc Marketplace

This is a License Agreement between [iani Li (“User”) and Copyright Clearance Center, Inc. (*CCC") on behalf of the
Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included

below.

marketplace.copyright.com/rs-ui-web/mp/license/74205ded-f0e4-4 17c-b331-1a2d13e3f00d/TT140427-b818-4104-a704- 82 3/005....

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
155N

LICENSED CONTENT

Publication Title

Article Title

Author/Editor

Date
Language
Country

REQUEST DETAILS

Portion Type
Page Range(s)
Total Number of Pages

Format (select all that
apply)

‘Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity

NEW WORK DETAILS

Title

Instructor Name

20-Feb-2024
14519481
00134651

Journal of the
Electrochemical Society

Accurate Measurement of
the Contact Resistance
During Internal Short
Circuit in Lithium-lon
Batteries

ELECTROCHEMICAL
SOCIETY.

01/01/1948
English
United States of America

Chapter/article
020505
1

Electronic
Publisher, for profit

Life of current edition

Up to 499

FUNDAMENTAL
UNDERSTAMDING OF
LITHIUM PLATING IN
LITHIUM-ION BATTERIES:
MECHANISM, MODEL AND
MITIGATION STRATEGIES

Jiani Li

ADDITIONAL DETAILS

Order Reference Number

MAA

Type of Use

Publisher
Portion

Rightsholder
Publication Type
Start Page

Issue

Volume

Rights Requested
Distribution
Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

Republish in a
thesis/dissertation
IOP Publishing
Chapter/article

|OP Publishing, Ltd
Joumal

020505

2

169

Main product
United States

Original language of
publication

Mo

UMC Charlotte
2024-04-01
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The Requesting Person / Jiani Li
Organization to Appear
on the License

REQUESTED CONTENT DETAILS

Title, Description or FUNDAMENTAL Title of the Article / Accurate Measurement of
Numeric Reference of the UNDERSTAMDING OF Chapter the Portion Is the Contact Resistance
Portion(s) LITHIUM PLATING IN From During Internal Short
LITHIUM-ION BATTERIES: Circuit in Lithiurm-lon
MECHAMISM, MODEL AMD Batteries
MITMIGATIGN STRATEGIES Author of Portion(s) Li, Jiani; Li, Wei; Song,
Editor of Portion(s) Li, Jiani; Xu, Jun Jinyang; Chen, Yong;
Volume / Edition 169 Wang, Lubing; Xu, Jun
Page or Page Range of 020305 |55I.IJE|. 'fREpublISh,mlg an 2
Portion Article From a Seria
Publication Date of 2022-02-M
Portion

RIGHTSHOLDER TERMS AND CONDITIONS

These special terms and conditions are in addition to the standard terms and conditions for CCC's Republication Service
and, together with those standard terms and conditions, govern the use of the Works. As the User you will make all
reasonable efforts to contact the author(s) of the article which the Work is to be reused from, to seek consent for your
intended use. Contacting one author who is acting expressly as authorised agent for their co-author(s) is acceptable. User
will reproduce the following wording prominently alongside the Work: the source of the Work, including author, article
title, title of journal, volume number, issue number (if relevant), page range (or first page if this is the only information
available) and date of first publication; and a link back to the article (via DOI); and if practicable, and IN ALL CASES for new
works published under any of the Creative Commons licences, the words “© The Electrochemical Socdety. Reproduced by
permission of IOP Publishing Ltd. All rights reserved” Without the express permission of the author(s) and the
Rightsholder of the article from which the Work is to be reused, User shall not use it in any way which, in the opinion of
|OP Publishing Ltd, could: {i) distort or alter the author(s)’ original intention{s) and meaning; (i) be prejudidal to the
hanour or reputation of the author(s); and/or (iil) imply endorsement by the author(s) andfor the Rightsholder and/or |OP
Publishing Ltd. This licence does not apply to any article which is credited to another source and which does not have the
copyright line '© The Electrochemical Society’. User must check the copyright line of the article from which the Work is to
bereused to check that the Electrochemical Society and IOP Publishing Ltd has all the necessary rights to be able to grant
permission. User is solely responsible for identifying and obtaining separate licences and permissions from the copyright
owner for reuse of any such third party material/figures which the Rightsholder is not the copyright owner of. The
Rightshalder shall not reimburse any fees which User pays for a republication license for such third party content. This
licence does not apply to any material/figure which is credited to another source in the Rightsholder's publication or has
been obtained from a third party. User must check the Version of Record of the article from which the Work is to be
reused, to check whether any of the material in the Work is third party material. Third party ditations and/or copyright
notices and/or permissions staterments may not be induded in any other version of the artide from which the Work is to
be reused and so cannot be relied upon by the User. User is solely responsible for identifying and obtaining separate
licences and permissions from the copyright owner for reuse of any such third party material/figures where the
Rightshalder is not the copyright owner. The Rightsholder shall not reimburse any fees which User pays for a
republication license for such third party content. User and CCC acknowledge that IOP Publishing Ltd and/or the
Rightshaolder may, from time to time, make changes or additions to these special terms and conditions without express
notification, provided that these shall not apply to permissions already secured and paid for by User prior to such change
or addition. User acknowledges that the Rightsholder and IOP Publishing Ltd (which indudes companies within its group
and third parties for whom it publishes its titles) may make use of personal data collected through the service in the
course of their business. If User is the author of the Work, User may automatically have the right to reuse it under the
rights granted back when User transferred the copyright in the article to the Rightsholder, User should check the
copyright form and the relevant author rights policy to check whether permission is required. If User is the author of the
Work and does require permission for proposed reuse of the Work, User should select ‘Author of requested content’ as
the Requestor Type. The Rightsholder shall not reimburse any fees which User pays for a republication license. If User is
the author of the artide which User wishes to reuse in User’s thesis or dissertation, the republication licence covers the
right to indude the Version of Record of the artide, provided it is not then published commercially. User must include
citation details and, for online use, a link to the Version of Record of the article on the IOPscience website. User may need
to obtain separate permission for any third party content included within the article. User must check this with the
copyright owner of such third party content. User may not incdude the article in a thesis or dissertation which is published
by ProQuest. Any other commercial use of User’s thesis or dissertation containing the article would also need to be
expressly notified in writing to the Rightsh older at the time of request and would require separate written permission
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from the Rightsholder. As well as CCC, the Rightsholder and 10P Publishing Ltd shall have the right to bring any legal
action that they deem necessary to enforce their rights should they consider that the Work infringes those rights in any
way. For content reuse requests that qualify for permission under the 5TM Permissions Guidelines, which may be
updated from time to time, the STM Permissions Guidelines supplement the terms and conditions contained in this
license,

