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ABSTRACT

Lithium-titanate-oxide (LTO) based lithium-ion batteries show promise for longer lifespan, higher power capa-
bility, and lower life cycle cost for energy storage and electric transportation applications than graphite-based
counterparts. However, the degradation mechanisms of LTO-based cells in the high and low state-of-charge
(SOQ) intervals and different discharge cut-off voltages are not clearly investigated. In this study, the
application-related lifetime performance of high-power Li4Tis012/LiCoO2 batteries is investigated at five inde-
pendent SOC intervals with 20 % depth-of-discharge (DOD) and three discharge cut-off voltages. Our results
show that degradation increases significantly when the batteries are cycled within lower SOC intervals or with
lower cut-off voltages. Additionally, thermodynamic degradation is more significant when cycled at 20 % DOD,
while kinetic degradation dominates at 100 % DOD. For thermodynamic degradation, the determining degra-
dation mode is shown to be the loss of active material in the negative electrode, while the active material loss at
the cathode has a greater impact on the equilibrium voltage curve. The kinetic degradation is mainly due to the

slower charge transfer process and diffusion process at the cathode, which increases polarization impedance.

1. Introduction

Due to energy depletion and environmental demands, lithium-ion
batteries are being widely adopted across various fields due to their
exceptional performance and numerous advantages [1,2]. Among them,
lithium titanate oxide (LTO) based batteries stand out as an ideal choice
for electric transportation systems thanks to their outstanding power
capabilities, enhanced safety features, and excellent temperature
adaptability [3-5]. However, during long-term service, the LTO batte-
ries inevitably undergo aging, which is highly dependent on the appli-
cation scenarios. Different usage conditions can lead to distinct
degradation modes in LTO batteries, resulting in varying impacts on

their performance [6,7]. In some scenarios, the performance of LTO
batteries may remain relatively stable, while in other situations, per-
formance degradation can occur, potentially leading to system failure or
even triggering thermal runaway [8]. Therefore, it is crucial to consider
the aging behavior of LTO batteries under various conditions when
designing electric transportation systems.

According to the usage conditions, the stress factors that affect the
aging behavior of Lithium-ion batteries include charge/discharge cur-
rent rate (C-rate), charge/discharge cut-off voltage, depth of discharge
(DOD), and ambient temperature [9]. Recently, several studies have
been conducted to investigate the degradation of LTO batteries under
these stress factors.
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Bank et al. investigated the life performance at elevated tempera-
tures over various C-rates and DODs [10,11]. The results showed that
the C-rate had a negligible effect on cycle life, while only DOD higher
than 70 % would significantly increase battery degradation. In addition,
the cells showed no significant additional degradation caused by tem-
peratures below 60 °C, while the sharp degradation exhibited at 80 °C
could be attributed to the gas-producing behavior triggering structural
damage to the electrodes. This is consistent with the findings of Zhang
et al. [12] and Devie et al. [13,14].

Liu et al. analyzed the cyclic aging of the batteries at different C-rates
under room temperature [15]. The result showed that batteries cycled at
lower C-rates exhibit larger capacity degradation. They attributed this
phenomenon to the smaller DOD at higher C-rates due to charge/di-
scharge cut-off voltage limitations. This is consistent with our previous
study that increasing the C-rate from 1C to 3C does not have a significant
impact on the battery, whereas expanding the DOD from 90 % to 100 %
leads to a rapid decline in capacity [6].

Dubarry et al. investigated the durability and reliability of LTO
batteries under electric utility grid operation [16]. The results showed
that cyclic aging using representative current profiles as grid utility
storage system operation was more pronounced for higher C-rates,
smaller SOC intervals, and higher temperatures. Furthermore, Baure
et al. investigated the new generation of LTO batteries from the same
manufacturer to forecast the aging behavior under different grid appli-
cation usage [17]. The lifetime forecast shows an accelerated capacity
loss after only six years of deployment for batteries tested at 35 °C and
low SOC. Under all other conditions, the capacity loss is less than 20 % if
temperatures remain below 35 °C, enabling a 20-year deployment life.

