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Study of aging mechanisms in LiFePO,
batteries with various SOC levels
using the zero-sum pulse method

Jiangiang Kang,"? Guang Yang,"? Yongsheng Wang,*** Jing V. Wang,** Qian Wang,* and Guorong Zhu*>

SUMMARY

Investigating the correlation between aging mechanisms and state of charge (SOC) can optimize cycling
conditions and prolong the life cycle of lithium-ion batteries (LIBs). A long-term cycle between a certain
SOC range is usually employed to study this correlation. However, this method necessitates a lengthy
period, running from months to years, prolonging the research duration significantly. The aging mecha-
nisms obtained through this method are a result of the coupling of various SOC levels; the aging mecha-
nisms at a specific SOC level are not accurately decoupled and analyzable. The proposed Zero-sum pulse
method, using symmetrical pulses with small SOC amplitude variations on SOC, can explore aging mech-
anisms of LIBs at a specific SOC level and reduce the time to less than a week, which significantly expedite
the research process. The aging mechanisms at 30%, 50%, 70%, and 90% SOC levels are explored to verify
the accuracy and timeliness of this method.

INTRODUCTION

In recent years, lithium-ion batteries (LIBs) have increasingly been utilized as a renewable energy source. Their applications span a wide range
of devices, including mobile phones, laptops, energy storage power stations, and Battery Electric Vehicles (BEVs).! However, researchers have
not yet got a thorough understanding of the aging mechanisms of LIB due to the diversity of electrochemical reactions involved, which
continue to hinder the further development and usage of battery in a wider range of scenarios.

Many possible battery degradation modes have been reported in literatures for various battery chemistries. It is frequently observed in the
literature that the aging mechanisms in LIBs are typically categorized into three primary degradation modes: loss of lithium inventory (LLI), loss
of active material (LAM), and conductivity loss (CL).”"'° In addition to these primary aging mechanisms, concurrent aging-related side reac-
tions also occur. These reactions are time-varying and nonlinear, adding another layer of complexity to the understanding of battery aging.
Furthermore, the unique aging characteristics of different LIBs, which result from their distinct chemistries, increase the difficulty in compre-
hending general aging mechanisms.

Two main phenomena in LIBs contribute to LLI
plays a pivotal role in the functionality of LIBs. This film forms on the surface of the anode material during the initial charge and discharge cycle
of a LIB.>" The formation of the SEI film depletes nearly 10% of lithium ions, leading to irreversible capacity fade and reduction of charge and
discharge efficiency of the electrode material. The other phenomenon that contributes to LLI is the formation of lithium dendrites, which is

I."" One is the cracking and regeneration of the solid electrolyte interphase (SEI). The SE! film

caused by lithium plating, i.e., not all precipitated lithium metal during discharge process is oxidized back into lithium-ion, but tends to form
dendrites on the anode surface instead. These dendrites can grow until piercing through the SEI film, causing the SEI film to consume lithium
ions to reconstruct.'® Researchers have studied the factors that affect the cracking and regeneration of the SEI film, as well as the formation of
lithium dendrites.'""*"® They found that the SEI film decomposes and regenerates more frequently under high temperature, which is attrib-
uted to the poor thermal stability of the organic components within the SEI film.'®"” Meanwhile, low temperature facilitates the growth of
lithium dendrites due to the kinetic instability of solvent molecules and electrolytes.'® What is more, overcharging, which indicates a battery
continuing to charge beyond its cut-off voltage, increases the overpotential across the anode resistance and reduces the anode potential to a
value less than O V (relative to Li/Li*), causing lithium ions to plate on the graphite anode instead of intercalating into it.'” In addition, when a
battery operates under high C-rate charging, the diffusion rate of lithium ions in the solid phase is slower than the electrochemical reaction
rate. This results in a higher surface diffusion rate of lithium ions compared to the internal diffusion rate, leading to the plating of lithium ions
on the anode surface.””
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The primary indicators of LAM are graphite exfoliation, transition metal dissolution, and structural disordering. These factors contribute
to capacity and CL. The performances of LiFePO, material and the electrolyte are adversely affected by high temperatures.'” At elevated
temperatures, the decomposition of the electrolyte, specifically PFs, markedly increases. This reaction of PFs with H,O leads to the pro-
duction of hydrofluoric acid (HF), which reacts with the cathode material to form spherical particles, thereby leading to structural disorder-
ing.”" It was discovered that traces of HF in the electrolyte can cause the disproportionation of Mn®* into Mn?* and Mn**, which results in
the dissolution of the cathode electrode metal from the lattice into the electrolyte.22 Consequently, cation contaminants such as Mn, Co,
and Fe are deposited on the anode electrode surface. When the discharge rate exceeds 3C, it has a detrimental effect on the graphite
anodes.” This leads to active material peel off from the battery electrode and a rapid increase in internal resistance, which in turn results
in LAM and CL.

