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Abstract— Understanding the degradation processes
of lithium-ion batteries under varying pulse discharge
profiles is crucial for the further development of
high-performance lithium-ion batteries. This study
explores how pulse discharge profiles impact the
degradation of nickel manganese cobalt-based (NMC)
lithium-ion cells. Focusing on the electrode-electrolyte
interface and lithium-ion diffusion, this research
systematically investigates the impact of different pulse
discharge frequencies (0, 250, fZmin 850, and 1450 Hz) on
battery degradation. This investigation extends beyond
the insights provided by Electrochemical Impedance
Spectroscopy (EIS) spectrum and its corresponding fitted
equivalent circuit model (ECM), but also describes
the underlying electrochemical processes. Key findings
indicate that contrary to lessons learned for pulse
charging regimes, the fZmin frequency, corresponding
to the cell’s minimum impedance, resulted in the most
significant degradation. This illustrates the dynamic and
complex nature of lithium-ion cells response for pulsating
loads and highlights the need for specific discharging
optimization research which differs from pulse charging
theory.

I. INTRODUCTION

Over the past decade, the world’s dependency
on battery technology has grown drastically [1].
Due to advancements in the energy storage
technology, batteries are used in a wide range
of applications, from high-demanding military
applications and medical devices to cell phones
and children’s toys [2]. The broad usage of these
batteries in various applications has emphasized
the need to extend their safety, increase power and
energy density while lowering cost and increase
lifetime. Lithium-ion batteries are expensive
and resource-intensive to manufacture, and they
contain hazardous and precious materials like

lithium, cobalt and nickel [3]. Recycling these
batteries is a complex and energy-intensive
process, while also being environmentally harmful
[4]. Not only is it important to extend the lifetime
of batteries in the sense of sustainability, the
usage of batteries in important applications makes
it crucial for batteries to not prematurely fail.
In addition, second life of battery modules are
of growing interest, especially in the context of
world wide energy access, in order to be a partial
solution for the vast number of electric vehicle
(EV) batteries expected to reach end of life in the
near future [5]. In order to extract the most usage
out of each precious battery, the research field
focusing on the causes of battery degradation has
been a topic of research for a considered amount
of time. The sheer number of papers surrounding
the complicated and multidisciplinary topic of
battery degradation makes fully understanding and
learning the mechanisms of degradation a long
and detailed endeavor. A comprehensive literature
review on the current state of degradation research
can be found in the appendix.

Applications in the field of telecommunication,
sensors, medical equipment but also wind
turbines and solar systems with fast-reacting
Maximum Power Point Tracking devices (MPPTs)
generate fast-changing rates of currents, resulting
in charge and discharge profiles that are not
constant but pulsating in nature. Another typical
pulse-demanding load comes from the growing
interest in multilevel inverters (MLIs), particularly
in sustainable electrical generation and storage
systems [6]. All these applications will draw or
provide pulses of current from or to the battery



with modulated and shifting frequencies, currents,
and duty cycles [7].

With the rise of all these applications, the
question arises: Does these pulsating behavior
influence the batteries life span? And if this is
the case which degradation process is the most
important and dominant factor in a lithium-ion
battery when it is placed in combination with
a pulsed load or supply in comparison to a
continuous one? The research done in the field
of pulsating power systems and its induced aging
of the lithium-ion cell has shown contradicting
results up till this moment in time.

G.W. Ngaleu [8] suggests that high-frequency
(up to a few kHz) current pulse discharge has
detrimental effects on capacity retention, showing
almost a five-fold increase in capacity fade
(20.5%) in comparison to continuous dc discharge
(5.68%). R. Soares [9] investigated the effect
of 21 A, 1 kHz pulsating current profile for
300 cycles on a 28 Ah NMC cell, showing no
significant capacity fade, 5.2% dc versus 5.3% for
the pulsed cells. Finally, L.R. Chen [10] showed
that for sinusoidal current ripples applied to the
cell during charging at the cell’s lowest impedance
point, fZmin being between 900 and 1200 for the
NMC cell used, the lithium-ion cell improved in
the charging time 17%, the charging efficiency
1.9%, maximum rising temperature 45.8%, and
the capacity retention after 1000 cycles being
3.5% higher. P.T. Chen [11] researched the
effect of sinusoidal pulse charging and found a
14.5% higher discharge capacity for the pulsating
charged cells in comparison to the Constant
Current-Constant Voltage (CC-CV) charged cells
after 600 cycles.

This spread in findings surrounding the impact
of pulsating current shows the scientific gap and
lack of understanding what pulsating harmonic
signals do to lithium-ion batteries that are
designed to operate in dc domain [12]. What is
the reason that for certain frequency range and
current profile, the effect of pulsating profiles on
cell performance seems to be detrimental, while
in others, it seems beneficial.

This research paper worked on closing the
scientific gap between the electrochemical
degradation effect of the more researched, yet
still controversial, pulse charging protocols and
its application on discharge profiles. Cells were
pulse discharged at 250 Hz, 850 Hz and 1450 Hz
and their degradation was tracked and compared
to dc discharged cells. It is shown that 850 Hz,
around the Nyquist plot zero crossing frequency,
the degradation was the higher. This, while
at 250 Hz and 1450 Hz the frequency was
lower than the reference dc cycled cells. Close
EIS analysis showed that parameters indicating
cathode degradation were higher for the 850 Hz
and dc cycled cells in comparison to the 250 Hz
and 1450 Hz pulse discharged cells.

The paper starts off with a chapter on explaining
the electrochemical theory on lithium-ion batteries,
while in section III this knowledge is applied
to come up with a deeper understanding on the
effects of pulsating currents on lithium-ion battery
operation. Section IV describes the experimental
setup and provides an overview how this theory
is tested. The experimental data is then provided
and analysed in section V and VI. Finally, section
VII summarizes the paper.

II. INTRODUCTION OF ELECTROCHEMICAL
THEORY

A lithium-ion battery consists of four main
elements, illustrated in figure 1: an anode, a
cathode, an electrolyte, and a separator. The
anode is referred to as the negative electrode and
is most commonly made out of a porous graphite
layer which is coated on a copper film that acts as
a current collector. The cathode is referred to as
the positive electrode and is commonly made out
of a lithium transition metal (TM) oxide material
which can reversibly intercalate the lithium-ions
within its lattice structure [13]. Commonly used
cathode materials are Nickel Manganese Cobalt
(NMC), Nickel Cobalt Aluminium (NCA), and
Lithium Iron Phosphate (LFP), which are coated
on an aluminum current collector. The medium
in which the ionic movement between the two
electrodes can take place is called the electrolyte
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and consists of a liquid made out of inorganic
compounds. To separate the two electrodes from
short-circuiting inside the cell, a separator is
placed inside the electrolyte which allows for
ionic conductivity but is an electrical insulator
[3][14][15].

Fig. 1: Diagram illustrating the layout of the primary components
that comprise a battery.[16] The separator is placed inside the
electrolyte between the anode and the cathode.

When a higher potential than the cell’s potential
is placed on the cell’s terminals, the lithium-ion
oxidizes on the positive electrode, diffuses through
the positive electrode’s lattice of transition metal
oxide material, then through the electrolyte, and
subsequently reduces at the electrolyte-electrode
interface to then travel deeper inside the graphite
lattice to eventually intercalate with six carbon
atoms to form LixC6 [3]. It is shown that
the diffusion of lithium-ions inside the anode
containing graphite’s lattice and reduction at the
electrolyte-electrode interface is slower than the
diffusion and oxidation in a positive cobalt oxide
lattice like in the positive electrode [17]. When
the current applied to the cell is higher than these
two anode related limiting factors of diffusion
and reduction, a concentration polarization starts
to form in the electrolyte near the surface of
the electrolyte-electrode interface, which drives
the cells’ voltage rapidly towards its upper limit
[18]. This issue is the reason for the constant

voltage part of the charging protocol of CC-CV,
in which the cell can charge with constant current
until the diffusion reaction in the bulk of the
electrode is slowed down to a level at which
the applied current is higher than the diffusion
speed. By then shifting the charging protocol
from constant current to constant voltage, the
current drops over time until the electrode is
fully utilized [18]. All of this is done in order to
keep the cell inside a particular voltage range,
to limit the over-potential on the cell which
can lead to degradation mechanisms like lithium
plating, electrolyte decomposition, excessive SEI
formation, and mechanical stresses leading to
particle cracking among others [19] [18].
The reason why this explanation of CC-CV
protocol is interesting for determining the
degradation of pulse discharging a cell, is the fact
that pulse charge and discharge protocols have the
potential to maintain a higher diffusion reaction
rate for longer periods of time during charge and
discharge cycles, under certain conditions, like
frequency, duty cycle and current amplitude [20].
Electrons can move more freely and faster than
that the lithium-ions can intercalate, therefore
forming a build up of lithium-ions on the anodes
surface when the high current is continuously
applied. During the rest period of a pulsating
profile, the electrochemical over-potential formed
by this build up of lithium-ions on the surface of
the electrode- electrolyte interface, can be lowered
and redistribute over the surface and eventually
stabilize before the next pulse is applied [21]. The
application and effects of this approach is still
controversial in literature. Most of the research
done in this field is conducted on the charging
aspect of the theory. Charging protocols can be
more easily altered, whereas discharge protocols
are harder to change and set because they depend
on user behavior. Another reason is that the
diffusion of lithium-ions within the bulk of the
anode’s graphite electrode is typically slower
than the diffusion rate in the bulk of the cathode.
Therefore, higher yields are expected when this
approach is applied to charging as compared to
discharging [22][23].
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Nevertheless, with the increasing amount of
systems consisting of high-frequency switching
power electronics, researching the influence
of pulsating discharge on the degradation of
lithium-ion cells is becoming increasingly relevant
over time.

A. Introducing electrochemical impedance
spectrum (EIS) as method to measure degradation
processes

Looking at the toolbox of characterization
techniques available to understand and track
degradation, two subsections can be made: in
situ and ex situ techniques. In situ measurements
consist of techniques that can be utilized during
operation, while ex situ applications involve
removing the sample from the system, and in
some cases even disassembling it for analysis
[24]. While these ex situ techniques can provide
valuable insights into the origin and quantity of
the actual degradation processes, they require
specialized skills and equipment, which are not at
the disposal of the author.

In situ measurements, on the other hand,
can be done while the system is in use and
can be performed in a non-invasive way. These
techniques can still provide in-depth information
on the specific degradation phenomena present
inside the cell. Two widely used methods
for distinguishing and tracking degradation in
lithium-ion cells are Electrochemical Impedance
Spectroscopy (EIS) and Incremental Capacity
Analysis (ICA) [25]. While ICA has the benefit
of being easy to implement and requiring low
computational power, it lacks the precision
capabilities required for a more insightful and
detailed analysis needed for this research [26].

EIS is a powerful and versatile technique widely
used in the analysis of electrochemical systems,
including lithium-ion batteries. The technique
operates by applying a small alternating voltage or
current (AC) signal across a range of frequencies,
typically from a few millihertz up to kilohertz
or higher, and measures the response of the
system. It is particularly useful for investigating
the processes that occur at the electrode-electrolyte
interface and for diagnosing various aspects of the

electrochemical interactions within the cell. This
is due to the fact that the response of the cell is
correlated to specific electrochemical reactions that
operate around that respective frequencies [27].
Because different electrochemical reactions have
different operating reaction times, distinctions can
be made between them. Tracking these reaction
times can provide valuable information on the
degradation patterns over time [28].