These research results indicate that the DOD has a significant and
noticeable effect on the lifespan of the LTO battery, while the C-rate and
temperature have a minor effect. However, most of the studies have
overlapping regions between different DODs, which prevents them from
decoupling and analyzing their independent effects. Therefore, this
paper divides the 0-100 % SOC interval into five equal-sized parts
without overlapping each other (0-20 %, 20-40 %, 40-60 %, 60-80 %,
and 80-100 %). There are several advantages of dividing the intervals in
this way: (a) Since the DODs are the same, it is easy to compare the
different parts to find the optimal working interval for 20 % DOD
operating scenarios in hybrid rail-transit applications [5,18-20]. (b) The
battery degradation in different SOC intervals can be analyzed inde-
pendently, as no overlapping parts exist. (c) It is more convenient to
analyze the relationship between the small interval (20 % DOD) and the
large interval (100 % DOD) due to the fact that the large interval can be
obtained from the superposition of the small intervals. Furthermore, our
previous studies have validated the effectiveness of this division method
on graphite cells [21]. In the future, we will compare and analyze the
difference in cyclic aging between graphite cells and LTO cells at
different SOC intervals.

In addition, the discharge cut-off voltage is also an important factor
affecting the performance of the LTO battery. In practical applications,
the discharge cut-off voltage is often used to estimate the maximum
available energy and power of the battery [22-25]. Higher discharge
cut-off voltage results in lower energy and power output. However, if the
discharge cut-off voltage is too low to cause over-discharge, it will result
in a rapid decrease in LTO battery capacity [26]. Therefore, in order to
solve the contradiction and seek the balance between energy and life-
span, the aging of LTO batteries under three different discharge cut-off
voltages was also investigated.

The performance degradation of lithium-ion batteries after aging is
primarily governed by their constituent electrode materials, whose
changes in thermodynamic and kinetic properties are considered to be
the determining factor [27]. The thermodynamic properties include
attributes related to battery capacity (e.g. loss of Li inventory “LLI,” loss
of active material in the cathode “LAM_y;,” or in the anode “LAM,,”) and
attributes related to the equilibrium potential of the cell [28-30]. On the
other hand, the kinetic properties include the rates of ion diffusion and
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charge transfer processes, which are mainly expressed as the magnitude
of the polarization impedance of the battery [31,32]. In order to
investigate the degradation of thermodynamic and kinetic properties
under different aging conditions, the following approaches have been
used in this paper: First, we investigate the thermodynamic degradation
under different cycle conditions by combining the differential voltage
analysis (DVA) with the open circuit voltage (OCV) reconstruction
method. Then, the kinetic degradation under different aging conditions
was compared by analyzing the change in impedance, and furthermore,
electrochemical impedance spectroscopy (EIS) and distribution of
relaxation time (DRT) analysis were used to determine the mechanism of
degradation. An equivalent circuit model is also developed to verify the
accuracy of the DRT analysis.

The overall workflow of our research is given in Fig. 1. Research in
this paper is beneficial for optimizing the battery operating range to
prolong the battery lifetime, ultimately reducing life cycle costs in
electric transportation systems. The results can also determine the
optimal discharge cut-off voltage to achieve maximum available energy
and power performance without compromising the battery lifespan.

2. Experimental

In this study, LTO-based pouch cells with lithium cobalt oxide (LCO)
cathode and LTO anode were investigated. The nominal capacity of the
battery is 25 Ah. The operational voltage range of the battery recom-
mended by the manufacturer is 1.5 V-2.8 V.