Copper dissolution, aluminum corrosion, binder decomposition, and cracking are the signatures of CL.%* It found that during over-dis-
charging, the Cu foil is initially oxidized to Cu*™ and Cu?*.? These cations then diffuse from the anode side to the cathode side, where
they are reduced back to metallic Cu. This process is triggered when over-discharging causes the potential of the graphite anodes to rise
rapidly above the oxidation potential of Cu (3.92 V), leading to copper dissolution. Overcharging, on the other hand, causes the graphite
anodes to expand. The resulting mechanical stress leads to binder decomposition and cracking of the current collector, which in turn
causes CL.

During the charging and discharging process of LIBs, a voltage plateau is produced by the open circuit voltage (OCV) of the battery, which
is due to the equilibrium state of the internal chemical reaction. The method of the incremental apacity (IC) curve analysis can convert this
voltage plateau into a peak value, thereby providing an in situ, non-destructive method for analyzing the health status of the battery. A study
by Yu et al.?° presents a method for estimating the SOC of a battery based on the IC curve, particularly at high charging currents. The method
involves deriving SOC-IC functions that use the measured IC value to estimate the battery’s SOC. The effectiveness of the proposed method
is validated using various charging currents and battery packs with different numbers of batteries. Electrochemical impedance spectroscopy
(EIS) is a potent tool frequently employed to examine electrochemical processes in LIBs.?*?® The Battery management system (BMS) typically
monitors battery aging using capacity and power fade as indicators, as suggested by a study by Pastor-Fernandez et al.*
indicators fail to pinpoint the primary root causes of battery aging. Therefore, the use of EIS presents a novel approach to identify and quantify
aging mechanisms over time.

Various aging mechanisms under diverse operation conditions have been studied as shown previously. In the studies of battery oper-
ation conditions, factors such as temperature, overcharging, over-discharging, and high rate charging and discharging have been given
more attention than the operation conditions under various SOC ranges. Relatively few studies have explored the relationship between
SOC ranges and aging mechanisms. Wikner and Thiringer’” research the impact of aging under various SOC ranges for an electrified
vehicle; the experiment was conducted for 3 years. The battery cycled 8,000 times in the 10-20% SOC range and still does not reach
80% state of health (SOH).”**" Long-term cycles prolong the period of research significantly. At the same time, many of them focus solely
on the influence of SOC ranges on aging mechanisms. These articles usually put some SOC levels together to form an SOC range, so the
characteristics of aging mechanisms are the result of coupling of some SOC levels. Almost no research investigates the process of aging
mechanisms deeply at a specific SOC level. Thus, a comprehensive understanding of the exact aging mechanisms associated with a spe-
cific SOC level remains elusive. The Zero-sum pulse test method proposed in the work can explore the aging mechanisms of LIBs at a spe-
cific SOC level. The aging mechanisms at 30%, 50%, 70%, and 90% SOC levels are explored to verify the accuracy and timeliness of this
method.

The remainder of this paper is organized as follows. The part of the zero-sum pulse test method illustrates the theory of the Zero-
sum pulse method. The part of the experiments and theory outlines the procedure of the Zero-sum pulse test under different SOC
levels and other tests. The part of the results and discussion presents the results of the Zero-sum pulse test, the analyzation from IC
curve, and EIS as well as the result of battery disassembly. The part of the conclusion summarizes the conclusions and the novelty
of this paper.