There are two ways to perform an EIS
measurement, potentiostatic and galvanostatic. The
difference between the two depends on the
impedance system the measurement is conducted
on. For high impedance systems, potentiostatic EIS
is mostly used, which utilizes a voltage-induced
ac signal to produce a current response [27]. Due
to current sensing limitations, this method is most
suitable for high impedance systems. Galvanostatic
EIS, on the other hand, uses a current-induced
ac signal to produce a voltage response, which
is more applicable to low impedance systems.
Because of the lithium-ion cell having low
impedance values, galvanostatic EIS is mostly used
for measurements on such systems [29].

B. Analysis of EIS measurement using ECM
elements

The EIS data can be modelled onto a
simplified circuit that models the behaviour of a
electrochemical battery system, thereby simulating
and tracking electrochemical processes [30]. The
model uses electrical elements such as resistors
(R), capacitors (C), and inductors (L) to represent
its behavior. The goal is to design a simplified
circuit model that only highlights the essential
processes while keeping the element translation
physically meaningful [13]. Figure 2 shows a
response of a lithium-ion battery cell for typical
EIS measurement, plotted in a Nyquist plot,
displaying the equivalent circuit elements for
the specific frequency regions. In the plot three
different regions can be distinguished. As can be
seen in figure 2, these three different sections can
be assigned to three frequency domains of the
main electrochemical mechanisms inside the cell,
described from left to right [31];
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Fig. 2: A redesigned schematic of EIS measurement and the
representation of the different frequency regions in a Nyguist plot
with a corresponding commonly used equivalent circuit elements
[27].

High frequency (above 1 kHz):
The high-frequency part mainly consists of the
positive part of the imaginary impedance values.
These impedance values are correlated mainly to
the inductance of the battery cell windings and
wires. When the imaginary axis intercepts the real
x-axis, where the inductance behavior becomes
substantially less dominant, at the zero-crossing
frequency, the ohmic internal resistance of the cell
remains, which is the sum of the active material
electrical resistance, electrolyte resistance, current
collector, and contact resistance. This is also
the point in which the inductive impedance is
opposite but equal to the capacitive effect of the
cell and therefore they cancel each other out [32].
The high-frequency part can therefore be modeled
by an inductor and resistor in series, representing
the internal ohmic resistance and inductance of
the cells’ geometry. When the frequency increases
further, the real impedance tents to increase again
and shifts in the Nyquist plot to the right. This
behaviour can be assigned to the skin effect of the
current collector at these higher frequencies, in
which the concentration of current on the surface
increases the ohmic resistance [28]. However,
this is beyond the frequency range used in this
research, and the influence of skin effect can
therefore be neglected [33].

Mid frequency (between 1 kHz and 1 Hz):
In the mid-frequency range of the EIS

measurements, two semi-arcs can be detected.
These arcs are dominantly caused by the
electrochemical behavior of the charge transfer
barrier present in the cell. There are two semi-arcs
because of the two primarily active charge transfer
barriers, which both can be modeled by an RC
equivalent circuit element. The two are related to
the interface between the electrolyte and electrode
surface and the interface between the electrode
surface to electrode active bulk material [30].

The first semi-arc is related to the electrolyte-
electrode surface interface which are separated
from each other by the Solid Electrolyte Interface
(SEI) layer[28]. It represents the transport of
lithium-ions through the SEI, which is formed
due to the decomposition of electrolyte at
the electrolyte- electrode interface. The layer’s
thickness is in the range of nanometers, thickening
over time, and is made out of a range of
inorganic compounds that form a porous matrix
which is ionically conductive[30]. The SEI layer
separates the anode active material from the
volatile electrolyte, protecting the graphite from
being decomposed by the electrolyte solvents[34].
It can be seen as a resistive pathway RSEI for
the flow of lithium-ions, because although the
SEI is ionic conductive, it still posses a lower
conductivity than the electrolyte. Apart from its
resistive behavior, the SEI layer also has the ability
to store lithium-ions temporarily in and on his
surface layer [34]. The SEI can store charges
inside its structure because of the pores holes
and channels between the inorganic compounds in
which lithium-ions can be temporarily and loosely
stored inside vacancies in the lattice of the SEI
layer or by electrostatic attraction and repelling
[33].

The SEI layer can also act as a capacitor
because of the separation of charges on the
surface. On the electrolyte side, the lithium-ions
form a layer close to the interface surface. On
the other side is the electrode active material, in
which electrons are present that have flowed from
the opposite electrode through the external load or
charger. The ionic conductivity of the SEI layer
is lower than the conductivity of the electrolyte,
therefore the SEI layer semi permeable separator.
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This opposition of charged ions in the electrolyte
and the negative charged electrons in the active
material lattice creates a capacitance-like behavior.
The schematic separation of charge depicted in
figure 3, illustrates the electric over-potential
profile across the SEI surface. The capacitance
value CSEI is determined by the surface area and
the distance between these two charge layers,
while also being affected by the over-potential
created by the double layer [35][33][36].

The layer of lithium-ions on the surface of
the SEI layer creates an electrostatic resistance
for other positively charged lithium-ions to flow
through the layers into the active electrode lattice
combined with the obstructive pathway though the
SEI pores and channels can be assigned both as
a resistive element. Although the capacitance like
impedance does not precisely mimic the behaviour
of an ideal capacitor and resistor, this part of the
battery cell can be simplified and modeled by an
RC element.

Fig. 3: Grahame model describing the formation of the the double
layer capacitor and the potential barrier created [31].

The second semi-arc involves the presence
of a double-layer capacitance Cdl and charge
transfer resistance Rct at the interface between
the electrodes surface and bulk of the active
electrode material [33] [13]. When lithium-ions
diffuse through the porous SEI structure, they
reach an SEI-protected bubble containing the
active graphite material. This active bulk material
also consists of channels and pores that allow
lithium-ions to transport throughout the graphite
layered structure. During this diffusion, the
lithium-ions remain in their ionic form, meaning

they have not yet undergone a redox reaction
with the active material and are still free to move
within the material[37]. The amount of charge
that flows through these pores and channels,
still in the freely mobile state, is referred to
as the double-layer capacitance Cdl [33]. These
lithium-ions can intercalate into the graphite
lattice and undergo a charge transfer reaction
with the carbon atoms to form an electrochemical
reaction. However, the resistance experienced by
the ions as they move through the channels and
pores of the electrode during this intercalation
process is known as the charge transfer resistance
Rct[36][3]. It is found that the Rct places an
important role, as it accounts for approximately
60% of the total cell resistance and is related
to the kinetics of the electrochemical reaction [13].

The diffusion and transport within the pores
and channels of the anodes active material is
recognized to be the rate-limiting factor, being the
slowest transport process throughout the entire
cycle [37][17]. When charging current exceed
this diffusion speed, lithium-ions build up on
the surface of the anode material, triggering
an increasing over-potentials which will initiate
lithium plating [36]. Unlike the anode, where
the SEI layer is prevalent, the cathode typically
exhibits a thinner SEI layer, referred to as Cathode
Electrolyte interface (CEI) [38]. The cathode’s
active material is more directly exposed to the
electrolyte, while at the anode the contact is
more indirect. The advantage of a more indirect
contact is the protection it offers against further
degradation. However, this issue is less relevant at
the cathode due to its higher potential compared
to the anode. In addition, the crystal structure of
NMC cathode material is more rigid and uniform,
allowing for better ion conductivity in comparison
to the more specific pathway restricted transport
of ions in the graphite layers. The volume
expansion of the anode material can also have an
ion transport obstructive effect which can block
pores and pathways, which is less prevalent at the
rigid NMC structure. This is the reason why the
cathode’s charge transfer is faster and can respond
more quickly to current demands, explaining why
battery cells can typically handle faster discharge
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rates than charge rates.
To conclude, the RC behavior of the lower
mid-frequency part of the EIS measurement can
be primarily attributed to the more dominant
influence of the anode’s Rct and Cdl [39][27].
However, it is worth noting that this simplification
may instigate that the values of the double layer
capacitance and charge transfer resistance are
somewhat constant, this is not case. Care needs to
be taken doing EIS measurements in order to keep
impacting parameters like State Of Charge (SOC)
and temperature constant between the different
EIS measurements [27].

Low frequency (below 1 Hz):
In the low frequency region of the EIS
measurement, a characteristic feature is a straight
45 degrees linear line along the negative imaginary
axis as the real impedance increases. This behavior
is most commonly associated with the diffusion
of lithium-ions within the bulk of the electrode
active material lattice, often also referred to as
mass transfer and the EIS low frequency tail [35].
This feature is typically modeled in equivalent
circuit representations by an element known as the
Warburg element. The Warburg element represents
a non-intuitive component that cannot be directly
correlated with a physical element. This is due
to the fact that its phase angle, α, does not align
with the conventional phase angles of a capacitor
or inductor, but rather falls between these two
elements [40]. The impedance of the Warburg
element can be expressed as follows:

ZW =
1

W(jω)α
(1)

With W being the Warburg element coefficient
(sαΩ–1). For standard physical elements like
resistors, capacitors, and inductors, this complex
impedance equation simplifies to values of α
equaling 0, -1, and 1, respectively. In the case
of the Warburg element, α is set based on the
angle of the low frequency tail relative to the
real impedance axis, which is typically at 45
degrees, resulting in an α value of 1/2 and
becomes dominant below 1 Hz[41] [42]. Since
the interaction of the Warburg element with the
system begins to become significant below 1 Hz,
this element is neglected due to the fact that is lies

outside the pulsating frequency scope used in this
research [42] [43].

C. Degradation mechanisms linked to EIS analysis
In the appendix, a detailed review paper can

be found that explain and highlights the five
primary causes of degradation, namely the growth
of the SEI layer, lithium plating, cathode metal
dissolution, and particle cracking & fracturing.
These processes are all interconnected with three
main underlying modes of degradation: loss of
lithium inventory, loss of active material, and
impedance increase. From the user’s perspective,
all these degradation modes result in two main
noticeable effects: capacity fade and power fade.
These effects can only partially be controlled by
the use, having only influence on three external
factors that impact degradation: temperature, State
Of Charge (SOC), and charge/discharge profile. An
overview of the interplay between these factors can
be seen in figure 4.
Degradation does not follow a singular path
towards the end of a cell’s life; multiple paths
can be identified that lead to its end of use. The
interconnected nature of the processes occurring
inside the cell makes explaining and predicting the
non-linear degradation a complex endeavor. One
possible path that can be taken to explain this
behavior is the growth of the SEI layer, which
leads to increased anode over-potential, thereby
opening up the possibility of lithium plating and
further SEI growth [44].

Knowing that different sections of the EIS
measurement corresponds to different processes,
a link need to be made between these processes
and degradation in order to distinguish different
degradation trend of the different cell groups.
Research by T.P. Heins [39], among others
[45], stated that the charge transfer resistance,
Rct, is an important parameter and an increase
of the resistance is the primary response of
active material degradation which results in rapid
capacity decline. It is stated that a higher Rct
will results in a higher over-potential during
discharge as well [46]. Another comprehensive
research review into the translation of EIS trends
to degradation mode concluded that for 78%
of the case studies showed that the increase in
ohmic region can be translated to Loss of Lithium
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Fig. 4: The complex interaction between the underlying degradation processes and their interplay in contribution to each other recreated
by inspiration from [3].