2.1. Cyclic aging test

As shown in Fig. 2, the cyclic aging test was performed under eight
conditions, including five different SOC intervals with 20 % DOD and
three using different cut-off voltages. In this paper, the difference in
discharge capacity under different cut-off voltages is less than 0.31 %, as
shown in Fig. S2. In order to distinguish from the experiments at 20 %
DOD, we consider that the three experiments at different discharge cut-
off voltages have all reached their respective fully discharge state, i.e., 0
% SOC. That is, the three cells were cycled at 0-100 % SOC at 100 %
DOD with different cut-off voltages. The capacity corresponding to 20 %
DOD is based on the nominal capacity obtained in the reference per-
formance test and is updated every 200 cycles.

Cycling was performed at a constant current (CC) rate of 4C (100 A)
in charge and discharge direction with no rest time in between. How-
ever, for operation points reaching 100 % SOC, a constant-voltage (CV)
phase was included after the CC charging process until the current
reached a value below C/10 to ensure that the anode was fully lithiated.
In addition, for the operating point reaching 0 % SOC, a two-stage 4C/
1C CC discharge process is performed to ensure the battery is fully
discharged.

The batteries were cycled using a multi-channel ARBIN LBT-5V-100
A battery testing system. Batteries were placed in a thermal chamber to
maintain a constant ambient temperature of 25 °C. Additionally, in
order to prevent different temperature rises during cycling under other
conditions, each battery is equipped with heat sinks and fans to ensure
that the battery temperature is nearly consistent with the chamber
temperature during cycling. The surface temperature change of the
battery is limited to +3 °C. The specific experimental setup is described
in Note S1, Supplementary material.

2.2. Reference performance test

The reference performance test includes a nominal capacity test, a
quasi-stationary OCV test, and a hybrid pulse power characterization
(HPPC) test. The applied current and voltage response of the RPT are
shown in Fig. 3(a and b), respectively. Before the cyclic aging tests were
started, we conducted an initial RPT on all specimens to obtain infor-
mation on the pristine cell behavior. Afterward, the RPT was repeated
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Fig. 1. Overall flow chart of analyzing the degradation of LTO batteries under different cyclic aging conditions.
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every 200 cycles. with 1C-2.8 V and CV phase until the cut-off current was below C/10)
The nominal capacity test, as recommended by the manufacturer, was performed to reach the fully-charged state of the battery. The

contains a CC discharge with 1C. Afterward, a CCCV phase (CC phase resting time between charge and discharge was 1 h to allow the battery
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to return to an electrochemical equilibrium condition. The described
capacity test was repeated at least three times, and the obtained capacity
of the last 1C discharge was considered to be the nominal capacity when
the difference in capacity between the last two tests was less than 1 %.

Afterward, a quasi-stationary OCV test with C/10 in charge and
discharge direction with a 2 h relaxation phase in between was used to
obtain the OCV curve and approximate the OCV-SOC relationship of the
battery. In addition, the capacity of the quasi-equilibrium state is also
obtained in the qOCV test.

Lastly, an HPPC test was performed to measure the ohmic and po-
larization impedances at different SOC levels, which can be related to
battery kinetics performance. HPPC tests were performed at SOC = 80
%, 60 %, 40 %, and 20 % with a C-rate of 4C in charge and discharge
direction.

2.3. Electrochemical test

After the cyclic aging test was completed, EIS measurements at
different SOCs were performed on a battery cycled at 100 % DOD with a
1.5V cut-off voltage and 76.5 % remaining useful capacity compared to
the nominal capacity, as well as a pristine battery. The impedance of the
cells was measured using a Biologic VMP3 potentiostat. The tests were
performed in a thermal chamber to maintain a constant ambient tem-
perature of 25 °C. The cell was first charged with C/10 to 2.8 V and then
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discharged at C/10, while impedance was measured after each 10 %
SOC decrease. A rest period of 12 h was undertaken before each
impedance measurement. The EIS measurements were performed in
galvanostatic mode within a frequency range of 10 kHz to 10 mHz with
10 A oscillation amplitudes. Fifteen points per decade were recorded
during the measurement.