However, these two

ZERO-SUM PULSE TEST METHOD

The Zero-sum pulse is characterized by a high-rate symmetric charging and discharging current pulse. As shown in Figure 1A, the total current
applied during both charging and discharging is equal, which implies that the net charging capacity is zero throughout the pulse. Conse-
quently, capacity should remain constant before and after the pulses. Figure 1B is the diagram with parasitic reactions; it consumes a part
of the applied current and makes capacity loss when parasitic reactions occur under the charging pulse conditions. This results in a lower
amount of current being used for the practical charge. Therefore, the existence of parasitic reactions causes the capacity to be lower than
it was before the Zero-sum pulse. V4 and V, represent the voltage of a cycle without parasitic reactions, while V3 and V4 represent the voltage
of a cycle with parasitic reactions. Itis evident that V, does not equal V; due to the presence of parasitic reactions, which also results in a loss of
applied current and capacity.

When a battery operates within SOC ranges, the capacity loss incurred is the sum of the losses at each SOC level. This makes it challenging
to determine the exact capacity loss at each SOC level and to identify which aging mechanism is triggered at a specific SOC level. The Zero-
sum pulse method offers the two advantages; one is enabling the battery to undergo hundreds of repeated Zero-sum pulse cycles at a given
SOC level. This allows for the accumulation of all external characteristics of an aging mechanism, such as voltage decrease, resistance in-
crease, and capacity loss. The other is short period of time, time that battery operates within SOC ranges is the sum of time at each SOC
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Figure 1. The theory of the Zero-sum pulse test method

level; thus, time is short when battery cycles under a specific SOC level. Therefore, the Zero-sum pulse testing method allows for the analysis of
these aging mechanisms at a specific SOC level.

EXPERIMENTS AND THEORY

To investigate the relationship between different SOC levels and aging mechanisms, after passing the capacity and resistance conformance
test, we selected 10 commercial 18650 LiFePO, power batteries from the same batch as our test subjects. In order to avoid the accidental error
and guarantee the reliability of results, these batteries were equally divided into five groups, with their parameters summarized in Table 1. A
NEWARE CT-4008-5V-12A battery test equipment was employed to test the batteries under different SOC levels. Throughout the testing
process, the ambient temperature was maintained around 25°C.

Reference performance test

We conducted a reference performance test (RPT) on the 10 batteries. The RPT consisted of three main tests: a 1/3C rate nominal capacity
test, a 1/20C rate capacity test, and a hybrid pulse power characterization (HPPC) test. The 1/3C rate nominal capacity test included an initial
capacity test, an end capacity test, and 8 times capacity tests that were performed regularly after every 500 Zero-sum pulses. The object of the
initial and end capacity test is to acquire capacity before and after the Zero-sum pulse test, and the aim of the 8 times capacity test during
experiment is to recalibrate the capacity per cycle so that make the battery operate at the target SOC level. The initial capacity test, conduct-
ed prior to the implementation of the Zero-sum pulse testing method, involved three full charging and discharging cycles. Each cycle included
a 1/3C rate constant current-constant voltage (CC-CV) charging and a 1/3C rate constant current (CC) discharging. Six hours following the
Zero-sum pulse testing, an end capacity test was conducted. The procedures for the end capacity test and the 8 times capacity tests were
identical to the initial capacity test. The 1/20C rate capacity test aimed to acquire the maximum available capacity and to calculate the IC
curve and the OCV-SOC curve. The process for this test was similar to the 1/3C rate nominal capacity test. The HPPC test was designed
to measure the ohmic resistance to verify the conformance of the battery, which guarantee the tested battery have a great consistency before
experiments. The entire experimental process is depicted in Figure 2.

Zero-sum pulse test

The voltage, current, and capacity were measured every second by the NEWARE CT-4008-5V-12A battery test equipment during the exper-
iment. The particular processes of the Zero-sum pulse testing method are shown in Table 2. Each group was charged to SOC levels of 30%,
50%, 70%, and 90% by step 1, respectively. A 4C charging and discharging pulse was maintained for a duration of 18 s, which represents 2% of
the total capacity. Thus, it can be seen that battery operates at a specific SOC level. Steps 1-4 consisted of a cycle and steps 3-4 are repeated
500 times per cycle. Steps 5-7 were used for capacity calibration per 500 Zero-sum pulses to rectify the deviation of capacity caused by the
aging at a given SOC level, and the cycle was carried out a total of 8 times. Figure 3 shows the experimental voltage curve and the partial
enlarged detail of the Zero-pulse test. The battery, through the process described previously, can maintain stable operation at a specified
SOC level. Moreover, the external aging characteristics observed at this specific SOC level can be interpreted as the result of the aging mech-
anism activated at that particular SOC level.
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Table 1. Specifications of battery under test