Inventory (LLI). 78% of the outcomes explained
the first semi-arch increase to be caused by LLI
and Loss of anode Active Material (LAM). The
second semi cycle was determined to be linked
to Loss of cathode Active Material (LAM) for
61% of the studies outcomes [27]. Of the 61% of
cases linking LAM to the second semi-arc, 18%
addressed this to be caused by particle cracking
and 43% to CEI layer formation. Figure 5 shows
the outcome of the comprehensive research review
investigating a total of 92 paper of which 38
paper included the second semi-arc into their
analyses. Of those 38 paper, 15 studies did their
experiments on NMC based cathode chemistry.
Knowing the link between EIS measurement and
proven degradation effects, an detailed analysis can
be made to determine the impact of pulse discharge
on certain cell degradation, explained in the next
section.

III. OPTIMAL PULSATING DISCHARGE
FREQUENCY

Referring back to the Nyquist plot, seen in
figure 2, the optimal frequency for efficient
charge transfer from an electrical engineering
perspective is identified at the point of minimum
real impedance, this is where the imaginary
impedance component equals zero. At this
point the capacitive and inductive effect of the
cell cancel each other out, become opposite
and equal to each other, at this frequency the
cells’ impedance becomes minimized [47]. This
frequency can also be found by looking at the

zero point of the angle theta θ seen in figure 6.
This frequency, denoted as fZmin [7], has been
explored in pulsating charging protocols, yielding
mixed results. Some studies report benefits such
as improved capacity retention, higher efficiency,
and reduced power fade compared to dc charging
[48] [49] [50], while others find no significant
correlation [9] or even detrimental effects [6][51].
Figure 7 shows the results of pulse charging
frequency and their impact on the overall lifetime
of the cell at 50% duty cycle [52].

Fig. 6: Angle theta plotted against the applied frequency in an EIS
measurement.

Fig. 7: Results of different studies on the impact of charging
frequency on the cycle life of the cell. The red minus sign represents
negative impact, green plus sign a positive effect and the black S
a negligible non impact. [52]

However, the impact of fZmin on discharge
protocols has gotten less attention in research.

8



Fig. 5: (a) The graph shows the distribution of reported dominated degradation modes of each frequency region for all chemistry’s. (b)
Shows the distribution of dominate degradation processes for the three different cathode materials, LCO, NMC and NCA [27].

This paper uses fZmin as a reference frequency for
establishing pulsating discharge parameters.
Looking at this optimal pulse theory from the
ECM perspective shows that when a pulsating
current is applied to, or drawn from, a lithium-ion
cell, the current divides between the charge
transfer resistance (Rct) and the double-layer
capacitance (Cdl), as could be seen in figure
2. The capacitor accumulates charge until its
capacity is reached, after which the current flows
exclusively through Rct. In other words, the
combination of Cdl and Rct acts as a low-pass
filter for high-frequency components. Research
using EIS measurements and ECM has linked the
increase in Rct to degradation and inefficiencies,
resulting as capacity and power fade [13][45][53].
Therefore, leveraging the buffer effect of Cdl
to reduce stress on Rct could enhance charging
efficiency and mitigate degradation. Several
studies support this potentially beneficial effect,
demonstrating promising outcomes with pulsating
charging protocols [48][49][50][52]. From these
findings the intriguing line of reasoning comes
to mind if these benefits could also be found
when pulsating current profiles were used on the
discharge protocol.
However, an opposite reasoning can be made by
looking at the amount of current put through the

cell at once, the higher pulse current could also
increase battery degradation due to correlation
between amount of energy flowing through the
battery and degradation mechanisms [54]. Also,
the pulsating signal is still composed out of
a significant dc part, the buffer effect of the
Cdl only affects the ac current ripples from the
pulsating current profile [7]. This might reduce
the effectiveness of the rectangular pulsating
signal.
Therefore, it can be shown that by only looking
at the analysis of the EIS impedance response,
the reference optimal pulsating frequency could
be found but the analysis can not be directly used
to clarify the potential positive results.

In order to understand how these positive
results found in charge regimes can be explained,
the underlying mechanisms missed by the
simplified perspective of the electrical engineering
ECM need to be considered. These mechanisms
explain the electrochemical characteristics of
the double-layer capacitance and their effect on
the polarization and conductivity of the lithium
intercalation. It highlights the nature of the charge
resistance Rct, which is a dynamic parameter
together with the double layer capacitance Cdl.
Going back, when the current starts to flow in a
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pulsating pattern, at the beginning of the pulse, the
double-layer capacitor will charge up. Meaning
that the lithium-ions are still able to freely move
and stored on the surface the lattice of the active
material. If the double-layer capacitor reaches
saturation, the positive ions will accumulate at the
electrodes surface and pores, forming an increased
polarisation resistance and conductivity is reduced
because of it [47][55] [53]. At dc charging and
discharging this increased polarisation resistance
will influence the charge transfer, creating an
over-potential. Utilizing pulse charging and
discharging offers the ability to discharge the
concentrated polarisation during the rest period in
between pulses, lowering the over-potential and
therefore lowering the charge transfer resistance
for the next pulse [56][31]. This characteristic
of discharging the over-potential has been used
and proven to suppress lithium plating during
low environmental temperature and high current
charging [57][58].

Which makes sense, as explained previously,
the accumulation of lithium-ions on the surface
of the lattice of the active material leads to an
increased resistance. This increased resistance
results in an over-potential, which leads to a higher
voltage drops across the charge transfer barrier. If
this potential difference drops below 0 V versus
Li/Li+, it will trigger lithium plating [59]. In other
words, the lithium is moved through the SEI layer
faster than it can diffuse and intercalated in the
lattice, it will accumulate at the active materials
surface, and when the concentration become to
high, they start reacting with each other. So the
effect of suppressed lithium plating, which will
result in lower degradation and higher capacity
retention, due to pulsating protocols can hereby
be explained [60].

Another way to look at it is given by E. Qu,
who states ”The situation in a porous electrode
differs in important ways from that of a simple
series RC circuit. The essential difference between
a porous electrode and a planar one lies in
the distribution of the double layer capacitance
coupled in series-parallel ways with the solution
resistance. In this case, small but significantly with

the resistance of the matrix of the porous material.
Thus, for a porous electrode the IR-drop, Ohmic
dissipation of energy, I2R, and ion transfer rate
are no longer single-valued quantities at a given
current, but vary down the pore. The local I, which
is determined by local ion and electron transfer
rate, diminishes and the cumulative resistance
increases owing to a continuous increase of
electrolytic resistance down the pore from its
orifice.” [46]
To sum up, the porous structure of an electrode
together with the electrode-electrolyte interface
forms a dynamic behaviour which can be roughly
translated by two RC elements but does not in
any form remain constant over time and space.
It is highly depended on the current density
and profile. Therefore detailed analysis drawn
only from electrical ECM perspective do not
hold. E. Qu later continuous to elaborate that
the surface utilization, so the effective usage of
the surface area on the electrodes to mitigate
over-potential, is related to the porosity of the
electrode and electrode-electrolyte interface, as
well as the conductivity of these porous structures.
Therefore E. Qu is agreeing with Y.D Lee’s [47]
theory on conductivity and saturation.

Another characteristic to track degradation and
cell performance, besides capacity retention and
EIS measurements, is the temperature of the
cell. When considering cell heating effects, four
main processes are identified: resistive dissipation,
the entropy of cell reactions, side reactions, and
the heat of mixing [61]. Among these, resistive
dissipation, is the only source of heat generation
proven to be dependent on ac frequency [51]. This
heat generation power can be roughly estimated
as:

P = I2 · ZCell (2)

This observation leads to the compelling
hypothesis: cycling a cell at this specific
frequency, fZmin, where the impedance is at its
lowest, the heat generation could be minimized.
Since lower heat generation is linked to reduced
SEI formation and growth, operating at fZmin
could potentially mitigate degradation effects such
as capacity and power fade [44].

This effectively means that the extraction of
electrical energy from the chemical energy inside
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the cell has an optimal efficiency frequency.
Consequently, this approach ensures the highest
possible energy transfer efficiency by optimizing
the electrochemical reaction within the battery
[49]. This theory is tested by tracking the cells’
temperatures during the experiment to see if this
reasoning can be used to validate the hypothesis.

To summarize, looking from the ECM
perspective, a case can be made that when
the ac impedance is at its lowest, the losses
are minimized and lower heat generation will
result into the degradation to be minimized.
Nevertheless, this only applies for the ac signal
component, which is not significant enough
to be measurably beneficial to the overall cell
performance. Also, the ac signal can be explained
to increase the RMS current through the cell,
therefore increasing self heating losses and
potentially even facilitate faster degradation.
However, this perspective sees the resistance of
the cell as a constant measurable value, although
the resistance encountered by the cell is not at all
constant but dynamic in its behaviour, especially
during pulsating conditions. By utilizing the
optimal charge and discharge protocols, this
resistance can be minimized.

Fig. 8: Describing the relationship between concentration of
lithium-ions and the conductivity of on electrodes surface [47][55].

IV. METHOD AND EXPERIMENTAL SETUP

A. Experimental setup
In order to validate the effectiveness of these

pulsating discharge profiles, experimental research
is needed to explore the frequency range for this
theory to hold. The experimental procedure was
conducted utilizing Samsung INR18650-30QT-6
lithium-ion cells. Each cell has a capacity of

3000 mAh, a nominal voltage of 3.6V, and is
capable of sustaining a continuous discharge rate
of 15A, as well as a charge rate of 4A. These
cells were selected in collaboration with another
research project that also focuses on these cells.
The project involves energy access, where the
cells could be used for small household batteries
and mobility applications. Both applications may
consist of load profiles made from pulsating
behavior. The cells are composed of NMC with
mixed NCA parts as the cathode material, while
the anode is made out of graphite. Looking at the
product range of 18650 cells of Samsung, the 30Q
cell is a mid range battery which compromises
between the energy density and power density.

12 cells were arranged into four groups of
three. Each group underwent cycling at distinct
frequencies: dc, pulsating rectangular pulse of 250
Hz, fZmin 850 Hz, and 1450 Hz, which are chosen
to be a equal repetition from the fZmin. The pulsed
current groups had a duty cycle of 50%, with a
current amplitude of 6A per cell, while the dc
group was continuously discharged at the average
pulse current of 3A, equivalent to 1C. This is done
in order to keep the average current drawn equal to
eliminate the effect of different energy throughput
between the cells. The cell setup with the shunt
resistors and thermocouples can be seen in figure
9. Although not visible in figure 9, thermal paste is
used at each temperature sensor in order to ensure
good thermal connection to the cells’ surface.