Additionally, another battery cycled at 100 % DOD 1.5 V cut-off
voltage with 78.4 % remaining useful capacity and a pristine battery
was opened in a glove box filled with argon to extract the electrode
material. Subsequently, coin cells with anode and cathode material vs.
Li/Li* were assembled, and the half-cell open circuit potential (OCP)
curves were measured using a low current measurement (C/50 in charge
and discharge direction).

3. Results and discussion
3.1. Thermodynamic and kinetic loss contributions to capacity fade

The aging of the battery is mainly reflected in the degradation of the
electrode material, which can be categorized into thermodynamic
degradation and kinetic degradation, depending on the properties. To
differentiate the dominant factors contributing to degradation under
different cycling conditions, we divided the capacity loss of the battery
into losses caused by thermodynamic degradation and losses caused by
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kinetic degradation. The normalized capacities and their thermody-
namic/kinetic losses under different cycling conditions are summarized
in Fig. 4. The normalized capacities are normalized based on the nom-
inal capacities at 1 C conditions, which includes the effect of kinetic
degradation. In addition, the proportion of thermodynamic and kinetic
losses to the total capacity loss is also shown in Table 1. The losses of
thermodynamic and kinetic degradation are calculated by Egs. (1) and

(2

Eq _ q
lossy = 1()75:25-100% 1)
1
Eq _ ~H1c) _ Eq _ ~HicC
lossx = (@ - Q) — (& - &) -100% 2

Qflfq

Where losst and lossg are the thermodynamic and kinetic losses,
respectively. Q% and Q'€ are the capacities at near equilibrium condi-
tions and 1 C, respectively, and n represents the number of cycles. Fig. 4
(a) shows the results of the capacity for batteries cycled at different SOC
intervals. The cells cycled at 0-20 % showed the strongest capacity fade,
while for cells cycled at 80-100 %, the capacity increased within the first
800 cycles. Overall, capacity degradation increases as the SOC decreases
by 20 % DOD. This capacity fading behavior is exactly opposite to
graphite-based cells, which degrade fastest at high SOC intervals [21].

Fig. 4(b) shows the evolution of the capacity for cells cycled at 100 %
DOD with different discharge cut-off voltages. Lower cut-off voltage
results in higher capacity fade. Fig. S2 in the Supplementary material
shows the discharge capacity of the pristine battery for different cut-off
voltages. Compared to the battery capacity extracted with 1.5 V cut-off
voltage, the capacity at 1.8 V and 1.2 V cut-off voltage decreased by
0.31 % and increased by 0.24 %, respectively. Although the cut-off
voltage showed a minor effect on the initial capacity, the cycle life
decreased immensely when a lower cut-off voltage was used. The final
remaining normalized capacity of the battery cycled with a 1.8 V cut-off
voltage is 85.6 %. Therefore, for comparison purposes, 85.6 % is defined
as the end-of-life of the battery. The batteries with 1.2, 1.5, and 1.8 V
cut-off voltages reach the end-of-life after 1292, 3376, and 15,200 EFCs.

The trends of the thermodynamic and kinetic degradation losses as a
function of EFC are shown in Fig. 4(c) and (d). The solid-colored squares
represent the thermodynamic losses, while the shaded squares depict the
kinetic losses. The sum of these two components represents the total
capacity loss. It should be noted that the thermodynamic loss can be
negative in some states, indicating that the capacity under near-
equilibrium conditions after cycling is actually greater than that

before cycling (QF7 > Qf%). Additionally, the negative kinetic losses
suggest that the capacity reduction due to the current after cycling is less

than that before cycling (Q%— QL) < Q- Q%C>. However, the

presence of negative capacity losses can complicate the accurate deter-
mination of the percentage contributions of the thermodynamic and
kinetic degradation to the total capacity loss. Therefore, for the analysis
presented in Table 1, only the results from the cells cycled in the 0-20 %
SOC interval and the cells cycled at different discharge cut-off voltages
were selected. Specifically, the cell in the 0-20 % SOC interval was