Iltems Parameter
Cathode material LiFePO4
Anode material Graphite
Nominal capacity (mAh) 2000
Charging cut-off voltage (V) 3.6
Discharging cut-off voltage (V) 2.5
Maximum charge and discharge ratio (C) 5

The IC curves

The 1/20C rate capacity test in the RPT aimed to acquire the maximum available capacity and to calculate the IC curve. The peak value of the
IC curve is indicative of changes in the voltage platform. When the battery operates at a voltage platform, it maintains a constant charging
current. Despite the increase in charging capacity, the battery voltage remains unchanged. This implies dV is small when the dQ changes,
resulting in a large dQ/dV value. The flatter the voltage platform of the battery, the larger the peak of the IC curve becomes. The calculated
formula of the IC (Equation 1) is used:

dQ At
dv AV
where dQ is the amount of current () accumulated at each sample time point and AV is the change of the terminal voltage between two sam-
ple time point.

IC = (Equation 1)
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Figure 2. The whole experiment procedure diagram
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Table 2. The particular processes of the Zero-sum pulse testing method

Step Condition Cut-off condition
1 1/3C-charge Target SOC level

2 Rest 3h

37 4C-charge pulse 18s

47 4C-discharge pulse 18s

5 1/3C-charge 3.6V

6 Rest 1h

7 1/3C-discharge 2.5V

°Step 3 and step 4 are repeated 500 times per cycle.

The IC curve for the graphite anode exhibits five peaks, each corresponding to a phase transformation process of the graphite (C;,
Css, C1g, C12, and Cy). However, only three of these peaks are discernible in Figure 4. The positive electrode undergoes a transformation
between FePO, and LiFePO,. This transformation process corresponds with the phase change process, which encompasses the single-
phase solid-state dissolution reaction stage and the pseudo-binary stage of Li,FePO, to Li;.,FePO,. The single-phase solid-state disso-
lution reaction stage is referred to as stage |, and the pseudo-binary phase transition, which involves a battery voltage plateau
stage with a potential capacity change exceeding 95%, is referred to as stage Il. Consequently, the three peaks of the anode are named
1*Il peak, 2*Il peak, and 5*Il peak, respectively.’”*® Dubarry et al.® suggested that 1*Il peak and 2*Il peak represent the phase
transition process of active materials. A larger quantity of active materials can lead to a more intense reaction and potentially a larger
corresponding peak value. Therefore, decline in the y axis of the IC curve are regarded as LAM. According to Ohm’s law, the terminal
voltage equals the electric potential minus the internal resistance times the current. As the ohmic internal resistance increases with the
aging process, the corresponding voltage decreases. This is manifested as a shift toward terminal voltage reduction in the IC curve.®*°
Thus, the offset of the IC curve in the horizontal coordinate direction is used to analyze ohmic internal resistance. Ohmic internal resis-
tance increase can be used as an indicator of the CL.* Thus, by analyzing changes of peaks and the corresponding terminal voltage
decrease, LAM and CL of the battery are analyzed. The Equations 2 and 3 are used to quantify the aging process of LAM and CL,

respectively.
abs (max (d—Q> — max (d—Q) )
LAM dv i dv d —soc

= A o) (Equation 2)
abs( max Vi |

_ max (Vi) — max (Vg_soc) i
clL = —— (Equation 3)

where i represents the initial IC curve and d-soc indicates the different SOC levels. The Equations 2 and 3 are used to quantify the aging pro-
cess under different SOC levels based on the IC curve.
I

60 70 80 90

T
8 times cycle
.

30 40 Time(h) 50

~

500 times Zero-sum pulses per cycle

Figure 3. The experimental voltage curve and the partial enlarged detail of the Zero-pulse test

iScience 27, 110287, July 19, 2024 5




¢? CellPress iScience
OPEN ACCESS

35000
| 1
30000 ~
25000 + LAM increase
~ 20000 |-
> L
2
3 15000 ~
2 L
a
© 10000 -
5000 =
0F ) CL
L < Increase;
-5000 ! . ! . |
3.0 3.2 34
Voltage(V)