The experimental setup incorporated a Chroma
6314A programmable electronic load, which
consists of four individual Chroma 63103A
modules. Each module was configured to
discharge its corresponding group of cells at the
specified frequency. These modules can discharge
up to 300 W, with a maximum current of 60A and
an operational voltage window up to 80 V. The
load is capable of generating internal waveforms
to perform dynamic loading with cycles up to
20 kHz and a slew rate of 10 A/µs, making it
adequate for this experiment, which demands load
profiles of up to 1450 Hz [62]. The current wave
forms of the modules are validated by using a
Pico TA189 30 A precision current probe and GW
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Fig. 9: The layout of the cell distribution in the experimental
setup includes the connected current shunt resistors and temperature
sensors. On the four labeled breadboards, the shunt resistors are
placed in parallel and connected to voltage-sensing wires. The
temperature sensors are visible on cells 1, 3, 4, 6, 7, 9, 10, and
12, secured with Kapton tape.

Fig. 10: Current profile of load module two with 850 Hz pulsating
waveform.

Instek GDS-1054B oscilloscoop, the waveform of
the 850 Hz profile can be seen in figure 10.
The load is connected in parallel to three power

supplies by a relay board that is controlled by
an Arduino. The relay switch between the load
and supplies is necessary to reduce signal noise
of the current waveforms deformed by the power
supplies parasitic input impedance. The purpose
of the three power supplies is to recharge the cells
during cycling at a rate of 1C per cell, which

will come to a total charge current of 9 A for
each cell group. The charging protocol is CC-CV
with a cut-off current of 300 mA per cell, 900
mA per cell group. To ensure that each group of
cells reaches 100% State of Charge (SOC), it is
necessary to isolate the groups during charging.
This approach mitigates the impact of varying
capacity fade that comes from the experimental
discharge profiles. Two digital mono channel
EA-PS 3080-20 C supplies are used, capable of
delivering up to 80V and 20A with a maximum
power rating of 640 W. The third power supplies
is a duo channel Keysight E36234A, capable of
delivering 80V and 10A and combined maximum
power of 400 W for each channel.

Temperature monitoring is conducted using a
Pico TC-08 equipped with eight thermocouples,
positioned on cells 1, 3, 4, 6, 7, 9, 10, and
12, which can be seen in figure 9 and 11.
Due to practical limitations within the setup,
only two out of three cells in each group are
monitored for temperature. Additionally, to verify
the homogeneous current distribution within each
cell group, the current of each individual cell
is monitored. This is achieved by measuring the
voltage drop across a precisely calibrated shunt
resistor, which is placed after each cell, and
translating this data back into current values with
the aid of a Pico Technology ADC-24 voltage data
logger. Finally, each group of cells is connected by
two sets of wires: voltage sensing wires, connected
to both the supplies and load modules, and current
feeding wires.
All the various systems are controlled by a
custom-made Python script, which not only
ensures adequate transition time between the
supplies and loads operations and settings but
also incorporates safety features to monitor for
any instances of overheating, over- and under
voltages. The cells are placed within cell holders
inside the experimental setup box. This assembly
is then housed within a secure, metal battery
storage compartment to ensure safety throughout
the experiment. A schematic overview of the
experimental setup can be seen in figure 11, while
the experimental real setup can be seen in figure
12.
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Fig. 11: Schematic diagram of the experimental setup used. The
green dotted lines indicate the temperature sensors, the blue dotted
lines represent the data USB cables, the red lines depict the positive
current wires, the black lines the negative current wires, and the pink
wires the current sensor wires. For readability, the voltage sensing
wires, which run parallel to the current wires, are omitted in the
figure.

Fig. 12: Experimental setup of equipment used

B. Cycle process

At the beginning of the experiment, each cell
was labeled, charged to 100% State of Charge
(SOC) with a cut-off current of 300 mA, and
then allowed to rest for one hour. This rest
period lets the cell’s diffusion reactions approach
a near steady-state equilibrium [8]. Subsequently,
the cells were placed in a cell holder connected
to the Solartron Analytica XM series for an
initial Electrochemical Impedance Spectroscopy
(EIS) measurement, conducted in galvanostatic
mode over a frequency range of 0.1 Hz to

10 kHz. Afterward, the cells were reinserted
into the experimental setup, attached to their
respective temperature sensors, and discharged at
a continuous dc discharge profile of 1C rate to
establish their initial capacity. Once completed, the
relay board is engaged to initiate recharging of
the cells to 100% SOC until the group current
cut-off of 900 mA was reached. This initiated
a 5-minute rest period after disconnecting the
supplies from the loads by opening the relay board.
After this rest period, the load modules were turned
on to their specific discharge profiles. Discharge
was terminated when cell voltage dipped below
2.7V for more than 3 seconds. Following another
5-minute rest. This process was repeated for 75
cycles, after which the cells were charged to full
capacity once more. An hour’s rest later, a second
EIS measurement was conducted, and the cells
were all discharged at a continuous 1C dc load to
determine the capacity of each cell. This procedure
marked the start of the subsequent sets of 75
cycles.

V. RESULTS AND INTERPRETATION

The cells were cycled for 375 cycles, resulting
in approximately 85% State of Health (SOH).
The following subsections present the results of
three measurement domains: capacity fade, cell
temperature, and EIS & ECM parameter analysis.

A. Capacity fade analysis

The cells were cycled over time, and after each
75 cycles, their capacity retention was measured.
Figure 13 illustrates the slope of capacity fade for
the four different cell groups. Table 1 displays the
capacity fade in comparison to the initial capacity
of each cell group. Notably, the capacity fade is
highest for the 850 Hz pulsating group, at 13.93%,
followed by the dc discharged group at 12.81%.
The 250 Hz discharged group performed the best,
with a capacity fade of only 12.19%. The 1450
Hz group split the experimental results, showing a
capacity fade of 12.53% over 375 cycles. It should
be noted that the largest difference in individual
cell capacity across all cells was 1.8%.

The standard deviation between the cells’
capacities within the groups increased from dc,
850 Hz, 1450 Hz and 250 Hz respectively. The
maximal difference between the highest and lowest
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cell in the 250 Hz group was 1.47% with respect
to the average capacity of the group.

Fig. 13: The slope of the capacity fade of the four groups over the
span of 375 cycles

B. Cell temperature analysis
Looking from a temperature point of view, the

variation over a single cycle at the 315th cycle
is illustrated in figure 14. The graph shows that
during the discharging part of the cycle, the cells
in the pulsating groups exhibit more rapid heating
compared to the group discharged continuously
at dc. However, during the charging process,
in which all the cell are being charged with
the same CC-CV 1C protocol, the continuously
dc-discharged group heats up more and eventually
reaches a higher temperature compared to the
groups of cells discharged with pulsating currents.
The maximum temperature is reached by the
250 Hz pulsating group, closely followed by
the 850 Hz and 1450 Hz groups. The largest
temperature difference within the pulsating groups
is 1.72◦C, while the peak difference between the
highest (250 Hz) and the lowest (dc) at the end of
discharge reaches 4.18◦C. Looking at the shape
of the discharge profile, the cell groups all seem
to have the same pattern. This can be explained
by the fact that the cells have a higher internal
resistance when cell’s temperature is relatively
low, which is the case in the beginning of the
discharge profile. With the SOC lowering during
the discharge cycle, the cells’ heat generation
drops due to an enhanced ionic transfer, which
in turn lowers resistance. Consequently, the cell
experiences a phase of heat generation which is
stable, eventually creating a somewhat temperature

plateau. As the SOC further declines, the charge
transfer resistance increases due to the cathode
becoming increasingly saturated with lithium-ions.
Consequently, while the current remains constant,
the cells’ heat generation will increase again [3].

Fig. 14: Temperature profile of the four groups of cells during
the 315th cycle. This graph displays the average temperature,
calculated from two out of three cells equipped with sensors in each
group. Approximately at 800 seconds, the discharge commences,
continuing until 3900 seconds, marking the beginning of a 5-minute
rest period. Subsequently, around 4200 seconds, the charging cycle
initiates. The graph slope clearly shows the temperature decrease
when the CV starts and the current drops.

Upon the starting point of the charging half
cycle, the dc group temperature slope is notably
steeper and reacts faster than the pulsating groups.
Heating up almost instantaneously and eventually,
nearing the end of the CC charging protocol, the
maximum temperature reached by the dc group is
1.37◦C higher than the pulsating groups. While the
pulsating cells seem to react only slightly when
the charging begins, the slope increases briefly,
followed by a section in which the temperatures
even drops. In contrast, the dc group does not
experience this temperature drop and continues
to rise, although the slope is less steep. It is
crucial to also consider mass temperature inertia,
which delays and stretches the temperature rise
measured at the surface of the cell in comparison
to the temperature inside the cell. This implies
that when the pulsating cells had a higher internal
temperature, the internal temperature would cool
down slower than the surface temperature. Upon
the initiation of charging, the heat generation
increased, warming up the cell. However, since
the internal temperature of the pulsating cells
was still higher, leading to lower resistance, the
external temperature did not respond as quickly
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TABLE 1: This table details the observed total capacity of the four different groups subjected to varying discharge frequencies. The
capacity measurements were recorded at specific cycle intervals, denoting the progressive degradation of the cells. The last two columns
provide the absolute and relative capacity fade, highlighting the impact of discharge frequency on the battery’s cycle life.

Cell
group

[#]

Frequency
(Hz)

Total
capacity
Cycle 0

[Ah]

Total
capacity
Cycle 75

[Ah]

Total
capacity

Cycle 150
[Ah]

Total
capacity

Cycle 225
[Ah]

Total
capacity

Cycle 300
[Ah]

Total
capacity

Cycle 375
[Ah]

Total
capacity

fade [Ah]

Total
capacity
fade [%]

1 0 8,985 8,535 8,262 8,053 7,834 7,7039 1,151 14,25%

2 850 9,022 8,503 8,230 7,983 7,766 7,6515 1,257 15,20%

3 250 8,845 8,467 8,191 7,987 7,766 7,6770 1,078 13,20%

4 1450 8,890 8,463 8,205 7,999 7,777 7,6655 1,114 13,78%

at the start of the charging cycle. In contrast,
the internal temperature of the DC cell group
was lower due to less heating during discharge,
resulting in higher resistance and, consequently,
greater heat generation at the beginning of the
charge cycle.

Fig. 15: Temperature profile of the four groups of cells during
a collective dc retention measurement cycle. This graph displays
the average temperature, calculated from two out of three cells
equipped with sensors in each group. At approximately 500 seconds
the discharge start, until 3700 seconds, which initiates the 5 minute
rest period, after which at approximately 4000 the charging cycle
starts. Noticeably, the dc cycled cells remain higher in temperature
during the collective dc charging and dc discharging cycle.

During the capacity retention test, conducted
at the end of each 75 cycle period, it was
observed that the dc cell group registered the
highest temperatures during both charging and
discharging phases. This occurred when all cells
underwent a collective dc cycle, as depicted in
figure 15. During this cycle the relative SOC and
charging current where identical, having only a
slighter higher charging time difference between

the cells which was within one minute of each
other. The fact that the dc group 1 experienced
a higher temperature slope during the charging
part of the normal cycling period, as well as
during both the charging and discharging phases
of the dc capacity measurement cycle, disproves
the notion that the observations are insignificant
due to potential measurement noise.

It is worth noting that the difference between
charging and discharging temperatures seem to
be counter intuitive with the previous proposed
hypothesis of lowering polarisation gradients
during pulse discharging. In order to validate if
any resistance is indeed higher at the dc cells, an
analysis of the EIS in combination with the ECM
is considered in the next analyse section.