Table 1
Proportion of thermodynamic and kinetic losses to total capacity loss.
Cycle Thermodynamic Kinetic loss Total loss Nominal
condition loss capacity
0-20 % 1.36 Ah /76.6 % 0.42 Ah 1.78 Ah 24.53 Ah
/23.4 % (6.8 %) (93.2 %)
0-100 % 3.03 Ah /83.3 % 0.61 Ah 3.64 Ah 21.68 Ah
(1.8V) /16.7 % (14.4 %) (85.6 %)
0-100 % 1.51 Ah /41.2 % 2.14 Ah 3.65 Ah 22.80 Ah
a.s5v) /58.8 % (13.8 %) (86.2 %)
0-100 % 0.94 Ah /26.6 % 2.57 Ah 3.51 Ah 22.68 Ah
1.2v) /73.4 % (13.4 %) (86.6 %)
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analyzed at the end of all cycles (10200th EFC), while the cells with
different cut-off voltages were at the end-of-life.

For the batteries cycled at different SOC intervals, as shown in Fig. 4
(c), the thermodynamic loss accounts for a larger proportion of the total
capacity fade compared to the kinetic loss. Specifically, the thermody-
namic loss is most prominent in the 0-20 % SOC interval, being greater
than in any of the other SOC intervals (20-40 %, 40-60 %, 60-80 %,
80-100 %). Furthermore, the cells cycled in the 0-20 % SOC interval
exhibited an increase in the kinetic loss with the number of cycles,
although the percentage contribution of the kinetic loss did not change
significantly over cycling in this SOC interval.

As shown in Fig. 4(d) and Table 1, the batteries cycled at different
discharge cut-off voltages exhibited distinct degradation behaviors. For
the battery cycled at 1.8 V cut-off voltage, the thermodynamic degra-
dation dominates. In contrast, for the cells cycled at 1.2 Vand 1.5 V cut-
off voltages, the kinetic degradation becomes the primary factor
contributing to capacity fade. Moreover, the percentage of kinetic
degradation increases as the cut-off voltage decreases. This suggests that
the rapid capacity degradation observed at lower cut-off voltages may be
due to accelerated kinetic degradation processes. This finding may also
help explain why the cells cycling in the 0-20 % SOC interval degrade
more rapidly than cells cycling in other SOC intervals, as the accelerated
kinetic degradation appears to be a key factor in the more severe
degradation at lower voltage.

3.2. Thermodynamic degradation

The thermodynamic degradation of the battery is mainly indicated
by the reduction of maximum capacity and the change of voltage curve
under near equilibrium conditions. Two commonly used methods to
analyze the changes in the OCV curve are incremental capacity analysis
(ICA) and differential voltage analysis (DVA). Both methods compare
the rate of capacity change to the rate of voltage change, which can be
used to analyze the phase change process of the battery. The key dif-
ference is that ICA shows the phase transition process against voltage,
while DVA shows the phase transition process against capacity. To better
distinguish the contribution of different thermodynamic degradation to
capacity fade, the DVA approach is particularly useful. It can identify the
capacity loss associated with different phase change processes. Addi-
tionally, the OCV reconstruction analysis proposed in the literature has
also been used to separate the effects of the two electrodes and explain
the different degradation modes under various aging conditions [13,33].
To determine the contributions of different aging modes to the ther-
modynamic losses, the effects of these aging modes can be decoupled by
combining the DVA and OCV reconstruction analyses. This allows for an
analysis of the relationship between capacity degradation and the
different aging modes in the various regions from the DVA.

3.2.1. Differential voltage analysis under different cycle conditions

The DVA for cells cycled at different SOC intervals and cut-off volt-
ages are shown in Figs. 5 and 6, respectively. In order to clearly
distinguish the contribution of different degradation modes to capacity
degradation, it has been suggested in the literature that the DVA curve
can be analyzed by dividing it into regions [15]. Fig. 5(a) shows an
example of the DVA curve after 2000 EFCs of the battery cycled at
80-100 % SOC. The DVA curve is divided into three plateau regions,
which are separated by dashed lines and labeled as P1-3. The corre-
sponding capacities of the divided platform regions are marked as Qa,
Qp, and Qc. The capacity changes of Q4 and Qc are jointly attributed to
LAMcat, LAMap, and LLI, while Qg is only related to LAMca¢ [15,34]. In
addition, the P3 region can only be identified after aging, which will be
discussed later.