Figure 4. The IC curve of the LiFePO, battery

The ElStest

The EIS is a commonly employed experimental method for obtaining a more profound understanding of the electrochemical processes in
battery. In parameters setting of EIS test, the amplitude is 0.005 V, high and low frequencies are 100,000 Hz and 0.001 Hz, respectively.
The EIS test data are depicted via the inverse of Nyquist plots generally. These plots correlate the imaginary part of the impedance
(y axis) with its real part (x axis), as illustrated in Figure 5. Different frequencies in EIS can represent various aging mechanisms of a battery.
The standard EIS contains some parameters in the following. One parameter is the ohmic resistance, denoted as Ropm,. It represents the
impedance of electron motion in the current collectors and electrolyte.”*** Two semicircles shown in Figure 5 that are plotted with brown
line; the first semi-circle is interpreted as the phenomenon of lithium-ion migration through the SEI film, denoted as Rggy. This resistance re-
flects the impedance encountered by lithium-ions passing through the SEI film. The formation of the SEI film results in the consumption of
lithium ions. Concurrently, the expansion of the graphite anode, triggered by the intercalation and deintercalation of lithium ions, leads to
the cracking of the SEI film. This cracking prompts the SEI film to consume a portion of the applied lithium ions for its regeneration and repair,
resulting in a thicker film and increased resistance. Consequently, the increase of Rsg; serves as an indirect representation of the LLI. The sec-
ond semi-circle in the middle frequency range is associated with the charge transfer resistance, denoted as R... It represents the impedance
encountered during electrochemical reactions.*® Apart from the SEI film, effects such as dendrite growth or micropore clogging are primarily
due to LLI. These effects result increase of resistance in the electrochemical reactions. Therefore, the increase in R is also a sign of LLI. The
straight line in the low-frequency range is associated with the impedance of diffusion in the graphite,” referred to as Warburg impedance
(Rw). Similarly, the expansion and shrinkage of the graphite anode due to the intercalation and deintercalation make active material crack
as well, and can even result in graphite exfoliation and structural disorder. As a consequence, the diffusion rate of lithium ions in the
active material decreases, which is indicative of an increase in impedance. Therefore, an increase in R,, serves as an indicator of LAM. The
Equations 4, 5, and 6 are used to quantify the aging process of LAM and LLI, respectively.
CL = Rohm,d—soc - Rohm.i

Rom (Equation 4)

(RSE\,d—soc - RSEI,W)"’(Rct,d—soc - Rct.i)
Reeri+Ret;

LLI = (Equation 5)

Rw.d—soc — Rw‘i

LAM = R.,

(Equation 6)

where i represents the EIS curve of the initial EIS curve and d-soc indicates the different SOC levels. The Equations 4, 5, and 6 are used to
quantify the aging process under different SOC levels based on the EIS.

A postmortem study

After all tests, batteries are disassembled within an argon-filled glovebox and anode samples are collected. The anode materials are then
soaked in dimethyl carbonate (DMC) for 2 h to eliminate the influence of the electrolyte. Afterward, the samples are dried using a vacuum
drying oven at 100°C for 10 h. Finally, the surface morphology of the anode material is observed using SEM.**~*
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Figure 5. The EIS spectrum

RESULTS AND DISCUSSION
The discussion of the Zero-sum pulse testing method

Figure 6 depicts the state of capacity fade after the 800 Zero-sum pulses test. The battery of the first group underwent a full charging and
discharging cycle, henceforth referred to as the general battery. The general battery operates from 0% to 100% SOC; thus, the aging of
this battery is a comprehensive result by various aging mechanisms. To clearly elucidate the aging mechanisms occurring at specific SOC
levels, the general battery is used as a reference. By comparing the general battery with batteries cycled at various SOC levels, we can isolate
the aging mechanisms that occur at an individual SOC level from that in the general battery. Due to the general battery undergoing the full
charging and discharging cycle and other batteries charging and discharging at a specific SOC level, these batteries cannot be compared on
a timescale. Thus, the Ampere-hour throughput is used as the horizontal axis*’; i.e., the batteries that operate at a specific SOC level charge
capacity per one Zero-sum pulse cycle is 22 Ah, and the general battery charge capacity at full charging and discharging cycle is 2 Ah, only 11
cycles on the general battery can be correspond to one Zero-sum pulse cycle on other batteries. The y axis represents the coulombic efficiency
(CE). CE is depicted in the following Equation 7.
CE = Quischarge (Equation 7)
Qcharge

In the above formula, Qcparge represents the charge capacity from the initial capacity test, is discharge capacity sampled once every 500
Zero-sum pulses. Thus, through the CE and ampere-hour throughput, a uniform standard platform has been established for further analysis by
the five groups. It is observed that the CE of the general battery, as well as the batteries with 50% and 70% SOC, almost shows a linear atten-
uation. It illustrates that the respective aging system remains unchanged throughout the cycle in these three testing conditions.'*** However,
this does not imply that the same aging mechanisms are observed in the general battery, the battery with 50% SOC, and the battery with
70% SOC.