C. Electrochemical Impedance Spectroscopy
analysis

After every 75 cycles, an EIS measurement
was conducted on each cell. Figure 17 depicts the
average impedance of each group at cycle 0 and at
the end of cycle 375. As observed in figure 17, the
most significant impedance growth is attributed to
the 850 Hz pulsating discharge group 1, followed
by the dc discharged group 2. Groups 3 and 4,
operating at 250 Hz and 1450 Hz, respectively,
exhibit a similar but lower impedance rise over
time. It can also be observed from figure 17 that
the impedance rise is primarily present in the
second semi-arc in the mid-frequency range.
The cells were placed in a cell holder during
cycling and transferred to another cell holder
for EIS measurements. Because the cells needed
to be swapped for measurement, the physical
connection of the Solartron EIS equipment to
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the cells’ terminals was not optimal. Efforts
were made to improve connectivity while
maintaining repeatability. Nevertheless, due to
this experimental design, the data points of the
ohmic resistance shifted by a maximum of 14.4%
between measurements, approximately. Nickel
plated tabs were spot welded on the new cells to
see the impact of this resistance deviation and
showed an approximately 5 mΩ difference with
the cell holder measurements. However, the shape
and other element values, apart from R1, remained
consistent between measurements. Therefore, the
impact of the shift in R1 is not considered in
the analysis due to the limited precision in the
measurement setup.

Fig. 16: Equivalent circuit model used in the experiment to fit the
EIS measurement on using Z-view software.

The EIS measurement was curve-fitted by
Z-view software to match the equivalent circuit
model shown in figure 16. The values of the
parameters for each group at cycle 0 and
375 are shown in table 2. It is shown that
the double-layer capacitance, particularly of the
second RC element, increased drastically for all
groups. The double-layer capacitance of both the
250 Hz and 1450 Hz pulsating discharge groups
exhibited particularly substantial growth. The
ohmic region and first semi-cycle demonstrated
a more uniform degradation pattern across all
groups, with the DC and 850 Hz groups exhibiting
a slightly larger increase in the first semi-arc. A
noteworthy observation is the increase of charge
transfer resistance 31% and 34% for the 250 Hz
and 1450 Hz pulsating groups respectively, while
the charge transfer resistance of the dc and 850
Hz groups increased significantly, approximately
doubling, 89% and 130% respectively.

The interpretation from both the EIS analysis
and the capacity fade analysis are consistent,
indicating that the group with the highest increase
in the EIS measured semi-arc corresponds to the
group with the highest capacity fade. The findings

of T.P. Heins [39], do align with the observed Rct
values in relation to capacity fade, indicating that
a greater increase in Rct corresponds to a more
present capacity fade. While the 250 Hz and 1450
Hz groups exhibited the least degradation and the
smallest growth in the EIS second semi-arc.

VI. DISCUSSION

To formulate an explanation for this observed
behavior, the logical starting point is to revisit the
degradation pathways of a cell, as illustrated in
figure 4 and explained in detail in the appendix.
The fundamental causes of cell degradation are
typically simplified in an ECM to match EIS
responses. Degradation modes include loss of
lithium inventory (LLI), loss of active material
(LAM), reduced kinetic reaction speed, and
increased electrical path resistance, which are
illustrated in figure 4. These are influenced
by several factors, including SEI formation,
electrolyte decomposition, and transition metal
dissolution.

Findings showed that during collective
DC charge and discharge capacity retention
measurements, the temperature differences
between the groups was small. However, they
remained consistent even after re-calibrating
the cell temperature sensors, suggesting a
non-negligible effect. The higher temperature
observed in the dc-cycled group 1 during charging
and discharging indicated greater heat generating
losses compared to the 850 Hz group. However,
EIS measurements indicated higher impedance
and ECM parameter values for the 850 Hz group
2 than the dc group 1, presenting a contradiction.

Hence, the hypothesis is that the 850 Hz
pulsating group 2 may have experienced a different
degradation pathway compared to the dc group
1. Considering the degradation processes, the
question comes up what might cause a relatively
higher capacity fade in the 850 Hz group 2 without
significantly affecting ohmic impedance, which
would otherwise lead to higher heat generation
during the dc capacity retention test.

The review analyzing EIS measurements and
their link with degradation mechanisms [52], as
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Fig. 17: The change in EIS measurement graph between cycle 0 and cycle 375.

TABLE 2: Equivalent circuit model parameters at 0 cycles and after 375 cycles.

Cell parameters Cycle 0
dc

Cycle 375
dc

Cycle 0
850 Hz

Cycle 375
850 Hz

Cycle 0
250 Hz

Cycle 375
250 Hz

Cycle 0
1450 Hz

Cycle 375
1450 Hz

L1 [μL] 0,301 0,322 0,302 0,318 0,303 0,328 0,298 0,328

R1 [mΩ] 24,688 20,673 26,103 19,67 24,959 18,001 26,078 17,08

R2 [mΩ] 2,636 1,129 2,681 1,228 2,693 1,033 2,627 1,024

C1 [F] 0,098 0,308 0,102 0,306 0,093 0,394 0,096 0,398

R3 [mΩ] 2,829 5,347 2,759 6,348 2,991 3,928 2,949 3,960

C2 [F] 0,472 8,104 0,497 7,872 0,450 9,046 0,452 8,700

seen in figure 5, suggests that an increase in
the second semi-arc could result from significant
cathode-related degradation. The pulse discharge
at 850 Hz could have enhanced particle cracking
and CEI formation. Resonant vibrations oscillating
at this frequency can cause small cracks in the
NMC particles, which may grow over time, leading
to the fragmentation of the cathode material and
resulting in a loss of active cathode material. On
the other hand, the higher temperature observed
in the dc cycled cell during the 1C discharge
and charge cycles suggests increased internal
resistance, possibly due to the growth of the
SEI layer on the anode. SEI growth is the most
commonly observed degradation phenomenon in
normally operating lithium-ion cells [44].

The cathode related degradation in dc cell
group 1, indicated by also a significant increase
in the second semi-arc, can be attributed together
with the higher temperature of these cells during
collective dc cycling to be caused by transition
metal dissolution from the cathode active material

into the electrolyte. These transition metals are
drawn to the lower potential of the anode where
they react with the SEI layer, forming a thicker
or more resistive SEI layer [3]. This higher
resistive SEI layer leads to more heat generation
during collective dc cycling in comparison to the
pulsating groups.

These distinct degradation pathways might be
a plausible explanation for the counter-intuitive
observations seen in the results, where the
highest second semi-arc and capacity decay did
not correspond to the group with the highest
temperature during identical dc cycling. This
explanation of difference in degradation pathways
mentioned could be validated by doing ex-situ
destructive research on the cells. Using Scanning
electron microscopy (SEM) to look at the surface
roughness and X-ray photoelectron spectroscopy
(XPS) could be used to determine the structure
and composition of the SEI layer compounds on
both the electrodes and in the electrolyte.
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VII. CONCLUSION

This study presents a comprehensive analysis of
experimental research on the degradation effects
of pulse discharging on lithium-ion cells. Through
experimentation and detailed Electrochemical
Impedance Spectroscopy (EIS) analysis, it is
shown that different pulse discharge frequencies
notably impact cell degradation. Interestingly, cells
pulsed at approximately 850 Hz, corresponding
to the frequency of minimum impedance fZmin,
exhibited the most significant degradation which
was predominately observed in the second
semi-arc of the Nyquist plot. These EIS results
suggest that cathode related degradation is a
primary contributor to this notable decay. The
degradation pattern of the 850 Hz cell group 2
may be more closely related to CEI formation
and mechanical stress, leading to capacity fade
and more pronounced EIS changes. In contrast,
the degradation pattern in the dc-cycled cell
group 1 suggests cathode related degradation as
well as anode-related degradation, particularly
SEI layer growth, resulting in higher operational
temperatures. The different cycling methods
impose various stressors on the cell components,
leading to these distinct degradation pathways.
These finding contradicts the notion of optimal
efficiency found during pulse charging at fZmin.
The theory of this found charging regime is
that pulsating current drawn from the cell
reduces over-potential at the electrode-electrolyte
interface. This lower over-potential results in
higher uniformity of current distribution and
conductivity, which then suppresses degradation
processes such as electrolyte decomposition,
SEI formation and transition metal dissolution
ultimately leading to higher capacity retention.
While some studies have reported the detrimental
effects of pulse discharges and charges, others
have found neutral or positive outcomes. The
capacity fade observed in the 850 Hz group
aligns with the findings of G.W. Ngaleu [8], who
noted a significant increase in capacity fade with
high-frequency pulsating charge and discharges.
However, the relatively stable performance of the
250 Hz and 1450 Hz groups found in this research
suggest another optimal pulsating frequency then
the one found by the conventional pulsating

charging research.

This difference in findings highlights the unique
and complex behavior of lithium-ion cells under
different pulsating conditions and suggests that a
one-size-fits-all approach may not be appropriate
for optimizing both charging and discharging
protocols. Further research is needed to reveal the
underlying causes of this behavior and to optimize
pulse discharge protocols for enhanced battery
longevity and performance. Ex situ experiments,
such as Scanning Electron Microscopy (SEM) and
X-ray Photoelectron Spectroscopy (XPS), could
offer much needed insights into the degradation
patterns and validate the hypothesis presented in
this paper. Additionally, future research focusing
on the effects of sinusoidal pulse waveforms in
comparison to the rectangular pulse used in this
research could provide valuable information for
optimizing discharge profiles and give insights into
their specific degradation mechanisms. In addition,
research in determining the optimal waveform
design could investigate pulse waveforms that
consist out of different duty cycles or a negative
pulse discharge followed by a much briefer
positive pulse charge which could enhance the
reduction of over-potential even further. This
study, therefore, gives reason to further study the
optimal regime for discharging the cell, although
shown to be of less importance in the past in
comparison to charging protocols, this study shows
that improvements can definitely be made in the
development of more durable and reliable battery
systems, by utilizing optimized discharge regime
of the lithium-ion battery operation.
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IX. APPENDIX

Abstract— Understanding the degradation processes of
lithium-ion batteries is crucial for further development
of high-performance lithium-ion batteries. The paper
highlights the four main causes of degradation: the
growth of the solid electrolyte interface (SEI) layer,
lithium plating, cathode metal dissolution, and particle
cracking and fracturing. From the user’s perspective,
degradation presents itself as capacity fade and or
power fade, which are caused by three main degradation
modes; loss of lithium inventory, loss of active material,
and impedance increase. This paper is made to give
a comprehensive overview of research into done on
the degradation processes within lithium-ion batteries.
It highlights the interconnected nature of degradation
processes and emphasizes the potential for optimizing
the electrolyte and employing advanced manufacturing
techniques to enhance cell performance and prolong cycle
life.

A. Introduction
Over the past decade, there has been a

significant surge in interest in lithium-ion battery
technology, primarily driven by its potential in
combating climate change and reducing reliance
on fossil fuels, particularly in the automotive
industry. This heightened interest has spurred
remarkable advancements in the technology, with
the development of larger and higher density
battery packs aimed at pushing the boundaries of
battery performance forward.