Fig. 5 shows the DVA curves of the batteries under all investigated
cyclic aging conditions. As mentioned, the anode has a constant voltage
plateau in the two-phase transformation region, so the phase transition
process of the P2 and P3 regions comes from the lithium-cobaltate-oxide
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Fig. 5. (a) Example of the relationship between Qa, Qp, Qc and P1, P2, P3 in the DVA curve. DVA curves obtained from the OCV test upon cycling at (b) 0%-20 %, (c)

20%-40 %, (d) 40%—60 %, (e) 60%-80 %, (f) 80%-100 %.

(LCO) cathode material. The subplots also show the changes in Qa, Qp
and Q¢ over aging, which are identified from the DVA curves of the
respective cycle numbers. For a pristine battery, the Q¢ capacity corre-
sponding to the P3 region is not within the lithiation range of the full
cell. However, after a certain amount of aging, the P3 region gradually
increases, such that Q¢ becomes identifiable. For batteries cycled at
0-20 %, Qc can be identified after 5000 EFCs. For batteries cycled at
20-40 % and 40-60 %, Q¢ can be identified at around 2000 EFCs. The
Q¢ can be identified after the first few cycles for batteries cycled at
60-80 % and 80-100 %. The phase transition process corresponding to
the P3 region only occurs in the high voltage region of the cathode, and
the Q¢ identified indicates that the voltage of the cathode becomes
higher when the charge cut-off is reached and the cathode is in a lower
lithiation state. The reason for Q¢ being identified earlier when cycling
in the high SOC intervals may be that the high voltage region of the
cathode will be reached earlier at this time, which could be caused by
either a faster decay of the cathode material or a slower decay of the
anode material.

Fig. 6 shows the DVA curve evolution over aging for the cells cycled
between 0-100 % SOC with different cut-off voltages. The shape of the
DVA curve for the batteries cycled at 1.2 V and 1.5 V cut-off voltages
changes significantly after aging, which is quite different from that of

the batteries cycled with 20 % DOD, as shown in Fig. 5. However, the
DVA curves exhibit the same aging trend for batteries with a 1.8 V cut-
off voltage. During the aging process, Qa decreases the most, while Q¢
increases with decreasing cut-off voltage. Especially for the battery
cycled at 1.2 V cut-off condition, Q¢ increases rapidly after the accel-
erated degradation in Qa and eventually makes up nearly half of the
overall battery capacity at the cycle end. As mentioned before, Li,CoO,
materials are designed to work in the range of x > 0.5 to ensure a long
cycle life. However, the increased capacity of Q¢ comes from the ca-
pacity of LiyCoO2 material where x < 0.5, which indicates that the
cathode suffers from severe degradation. For the cell with a 1.8 V cut-off
voltage, the reduction of both Qp and Q¢ is not significant, while the
decrease in Q4 is the main reason for the reduction of the full cell ca-
pacity. For the battery with a 1.8 V cut-off voltage, the decrease of both
Qg and Qc is slow, while the decrease of Qj is the main reason for the
reduction of the overall battery capacity.

The DVA curves based on the OCV curves show different thermo-
dynamic degradations under different cycling conditions. For cycling
conditions with different SOC intervals, lower SOC intervals lead to
higher capacity fade, while higher SOC intervals lead to higher shape
change of the DVA curve. For cycling conditions with different cut-off
voltages, lower cut-off voltages lead to higher capacity fade and
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bigger shape change of the DVA curve.