Obvious CE degradation occurs in the battery with 30% and 90% SOC, which shows non-linear attenuation. Non-linear attenuation implies
that the inner aging system has altered during the test in these two test conditions.”* The battery with 30% SOC exhibits a slow value of CE
(around 98%) in the first 400 cycles, and accelerated degeneration happen between 400 and 600 cycles, which decrease from 98% to 96%. This
means that the emergence of a new aging mechanism in the aging system or the degree of an existing aging mechanism increases, resulting
in an increase in lithium-ion consumption. The value of CE is always around 96% in last 200 cycles that means the CE degradation slows down
again in the last cycles. In the battery with 90% SOC, the value of CE is very slow (about 97%) in first 300 cycles. It degrades faster between 300
and 500 cycles, which decline from 97% to 92%. The sudden CE degradation illustrates that the internal aging system changes in the battery
with 90% SOC, which means that the appearance of more new aging mechanisms consumes more lithium-ion or the degree of existing aging
mechanisms deepen even more. The conclusions analyzed above illuminate that there are different CE degradations at diverse SOC levels in
the same ampere-hour throughput, which illustrate that the aging system at various SOC levels are different.
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Figure 6. The degradation of CE curve through the Zero-sum pulse test

Table 3 shows the capacity of batteries in the initial and end capacity test, as well as the difference values between them. The initial capacity
test is taken before the Zero-sum pulse testing method, and the end capacity test is collected after the Zero-sum pulse. Each group of bat-
teries exhibits a different degree of capacity degradation. XX%-1 and XX%-2 are two batteries from same group that suffer the same aging
condition to guarantee the reliability of results. By analyzing Table 3, the values of the capacity attenuation are nearly identical in each group,
and increases gradually with the increment of SOC, which illuminate that the aging systems are different at various SOC level and the new
aging system are formed at high SOC period, causing the capacity plunge at 90% SOC level. The specific aging system need to be analyzed
further by the IC and EIS in the next work.

Analysis of the IC curve

The IC curve is utilized to describe the LAM and CL of all batteries after the Zero-sum test. Figure 7A displays the IC curves of batteries with
various SOC levels. Prior to the Zero-sum pulses test, a 1/20C rate capacity test is performed to acquire the initial IC curves of all batteries.
These initial IC curves are intended for comparison with the IC curve after degradation. Given the favorable consistency among the batteries,
their initial IC curves are similar. Therefore, a single initial IC curve is presented as representative of all initial IC curves. It can be seen that
among all curves, 1*Il and 2*Il peak values of the initial IC curve are the highest. The 1*Il and 2*Il peak values decrease gradually with the
growth of SOC levels, this means LAM increases gradually with the increase of SOC levels, and the LAM of the battery at 90% SOC level
is the most serious. It is interesting that the 1*Il peak value of the battery at 30% SOC level on abscissa is less than that at 50% and 70%
SOC levels and the general battery as shown in Figure 7B.

In order to study further, aging mechanisms are quantified by the variation in the horizontal and vertical coordinates of each curve on the IC
curve.” The Equations 2 and 3 mentioned previously are used to quantify the aging process of the LAM and CL, respectively. The calculated
data are shown in Table 4.

According to the results of IC curve data quantization, the tendency of LAM and CL with the growth of SOC levels are shown in Figure 8. CL
in the battery with 30% SOC level is greater than the battery with 50% and 70% SOC level, but the LAM at 30% SOC level is the lowest, which
means the main reason of the enhancement in CL is not caused by the LAM, but others. In addition, the CL at 50% and 70% SOC level are
relatively low, but the LAM at 70% SOC level appear to jump compared with that of 30% and 50% SOC levels, and the LAM at 90% SOC level is
highest. It illuminates that LAM has become the dominant aging mechanism at a high SOC level, which leads the CL growth caused by
the LAM.