The shift from fossil fuel-based power to
electric power has stimulated the development
and research into gaining in-depth knowledge
of electrochemical processes and the overall
mechanisms surrounding the functioning
of batteries, especially lithium-ion batteries.
Extensive amount of reports and studies have
be conducted surrounding the degradation of the
batteries in pursuit to increase the overall lifetime
of the cells. The shear size of papers surrounding
the complicated and multidisciplinary topic of
battery degradation makes fully understanding
and learning the mechanisms of degradation time
consuming and difficult. This paper is aimed at
delivering the present knowledge of the scientific
community in one comprehensive paper to limit
the amount of studies and documents that needs
to be read in order to comprehend the topic at
hand.
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Different review papers have already done this
work in their own fields. J. P. Pender et al. [15]
has done this in the field of electrochemistry in
the scope of different electrode materials and
their challenges. Woody et al. [63] has refined
the effects of best practise use of LIB and how
the lifetime of li-ion batteries can be extended by
looking at the State of Health (SoH) deterioration
over a range of user-defined parameters. J. Li
et al. [64] elaborated on this knowledge by
creating a single particle physical model which
was able to predicted the capacity fade over time.
Other models, significantly reduce computational
requirements by relying on empirical data-driven
approaches.

The purpose of this paper is to summarize the
main points and findings of these papers, among
others, in order to present a clear picture of the
current state of degradation research.

B. Battery Cell Characteristics: Setting the
Foundation

Overall a battery cell can be broken down to four
elements the anode, the cathode, the electrolyte
and the separator. Furthermore can the anode
and cathode be sub sectioned into the electrode
material, the binder and the current collector.
Figure 18 shows these elements in detail and how
the interact with each other.

The electrode with the highest potential is
mostly referred to as the cathode of the cell
(connected to the positive terminal), while the
electrode with the lowest potential is referred to
the anode (connected to the negative terminal).
Of mostly used lithium-ion batteries, the positive
electrode referred to as the cathode is typically
built out of transition metal oxide material that
can undergo reversible delithiation. Significant
research has been conducted in the field of cathode
material design, given its substantial impact on the
overall energy density of the cell. According to
P.J. Pender et al. [15], the cathode accounts for
approximately 41% of the total weight of the cell,
thus significantly impacting energy density.

The second electrode consist typically out
of graphite or carbon composites which can
intercalate lithium-ions and is referred to as the
anode. Substantial research is also conducted in

Fig. 18: Diagram illustrating the layout of the primary components
that comprise a battery. [16]

this domain due to the intrinsic nature of the
anode and the degradation process resulting from
the formation of the Solid Electrolyte Interface
(SEI) layer which forms between the active
material of the anode and the electrolyte [34].
Other promising candidates for anode materials are
silicon, soft carbon, graphene and lithium titanium
oxide (LTO).

Both electrodes are coated on a metal
conducting current collector connected to the
terminals of the cell, with the help of a binder
material which acts as the glue between the active
material and the current collector and allows for
good electrical connectivity. On the cathode the
current collector material is aluminum while the
anode uses a sheet of copper to conduct the current
to the terminals. This difference is material is
required to the electrochemical potential of both
material, with aluminum having a higher potential
and thus more stable against the higher potential
of the cathode, avoiding unwanted redox reaction
between the cathode active material and the current
collector. Within the cell, during the charging
process, lithium-ions are delithiated from the
cathode’s structure and migrate towards the anode.
At the anode, the Li+ ions undergo lithiation into
the graphite and recombine with electrons that
have traveled trough the external connected load.

In the discharge setting, the opposite reaction
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takes place, allowing for the delithiation of the
Li+ ions in the anode and the lithiation inside the
cathodes crystalline structure. The active materials
in both electrodes must be capable of intercalating
Li+ ions over multiple cycles. The ability of
these active materials to undergo lithiation and
delithiation reactions, as well as their response to
the associated mechanical and chemical stresses
while maintaining crystal stability throughout
these cycles, significantly impacts the cycle life of
the battery.

The challenge in electrode material development
lies in the ability of the active material to
keep its functionality over multiple cycles, while
at the same time achieving high energy and
power density and also maintaining mechanical,
chemical, and thermodynamic stability.

The two electrodes are isolated from each
other by a separator in between the electrodes,
which allows the transport of ions but acts as a
barrier for electrons. These layers are in most
commercial batteries drown in a liquid electrolyte
which enables fast ionic transfer between the two
electrodes.

C. Exploring the causes of degradation
The degradation process of batteries can be

divided into two noticeable main parts; capacity
fade and power fade. Both have their own
underlying causes, which are also depended
on each other. Looking at the characterizing
degradation phenomenons, three main modes can
be distinguished.

1) The Loss of Active Material (LAM),
which refers to the mechanisms that reduce
the amount of active material available for the
electrochemical intercalation reaction of lithium.
These mechanisms include side reactions that
occur in the cell, leading to a decrease in the
active material capable of participating in the
reaction on both the current collectors and the
electrolyte.
2) The Loss of Lithium Inventory (LLI), which
refers to the mechanisms that decrease the amount
of lithium-ions available to participate in the
intercalation and delithiation cycle process. These
mechanisms result in a reduction in the available
lithium-ions for the electrochemical reactions.

3) The increase in internal impedance of the
cell, which refers to the mechanisms that hinder
the transport of ions between the electrodes and
the increased electrical resistance of the current
collectors. These mechanisms lead to an overall
increase in the internal impedance of the cell,
affecting, typically, its power performance, leading
to power fade.

All three main characterized phenomena
are interlinked with each other, making the
degradation of lithium-ion cells a complex
endeavor. To begin explaining the degradation,
we first examine the anode, which is typically
strongly affected by the formation and growth of
the Solid Electrolyte Interface (SEI), as well as
lithium plating. Next, we explore the cathode,
where similar processes occur, including the
formation of SEI and dissolution of transition
metals into the electrolyte, which can have a
cascading effect on the anode’s SEI formation.
Finally, we consider the mechanical stress and its
impact on the cell’s performance while assessing
any potential negative or positive feedback loops
that interconnect the degradation mechanisms
with each other.

D. Anode material
1) SEI layer formation: The formation of

the SEI layer on the anode refers to the layer
that develops on the surface of the electrode,
typically graphite, as a result of the interaction
between the pristine graphite and the electrolyte.
The organic electrolyte used is typically the
salt liPF6 combined with other solvents, namely
ethylene carbonate (EC), dimethyl carbonate
(DMC), diethyl carbonate (DEC), and methyl
ethyl carbonate (EMC) [66]. Graphite creates
a potential with 0.2V versus lithium, which is
advantageous due to its positive impact on the
cell’s operating potential. However, this potential
also poses a challenge as it increases the risk
of electrochemical instability of the electrolyte
which becomes unstable at potentials below 1.0V
[34]. This low potential of graphite allows for the
occurrence of electrochemical side reactions due
to the decomposition of the electrolyte, leading
to the formation of various inorganic and organic
compounds on the graphite surface [67]. If the
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Fig. 19: This figure provides an overview of the most significant degradation mechanisms occurring inside lithium-ion batteries (LIBs).The
most pressing processes are indicated in green, while the additional mechanisms are shown in dark red.[65][3].

anode operates outside the electrochemically
stable window of the electrolyte, the liPF6
solvents will react strongly with EC and DMC,
resulting in the production of gases (CO2, CO,
and H2) within the cell. Additionally, ionically
conductive but electrically insulating particles
will form and bond to the surface of the anode
[68]. These particles consist of, among other out
of lithium carbonate (LiCO3), lithium ethylene
dicarbonate (CH2OCO2Li)2, lithium methyl
carbonate (CH3OCO2Li), lithium oxide (Li2O),
and lithium fluoride (LiF) [69].

During the initial formation of the SEI layer,
the reactions are highly aggressive and rapid.
According to studies approximately 10% of the
lithium-ion capacity of the cell is lost during
the first cycle due to the rapid formation and
consumption of lithium-ions on the electrode
surface [3]. Following this initial cycle, the SEI
layer acts as a protective barrier between the
electrolyte and the graphite, effectively slowing
down the process of SEI formation. The process
can be compared to the oxidation reaction with

oxygen on the surface of pristine aluminium,
protecting the aluminium from further oxidation
deeper in the material.

Nevertheless, in lithium-ion cells, the protective
layer of SEI formed during the first cycle is not
entirely adequate to completely prevent the growth
of SEI, and over time, the SEI layer is prone
to grow. This mechanism occurs due to various
factors;

Firstly, the exposure of a new pristine
graphite surface to the electrolyte resulting from
mechanical stress caused by the volume changes
between the lithiation and delithiation states of the
graphite electrode. When the anode is lithiated,
the overall volume of graphite containing the
lithium-ions expands to accommodate the space
for the lithium-ions. During delithiation, the
graphite layers contract again, reducing the
volume they occupy. The cycling of a cell,
therefore, introduces mechanical stress due to
the contraction and expansion of the graphite
structure, resulting in cracks in the SEI layer on
the surface of the graphite. These cracks open up
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new fresh graphite to the electrolyte, allowing the
SEI layer to grow again.

Additionally, solvent molecules from the
electrolyte can diffuse through the present SEI
layer and reach the graphite. The solvents will
come into contact with the graphite and due to its
low potential will react with it to create further
SEI layer compounds.

Furthermore, the dissolution of transition metals
from the cathode, along with the build up of
lithium-ions (lithium plating) on the surface of the
SEI layer, can further contribute to the increased
formation of SEI on top of these metal deposition.

The growth of this SEI layer, by the
decomposition process of the electrolyte at
the anode surface, does not only contribute to the
loss of lithium, but also increases ionic transfer
resistance and therefore increasing the overall
impedance of the cell. Consequently, SEI layer
composition affects to both capacity fade and
power fade.

The fact that SEI grows due to decomposition
of the electrolyte at low potentials, explains
why Lithium Titanate Oxide (LTO) has gained
traction in the battery domain. The strong crystal
structure and consequently its low volume change
during lithiation and delithiation, combined with
its relatively high operating potential that falls
within the stable voltage windows of commonly
used electrolytes, make this anode material
mechanically and chemically stable [34]. As a
result, the rate of SEI formation on the surface
is strongly reduced, leading to lower capacity-
and power fade over time. However, it must
be said that the higher operating potential of
the LTO anode also comes with a drawback: it
leads to a lower cell operating voltage, which
therefore reduces its energy density. Another issue
is the excessive amount of gas formation and the
relatively low lithium-ion diffusion speed inside
the LTO crystals makes the anode material still
challenging [70] [71].

2) Lithium plating: Lithium plating is referred
to the reaction of lithium-ions deposition into
metallic lithium on the surface of the electrode.

This phenomenon mainly takes place at the anode
during lithiation. The reaction typically takes place
when the rate of intercalaction into the graphite
lattice is lower than the charging rate, resulting
in an excess of lithium-ions that plate onto the
surface of the anode[72] [73]. Lithium plating can
occur when the cell is charged at low temperatures,
which leads to slow charge transfer kinetics and
low diffusion of lithium-ions. The low potential of
graphite to that of lithium (0.1 V Vs li+/Li) makes
lithium susceptible to plating [74]. Additionally, a
high state of charge (SoC) or even over-charging
the cell increases the likelihood of lithium plating
due to the lower intercalation speed into the lattice,
which is caused by the increased path resistance
of the lithium-ions into the graphite at higher SoC
[75]. The SEI layer is conductive for lithium-ions
but restive to electrons. Because of this, lithium
plating can only occur between the interface of the
graphite and the SEI layer [76]. During discharge
the plated lithium can undergo a process called
stripping in which the electrons are stripped from
the metallic lithium and lithium-ions are diffused
back into the electrolyte.