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS

When you transferred the copyright in your article to The Electrochemical Society, you were granted back certain rights,
including the right to indude all or part of the Final Published Version of the article within any thesis or dissertation
provided it is not then shared or deposited online. If you are required by your institution to share your thesis/dissertation
publicly (such as in an institutional repository), the Final Published Version would need to be removed prior to publication
online or in print. Your institution should be able to withhold the 1OP article section of your thesis from this version.
Howewver, you should still reference the article, include the abstract and provide a DOI link to it on IOPscience so that
people know that it has been published. Please include citation details, “® The Electrochemical Sodety. Reproduced with
permission. All rights reserved” and for online use, alink to the Version of Record. Please note you may need to obtain
separate permission for any third party content you included within your article. If you do not wish to remove the 1IOP
artidle section of your thesis, you also have the following alternative options: 1) Our Author Rights Policy allows authors to
post the Accepted Manuscript in certain places after the embargo period has elapsed. This includes your institutional
repository, subject to certain restrictions (please see our full author rights policy). Therefore, an option may be to include
your Accepted Manuscript article version in your thesis or dissertation, as it would allow you to place the unaltered
dissertation onto your repository after the embargo period. Please note that your article is outside of its embargo period.
An Embargo Period is 'a period of 12 months from the Date of Publication'. 2) A further option would be to include the
Author's Original or Preprint version of the article, provided that you do so in line with our Preprint pre-publication policy.

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCCY) on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms® are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or *you” is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.
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5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work, User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incuding without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (incuding such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder, Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
spedified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11} Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, COMSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liabiity of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS 15" CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER COMNFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
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(AS OPPOSED TO THE ENTIRE WORK) IN A MANMER CONTEMPLATED BY USER; USER UMDERSTAMDS AND AGREES THAT
MEITHER CCC MOR THE RIGHTEHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT,

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liguidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized {and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or dassroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) Mo License granted shall in any way: (i) incdude any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit “publishing ventures” where any particular
anthology would be systermatically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unigue identifier as assigned by the institution,
and thereby induding all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic mermory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficent for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electranic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)(A) above, but also the following authaorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)A) above, induding any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14{b){i)A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14{b){i)}{A) abowve; (i) to display and perform the requested material to such members of such class in
the physical dassroom or remotely by means of streaming media or other video formats; and (jii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms, Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) indude
any right by User to create a substantively non-identical copy of the Work or to edit orin any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b){1)(B) or {C) above, as described in such Sections) (i)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby induding all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) useis limited to not more than the greater of {a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and

instructors in the class;

F) User must ensure {through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

o g statermnent to the effect that such copywas made pursuant to permission,
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o astatement identifying the dass to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astaterment to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records suffident for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
theright to audit such books and records at any time during Users ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for anyreason.

) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c){i}{v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, POF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific custormer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Hectronic Reproductions in Online Environments (Non-Academic-emall, intranet, internet and extranet). For
“electronic reproductions”, which generally indudes e-mail use (incduding instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder), provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,
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15) Miscellaneous,

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www .copyright.com/ab out/privacy-policy/,

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, howewver, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) Mo amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

&) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
MNew York, USA, without regard to the principles thereof of conflicts of law, Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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