Analysis of the EIS

The EIS curve is utilized to describe the LAM, LLI, and CL, due to the EIS test being easily affected by the poor connections or contact, which
makes the EIS test system inaccurate. The result of high frequency as shown in Figure 9 is irregularity, thus CL is no longer analyzed in the EIS
curve. Due to the proximity of the curves to each other, it is challenging to analyze the aging mechanisms in detail. Therefore, Figure 10
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Table 3. Capacity analyses of all batteries

Value(mAh)

Condition Initial capacity End capacity Capacity attenuation®
General-1 1878.5 1871.6 6.9
General-2 1882.3 1875.1 7.2
30%-1 1897.6 1893.8 3.8
30%-2 1880.9 1878.3 2.6
50%-1 1880.7 1867.2 135
50%-2 1895.0 1881.1 13.9
70%-1 1879.7 1865.2 14.5
70%-2 1883.4 1867.8 15.6
90%-1 1900.5 1809.2 91.3
90%-2 1897.6 1804.7 92.9

*Value of capacity attenuation is the initial capacity minus the end capacity.

presents a data quantization diagram of the EIS curve. The calculated data are shown in Table 5. The Equations 5 and 6 mentioned previously
are used to quantify the aging process of the LLI and LAM, respectively.

It is clearly indicated that the LLI is the highest and the LAM is the lowest at 30% SOC level compared with LLI and LAM at other SOC
levels, which is 90.52% and 19.64%, respectively. The CL of 30% SOC level is 0.11%, which is relatively higher than that at 50% and 70%
SOC levels in Figure 8. Thus, it can be concluded that the main reason is that it took place the SEI film fracture and formation. More
lithium ions take part in the reaction of the SEI film formation and regenerate, which causes capacity fade (CE decrease) and more CL.*
With the increment of SOC level, LLI caused by the SEI film decrease gradually, moving from 90.52% to 12.22%. However, LAM
increased step by step, transitioning from 19.64% to 41.82%, which the tendency consistent with the results in Figure 8, indicating
that the dominant aging mechanism has changed from LLI to LAM with the increase of SOC level. The reason for LAM becoming
the main aging mechanism at high SOC is the greater strain caused by larger expansion of the negative electrode. The great strain
makes electrode material crack severely, for example, graphite exfoliation and structural disordering of the electrode material leads
to less active material work normally.

The LLI at 90% SOC is bigger than that at 50% and 70% SOC. The primary reason is the great expanded strain not only makes electrode
material crack severely, but also make the SEI film swell even more,*® which caused the SEI film to fracture seriously. More lithium ions are used
to repair the SEI film; thereby, the LLI rises again, and growth of the SEl film makes the film thicker, causing the increase of internal resistance,”’
thus, the corresponding CL at 90% SOC level is large, as shown in Figure 8.

The result of battery disassembly

The morphologies of anode material are inspected through SEM, which is shown in Figure 11. Figures 11A-11E show the microstruc-
tures of all batteries after the Zero-sum pulse test. Figure 11A shows the graphite particles on the anode surface are evenly distributed,
and they are almost whole and barely broken. More graphite particles are broken with the increase of SOC. This is because more
lithium ions are inserted into the anode material with the increase of SOC, which caused strain expands gradually. Therefore, with
the increase of SOC, more active materials are broken and pulverized, as shown in Figures 11B-11E. The cracking of the battery
with 90% SOC is the most serious. Conducting that LAM is the main aging mechanism at high SOC, which the conclusion identical
to the EIS analysis.

Meanwhile, some lithium dendrites (white spot) had appeared on the surface of anode material in the battery with 30% SOC, and the sit-
uation is worse in the battery with 50% and 70% SOC. It is evidence that the lithium dendrites in the battery with 30%, 50%, and 70% SOC are
less than that in the battery with 90% SOC; and there are some areas of lithium dendrites that are already formed in the battery with 90% SOC,
which cause further LLI at 90% SOC. The conclusion is consistent with the Figure 10.