This process forms the basis of a fully metallic
lithium anode, which increases the energy density
to the theoretical capacity of 3860 mAh/g while
having the lowest electrochemical potential [15].
However, challenges persist regarding the extreme
reactivity of lithium with traces of moisture
and its reaction with the electrolyte, leading to
the formation of an SEI layer, which remains
an unsolved challenge [60]. Promising research
is done in this field which uses atomic layer
deposition (ALD) to create a protection layer
out of Al2O3 directly on Li metal with exquisite
thickness control to limit the SEI formation on
the surface [15] [60]. In this study, a 2 nm
thick layer was deposited on the electrode active
material which improved the cycle life with 250%.

The plated lithium in graphite-based batteries,
can further react with the electrolyte to form
a secondary SEI layer before a discharge is
applied to the cell. This layer traps the lithium
metal, preventing it from accessing its sources of
electrons and undergoing an oxidation reaction.
This trapped lithium is referred to as dead
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Fig. 20: The schematic illustration depicts the aging behavior of
a cell undergoing prolonged cycling, transitioning from linear to
nonlinear aging over time due to the onset of lithium plating [59].

lithium since it no longer contributes to the
battery’s operation, leading to irreversible capacity
fade. Not only lithium-ions are consumed during
this, the formation of the secondary SEI layer
also consumes electrolyte solvents as well and
contribute to pore clogging of the anode, which
again will increasing the impedance of the cell
[72]. The rate of lithium plating can be influenced
by the electrolyte composition. A study conducted
by Shi et al. demonstrated that electrolyte solvents
based on EC are more prone to lithium plating
compared to other solvent mixtures [77].

Another factor that influences the growth of
dendrites and lithium plating is the purity and order
of the graphite structure. Any contamination or
disorder will negatively affect the homogeneous
current distribution, which, in turn, leads to high
local concentrations of lithium-ions, increasing the
probability of plating.

Studies surrounding the degradation patterns
suggest that the capacity fade occurs quite linearly
with the number of cycles up to the point
where lithium plating becomes more dominant,
increasing the degradation to a non-linear slope
[3]. This is due to the hypothesis of the existing
positive feedback process of SEI growth and
lithium plating, which accelerates the capacity
degradation to a non-linear manner, seen in figure
20[59].

3) Anode mechanical degradation: As stated
before, the main mechanisms of degradation
inside a lithium-ion battery are due to the loss of
lithium inventory (LLI), loss of active material
(LAM), and increased impedance. Lithium-ions
can be consumed during the formation of

Fig. 21: The schematic illustration shows the constant buildup of
SEI layer compositions on the surface of silicon particles during
the excessive volume change between the lithiated and delithiated
states [79].

the SEI layer, as well as the formation of
metallic metal composition in the form of dead
lithium. Increased impedance can be attributed
to the increased thickness of the SEI layer, the
decrease in solvents due to their consumption
into the SEI layer, and the clogging of the
pores for lithium-ions in the graphite structure,
resulting in increased resistance, which occurs
with lithium plating. However, loss of active
material is not yet described in detail. Another
mechanism that decreases the cell’s capacity
and power performance is due to the loss of
active material due to particle cracking. As
mentioned before, volume expansion can fracture
SEI layer compositions, exposing fresh graphite.
However, the active materials on both electrodes
can also crack and fracture due to this volume
expansion during cycling. Heterogeneous current
distributions can not only lead to an increased
chance of lithium plating but also increase the
local stress on the active material, resulting in
fragmentation and eventually pulverization of
the electrode materials, which will again lead to
capacity and power fade.

This effect is particularly severe with silicon
based anodes. Although the theoretically specific
capacity of silicon is extremely high (4200 mAh/g)
[78], the stresses caused by its 300%-400% volume
expansion during lithiation and delithiation states
are problematic. This expansion comes with the
price of low cycle life and high initial capacity
fade. A schematic figure showing this process is
shown in figure 21, reprinted by Wu et al. [79] The
cracking and fracturing of the active material can
electrically isolate certain parts from the current
collector, reducing the amount of active material
available for the cycling intercalation reactions

32



as well as trapping lithium-ions, resulting in
capacity fade [80]. This effect is proven to be
directly related to each other by Laresgoiti et al.
[81] who showed that capacity fade was directly
proportional to the amount of mechanical particle
stress.

Mechanical stress is intensified at higher
temperatures, which also brings thermal
stress, causing more fracturing and cracking.
Additionally, low temperatures can make
the graphite brittle, increasing the chance of
mechanical failure [82]. Temperature gradients in
the cell can further induce heterogeneous current
distributions, resulting in more heterogeneous
local mechanical stresses. This, in turn, leads
to fractures and cracking due to the uneven
distribution of mechanical forces.
In addition to the losses of active material and
mechanical stress in the active materials, the
non-active materials can also experience fatigue.
In order to properly coat the active cathode and
anode material onto their corresponding current
collector material (copper and aluminum), a binder
is used to facilitate the appropriate electrical and
mechanical connection between the two materials.
This binder can also experience decomposition
and mechanical stress, leading to delamination
of the active material and the current collector.
Which in turn increases the electronic pathway
resistance, which creates more heat and thus
lower cell efficiency. Additionally, decomposition
products of the binder can form SEI compounds
on the surface, leading to the consumption of
lithium-ions in the process and thus leading to
capacity fade [83].

E. Cathode material
Although it is thought that the anode is the

dominant factor in lithium-ion degradation [3],
cathode materials can also have a significant
influence on capacity and power fade, and even
enhance anode degradation. In contrast to the
commonly used anode material like graphite,
the choice of cathode material does vary more
from battery to battery. The most commonly
known cathode materials are layered or spinal
metal oxides such as LiCo2 or the even more
widely used lithium nickel manganese cobalt

LiNixMnyCozO2 (NMC) or lithium nickel cobalt
aluminium LiNixCoyAlzO2 (NCA). Another very
popular structure nowadays is the olivine crystal
called lithium iron phosphate (LiFePO4, LFP).
Both have their own advantages but overall NMC
has the higher energy density while LFP has a
more stable structures allowing for prolonged cycle
life and safety.
The NMC cathode-based batteries can differ from
each other in terms of the distribution ratio
between the metals. Each metal in the NMC
cathode material (Nickel, Manganese and Cobalt)
has its own unique characteristics, and by mixing
them in certain ratios, a cathode material with the
desired performance can be created.

F. Degradation LFP cathode material
Lithium Iron Phosphate (LFP) offers advantages

compared to layered metal oxide cathodes like
NMC or NCA, as it is significantly more stable
and robust. This stronger and stable structure
comes from the 3D olive structure of the cystral,
which harnesses the strong covalent bond (electron
sharing of the outer shell) between phosphor and
oxygen. For instance, the volume change of LFP
between fully lithiated and delithiated states is only
6.77% [84], compared to 12.0% for graphite [85],
resulting in lower mechanical stress and therefore
less mechanically induced degradation. However,
it has a lower specific capacity, and its crystal
structure is less conducive to the diffusion of
lithium-ions and electrons. These issues have been
addressed by nano-structuring the LFP, increasing
its surface area, and reducing the diffusion path
length for lithium-ions. Additionally, improving its
conductivity through the application of a carbon
coating has made this material a viable option for
commercial lithium-ion batteries.

Through coating and sizing manufacturing
processes, the LFP cathode material has almost
approached its theoretical limit of 170 mAh/g
while maintaining a good cycle life. The cathode
material exhibits minimal mechanical degradation
due to its strong and stable structure, to the extent
that the binder material (PVDF) in commonly used
LFP batteries is reported to be a more critical
factor in this cathode mechanical degradation [86].

1) Fe2+ dissolution: Nevertheless, LiFePO4
cathodes still suffer from transition metal
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dissolution, similar to NMC cathodes. The Fe ions
can dissolve into the electrolyte in the presence of
acidic molecules. This ’acid attack’ can occur due
to trace amounts of moisture in the cell, which
react with the electrolyte solvents, resulting in the
formation of HF from LiPF6. The HF dissociates
into ions of H+ and F–. Two H+ ions can replace
one Fe2+ ion inside a LiFePO4 olive crystal,
forming LiH2PO4 which can block lithium-ion
diffusion into the lattice. The Fe2+ ions then
dissolve into the electrolyte, either reconciling
with an electron to form metallic iron or reacting
with the graphite of the anode. If the iron ions
dissolve into the electrolyte and migrate to the
anode, they form a solid electrolyte interface
(SEI) layer by reacting with the graphite. This
interaction with Fe2+ is likely to occur due to its
higher potential (-0.44V vs Lithium) compared
to lithium intercalation (-3.04V vs Lithium)[87].
This can lead to capacity fade and the loss of
active cathode and anode material. The dissolution
of Fe ions is particularly aggravated at elevated
temperatures, due to the accelerated generation of
H+ at higher temperatures [88] [87]. According to
one study, Fe dissolution and its catalytic effect
on SEI layer growth on the anode account for
nearly 17%-20% capacity fade compared to the
initial capacity [87]. Transition metal dissolution
in other cathode materials is different due to the
difference in structure between layered materials
like NMC and olive structure materials like
LFP. The olive structure allows iron dissolution
to occur almost exclusively in the presence of
traces of moisture, whereas for layered structures,
chemical instability during high lithiated or
delithiated states can already initiate transition
metal dissolution.

Interestingly, looking the other way around, no
clear cross-talk between anode degradation and
its influence on cathode degradation processes has
been found yet [85].

Different methods are employed to limit the
dissolution of iron. The use of coatings has
been proven effective in lowering the rate of
dissolution, as well as optimizing the electrolytes
specifically designed for the electrodes used. By
optimizing the electrolyte, it becomes possible to
address multiple degradation processes, making it

an increasingly important area of research.

2) LFP cathode CEI layer formation: The
Cathode Electrolyte Interface (CEI) is the SEI
equivalent for the cathode, similar to the anode.
The voltage curve for LFP-based cells is quite
flat, with a plateau voltage of around 3.2V
nominal. Due to this lower operating potential
compared to NMC or other cathode chemistry’s,
it remains in the stable voltage region of the
electrolyte. However, just as small amounts
of water still evaporates below 100◦C, small
quantities of electrolyte will still reacts with
the LFP crystals, forming a CEI layer. This
process can be aggravated by iron dissolution.
High temperatures, even during storage, can also
lead to increased SEI and CEI layer formation,
resulting in the consumption of lithium-ions.
During high-temperature cycling, phase-changing
structures were observed at the surface of the
cathode. Thickening layers of amorphous LiFePO4
were found, which increased the ionic transfer
resistance and lowered the capacity of the active
cathode material to store lithium-ions. High
state of charge (SOC) further exacerbates this
thickening of such an amorphous layer effect
during storage [89]. Although calendar aging
can lead to capacity fade and degradation, it is
estimated that this effect accounts for 10% to 30%
in comparison to cycle-induced aging [90]. While
low temperatures remain a concern for the graphite
based anode electrodes due to lithium plating, this
phenomenon has not been observed at the LFP
cathode surface during post-modem analysis [82].