Conclusion

In this study, the relationship between the aging mechanisms and SOC level is explored in 18650 batteries. The Zero-sum pulse test is pro-
posed to investigate the aging mechanisms of LiFePO, batteries at a given SOC level, which can decouple the aging mechanisms that occur
at an individual SOC level from the overall aging mechanisms that occur between a certain SOC range. Meanwhile, the method can obtain
substantial results with drastically reduced test time. This method is utilized to conduct research of aging mechanisms at four different SOC
levels: 30%, 50%, 70%, and 90%. The RPT test was conducted and analyzed the results of the IC curve and the EIS curve quantitatively to delve
deeper into the details of the aging mechanisms at various SOC levels. Finally, the results of the SEM verify the aforementioned analysis. The
key conclusions from study are summarized as follows.
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Figure 7. The IC curve
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(A) Evolution of the IC curves of the batteries with 30%, 50%, 70% and 90% SOC levels.
(B) A partial enlarged view of the IC curve.

iScience

(1) The LLI that occurred at 30% SOC level is the highest compared with LLI at other SOC levels, and the CL is relatively higher than that at
50% and 70% SOC levels. It indicates that the main aging mechanism at low SOC is the LLI caused by the SEI film formation and regen-
eration. Based on the results, it can be suggested that LIBs should avoid operating at low SOC to reduce great capacity loss, extending

the cycle lifetime of battery.

Tabel 4. The data analysis of the all batteries from the IC curve

Values
Q

Conditions mex (W> max (V) LAM (%) CL (%)
Initial IC curve 35140.19 3.2721

30% SOC level 30140.51 3.2684 14.23 0.1
50% SOC level 28889.22 3.2705 17.79 0.05
70% SOC level 26180.38 3.2693 25.50 0.09
90% SOC level 24755.23 3.2657 29.55 0.19
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(2) The LLI, LAM, and CL of the battery at 50% and 70% SOC exhibit great performance retention, which are lower than that at 30% and
90% SOC. It indicated that severe battery aging mainly occurs at low and high SOC. Thus, operating battery under the intermedium
SOC is an optimal choice for a long lifetime.

(3) The LAM that occurred at 90% SOC level is the highest compared with LAM at other SOC levels, and the LLI increased again at 0%
SOC level. It suggests that the main aging mechanism is the LAM caused by larger expanded stress, and the graphite expansion
caused by LAM will make the SEI film crack again at high SOC, after which the SEI film regenerate by consuming lithium ions.
Thus, large capacity fade occurs at high SOC.

.*” and Chowdhury et al.*® It demonstrates that the Zero-

The aforementioned conclusions are consistent with previous results by Gao et a
sum pulse method can accurately decouple aging mechanisms at an SOC level from a broader SOC range. This method can significantly
degrade a battery at a specific SOC level in less than a week. By coordinating with the IC curve and EIS curve, the Zero-sum pulse method

enables effective and timely analysis of aging mechanisms at various SOC levels.
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Figure 9. Evolution of the EIS curves of the general battery and the batteries with 30%, 50%, 70%, and 90% SOC level
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Limitations of the study
This paper does not explore the aging mechanisms at different SOC levels under various temperatures. This will be the focus of our future
works.
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Table 5. The quantified data of all batteries from the EIS curve

Values
Conditions Rsgi+Ret Rw LLI(%) LAM(%)
Initial curve 16.04 20.59
30% SOC level 30.56 24.63 90.52 19.64
50% SOC level 23.82 25.08 48.50 21.81
70% SOC level 18.00 26.36 12.22 28.02
90% SOC level 23.51 29.20 46.57 41.82
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The microstructures of all batteries after the Zero-sum pulse test that cycle at (A) full charging and discharging, (B) 30% SOC, (C) 50% SOC, (D) 70% SOC, and (E)
90% SOC.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Negative electrode Graphite N/A

Electrolyte LiPF6 in 1:2 EC: DMC N/A

Positive electrode LiFePO4 N/A

NEWARE CT-4008-5V-12A Charging and discharging https://www.neware-technology.com
Software

OriginLab Analyze and graph https://www.originlab.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yongsheng Wang
(wysh@whut.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

The Zero-sum pulse proposed in the work is characterized by a high-rate symmetric charging and discharging current pulse. Parasitic reaction
consumes a part of the applied current and makes capacity loss. This results in a lower amount of current being used for the practical charge.
Therefore, the existence of parasitic reactions causes the capacity to be lower than it was before the Zero-sum pulse. Using this principle, the
aging mechanisms at a specific SOC level can be explore, and this method can significantly degrade a battery at a specific SOC level in less
than a week. By coordinating with the IC curve and EIS curve, the Zero-sum pulse method enables effective and timely analysis of aging mech-
anisms at various SOC levels.
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