3) LFP cathode mechanical degradation:
Although the crystal structure of the LFP in
the olive orientation is strong, mechanical stress
can still degrade the cell. Inhomogeneous current
distribution can heat up specific local parts of the
cathode, inducing higher thermal and mechanical
local stress gradients. This leads to cracking and
fracturing of the active material, binder, or CEI
layer. Consequently, this can result in accelerated
cell degradation due to the loss of lithium-ions
during new CEI formation and the loss of active
material due to electrically detachment of the LFP
crystal from the current collector.
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4) Degradation NMC cathode material :
NMC based batteries experience the same
chemical degradation processes as LFP cathodes.
However, NMC has a weaker, more unstable
crystal structure, allowing for a different process
of transition metal dissolution and more stress
induced cracking can be observed. During
lithiation and delithiation, the lattice structure
of NMC-based cathodes can undergo a phase
change from a layered structure to a disordered
spinel or even rock salts [3]. These crystal
structural changes not only induce mechanical
stress inside the lattice, resulting in cracking
and fracturing of the active material, but the
transition metals (Nickel, Manganese, and Cobalt)
can also dissolute and form a passivating solid
layer on the surface of the electrodes, CEI and
SEI layer formation. This solid layer consumes
lithium-ions and releases oxygen bonds in the
process. The released oxygen ions in this process
of metal dissolution, quickly react with the
carbonated solvents in the electrolyte, leading
to the decomposition of the solvents and the
formation of gaseous oxygen, carbon dioxide,
and other gases. Therefore the active material of
cathode, as well as the inventory of lithium and
electrolyte as reduced in the process.

The collapse and subsequent phase change in the
crystalline structure of NMC based batteries, occur
due to the oxidation of Ni2+ to Ni3+ and even
Ni4+. The Ni3+ and Ni4+ ions can migrate within
the structure, occupying Li+ sites, which obstructs
the pathway and reduces the cathode’s capacity to
store lithium-ions. This effect is referred to as the
Jahn-Teller effect, where an ion is occupying a
different site due to distortion leading to instability
inside the lattice [15]. The strongly oxidized
ions,Ni3+ and Ni4+, can also interact rapidly with
the electrolyte or undergo a reduction reaction with
lattice oxygen ions, resulting in the formation of
oxygen gas and Ni2+ ions. The oxygen gas can
react and degraded the electrolyte further. All the
pro’s and cons of each the transition metal inside a
NMC crystal structure are summarized by in figure
22 [91].

Interestingly, the combination of manganese
ions with nickel demonstrates greater thermal and

chemical stability in their structure compared to
solely nickel oxide or manganese oxide structures.
However, incorporating manganese and nickel into
the cathode material induces the ion mixing of
nickel within the structure, referred to as the
Jahn-Teller effect of distortion inside the lattice.
Also, manganese tends to dissolve out of the
structure and form solid electrolyte interface (SEI)
and cathode-electrolyte interface (CEI) layers
when it comes into contact with the electrolyte,
especially at high temperatures and high states of
charge (SOC).

By incorporating cobalt into the cathode
material, the dissolution of manganese is limited,
while overall stability of the lattice is enhanced.
It is worth noting that cobalt is not the only
element capable of delivering this stability; iron,
for example, exhibits similar capabilities when
mixed with nickel and manganese. However, the
addition of cobalt significantly boosts energy
density by enabling a higher cathode potential,
making it an attractive choice. However, it does
have its drawback, which is the instability of
organic electrolytes at high potentials, typically
above approximately 4.2 V [15].

The interest in nickel-rich cathodes stems from
its high energy density and the ethical concerns
surrounding cobalt mining. However, it has been
observed that higher ratios of nickel content lead to
greater volumetric changes and increased oxygen
release due to nickel mixing and disordering of the
lattice structure, resulting in the formation of rock
salts [92]. Consequently, several interesting studies
have been conducted to optimize the nickel content
without compromising stability and, consequently,
cycle life.

One of these studies aimed to create a
nickel-rich core with a nickel ratio of up to
0.9, which was surrounded by a shell composed
of manganese and cobalt [93] [94]. The stable
properties of manganese and cobalt were utilized
to accommodate the high energy capacity of
the nickel-rich core. In addition to this, another
complementary approach was proposed to protect
the nickel and manganese from interactions with
the electrolyte and enhance the chemical stability
of the lattice, which involved the application of a
surface treatment coating [95].
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The nickel-rich NMC cathode materials are of
interest for high-performance, high-energy-density
applications. The increased density is partly
attributed to the higher potential of the
cathode material. However, the higher potential
necessitates considering the electrochemical
stability of the organic electrolyte. Commonly
encountered electrolytes such as EC, DMC, and
MC exhibit stability within the potential range
of approximately 1.5 V to 4.2 V [3]. NMC
cathodes can achieve higher potentials, exposing
them to chemical instability, decomposition,
and degradation at these elevated potentials.
Consequently, there is growing interest in
optimizing the composition of the electrolyte to
increase cycle life of the cells.

G. Electrolyte
Currently, there are different types of

electrolytes being investigated and used for certain
LIB systems. However, organic liquid electrolytes
still occupy the sweet spot between performance
and cost-effectiveness [97]. The commonly
used electrolyte contains approximately 1 mol/L
LiPF6 in combination with organic solvents
such as EC, DMC, DEC, or EMC. Although
the competitive market, especially the EV car
industry, constantly pushes the boundaries of
energy density, electrolyte innovation has not
been a high priority due to its limited impact
on cell performance gain. This is because the
ionic transfer is not bottlenecked by the ionic
conductivity of the electrolyte but rather by the
intercalation diffusion kinetics into the electrode
lattice, particularly at the anode, to achieve higher
charging speeds.

Studies have even shown that reducing the
concentration of LiPF6 salt from 1.0 mol/L to
0.2 mol/L does not significantly affect the cell
performance [98]. However, the charge-limiting
factor is found to be closer to the SEI layer
kinetics, leading to further research on shaping
this layer with the use of additives in the
electrolyte solvents. The SEI layer is composed
of solvent compounds, so by tailoring the
mixture of molecules in the electrolyte, the
characteristics of the SEI layer can be adjusted.

For example, it has been found that adding lithium
bis(fluorosulfonyl)imide (LiFSI) to the solvent
mixture lowers the charge transfer resistance of
the SEI layer [99]. Additionally, incorporating
more inorganic solvents can help form inorganic
compounds in the SEI layer, enabling faster charge
transfer and enhancing stability [100].
Although the performance of the cell is not limited
by the electrolyte, the electrochemical stability
window of the electrolyte, ranging from 1.0 V
to 4.2 V, does have an influence on degradation.
When the anode potential falls outside this voltage
range, LiPF6 starts to react with solvents such as
EC and DMC, resulting in the consumption of
lithium and electrolyte, as well as the generation
of gases. Additionally, this process inherently leads
to the growth of the SEI layer. Interestingly, these
reactions can also produce H2O, which can rapidly
react with LiPF6 again, forming acidic species like
HF. This enables further reactions on the cathode
side, leading to the dissolution of transition metals
into the electrolyte and, in turn, promoting SEI
growth on the anode.

This interconnected chain of processes
illustrates the complexity and intertwined nature
of battery degradation; Almost all processes and
reactions are interconnected and influence each
other. A clear overview of the degradation modes
and interconnected effects can be seen in figure
23.

H. Conclusion
In order to understand the essential mechanisms

of battery degradation, a significant number of
papers have been read and summarized in this
paper to consolidate and present the information
in a more compact form. In the pursuit of
high performance lithium-ion batteries, a deep
understanding of the mechanisms surrounding the
degradation is vital. This paper highlights the five
primary causes of degradation, namely the growth
of the SEI layer, lithium plating, cathode metal
dissolution, and particle cracking & fracturing.
These processes are all interconnected with three
main underlying modes of degradation: loss of
lithium inventory, loss of active material, and
impedance increase. From the user’s perspective,
all these degradation modes result in two main
noticeable effects: capacity fade and power fade.
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Fig. 22: Showing the crystal structure of NMC based cathode at the advantaged and disadvantage of each transition metal in the structure.
that is, layered oxides like NCM.[96] [91].

Fig. 23: The complex interaction between the underlying degradation processes and their interplay in contribution to each other recreated
by inspiration from [3].
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These effects can only partially be controlled by
the user, having only influence on three external
factors that impact degradation: temperature, State
Of Charge (SOC), and charge/discharge profile.

Degradation does not follow a singular path
towards the end of a cell’s life; multiple paths
can be identified that lead to its end of use. The
interconnected nature of the processes occurring
inside the cell makes explaining and predicting
the non-linear degradation knee-point a complex
endeavor. One possible path that can be taken to
explain this behavior is the growth of the SEI layer,
which leads to increased anode over-potential,
thereby opening up the possibility of lithium
plating and further SEI growth. Some research
suggests that the onset of lithium plating is linked
to the non-linear knee-point of the degradation
trend. Another path would be that the growing
SEI layer consumes electrolyte, reducing the
ionic transfer conductivity, which can become
the primary bottleneck and cause non-linear
degradation if the conductivity falls below a certain
threshold, ultimately leading to cell drying. Or that
the metal dissolution and mixing of the transition
metals of the cathode crystal structure caused by
acid attack releases oxygen and SEI growth and
thus capacity and power fade.

The precise path that leads to the end of a cell’s
life is likely a combination of all the mentioned
degradation processes, which are determined by
the overall usage of the cell and its chemistry.

It is worth noting that the majority of
degradation research focuses on the anode side of
the cell, which is the electrode most affected by
capacity and power fade due to the ever lasting
growth of the SEI layer. However, the effects of
the cathode on SEI formation on the anode must
also be taken into account, particularly with the
industry trend of higher nickel-based NMC cells
that are prone to metal dissolution.
The final aspect that needs to be noted is
the potential of optimizing the electrolyte and
its solvents to increase cell performance and
slow down degradation mechanisms. Electrolyte
additives and electrode coatings are promising
methods that can be the next logical step to
improve the cell’s capabilities.

This paper aims to condense the interesting and
significant research being conducted in the field of
exploring degradation processes inside lithium-ion
batteries into a comprehensive document.

38


	Introduction
	Introduction of electrochemical theory
	Introducing electrochemical impedance spectrum (EIS) as method to measure degradation processes
	Analysis of EIS measurement using ECM elements
	Degradation mechanisms linked to EIS analysis

	Optimal pulsating discharge frequency
	Method and Experimental Setup
	Experimental setup
	Cycle process

	Results and Interpretation
	Capacity fade analysis
	Cell temperature analysis
	Electrochemical Impedance Spectroscopy analysis

	Discussion
	Conclusion
	Acknowledgements
	Appendix
	Introduction
	Battery Cell Characteristics: Setting the Foundation
	Exploring the causes of degradation
	Anode material
	SEI layer formation
	Lithium plating
	Anode mechanical degradation

	Cathode material
	Degradation LFP cathode material
	Fe2+ dissolution
	LFP cathode CEI layer formation
	LFP cathode mechanical degradation
	Degradation NMC cathode material 

	Electrolyte
	Conclusion