3.2.2. OCV reconstruction analysis under different cycle conditions

As presented in various literature, the method of OCV reconstruction
can simulate various scenarios of battery degradation via a synthetic
method based on specific electrode behavior by properly adjusting the
N/P ratio (Qng/Qpg) and the extent of degradation between two elec-
trodes [13,33]. This study employed a particle swarm algorithm to
adjust both electrodes to minimize the error between the difference in
cathode OCP minus anode OCP and the full cell OCV. Subsequently, by
comparing the relationship between electrode OCP and full-cell OCV
before and after aging, the degradation modes can be categorized into
LAM_at, LAM,p, and LLI. The N/P ratio for the full cell at the begin of life
(BOL) is 0.75, and the electrode balancing under different separate
degradation modes is shown in Fig. 7. The detailed OCV reconstruction
method and the definition of the degradation modes are provided in
Note S3, Supplementary material.

Fig. 7(a and b) show the evolution of the electrode balancing and
DVA curve along with battery aging under LLI. When LLI occurs, the
OCV and DVA curves of the cathode remain consistent, while the anode
curve shifts to the right side, leaving the capacity in the low voltage
region of the cathode inaccessible. When the LLI is small, both the
cathode and anode will enter a lower lithiation state at the charge cut-off
voltage, increasing the voltage of the cathode and anode. As a result, the
increased unused capacity of the cathode in the lower voltage region will
be supplemented by the capacity obtained from the cathode in the
higher voltage. At this time, the LLI has little effect on the battery
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capacity.

When the LLI exceeds a certain threshold, the anode voltage at the
charge cut-off will reach the plateau region, where the anode voltage
does not increase much with the deintercalation of lithium in the anode.
Therefore, the cathode voltage is limited by the full cell voltage and will
not increase either, which means the increased unused capacity of the
cathode in the low voltage region cannot be supplemented by increasing
the cut-off voltage. And the LLI will lead to rapid degradation of battery
capacity.

Fig. 7(b) shows that LLI leads to a decrease in capacity corresponding
to the P1 region, while before LLI reaches the threshold, the increased
cathode voltage allows more capacity corresponding to the P3 region,
which partly supplements the capacity loss in the P1 region and slows
down the capacity fade of the battery. When the LLI exceeds the
threshold, the capacity corresponding to the P3 region will no longer
increase, and the LLI will directly lead to battery capacity degradation.

Fig. 7(c and d) show the evolution of the OCV curve and DVA curve
along with battery aging under LAMc,r. When LAM,; occurs, the OCV
and DVA curves of the anode remain constant, and the cathode curves
shrink by a certain proportion while keeping their right end fixed. The
subplot in Fig. 7(c) shows that the charge cut-off points of the full cell
change by only 0.8 % (0.2Ah) when LAM_, reaches 15 %. Therefore, the
full cell capacity degradation is dominated by the change in the
discharge cut-off. When the LAMy; is small, e.g., less than 2.5 %, the
discharge cut-off is still due to the rapid voltage rise of the anode. At this
time, LAM,: will not lead to battery capacity degradation. However,
when the LAM,,; exceeds a certain threshold, the discharge cut-off will
be reached due to the rapid voltage drop of the cathode, and the cathode
will be the limiting factor for battery capacity. Fig. 7(d) shows that the
capacity corresponding to P1 and P2 regions decreases as LAM, in-
creases. When LAM,,; exceeds 5 %, the cathode curve almost overlaps
with the full cell curve on the left side of Fig. 7(d). At this time, LAM_q¢
will lead to an equal amount of degradation in the battery capacity.

Fig. 7(e and f) show the evolution of the OCV curve and DVA curve
along with battery aging under LAM,,. When LAM,, occurs, for the full
cell, the left side of its OCV curve almost overlaps with the pristine cell,
and the right side shrinks along with the LAM,,. Fig. 7(f) shows that
when only LAM,, occurs, the anode and the full cell DVA curves are
almost overlapped at both charge cut-off and discharge cut-off. As for
the full battery, the LAM,, will directly lead to the loss of full cell ca-
pacity. At this time, the full cell capacity is limited by the anode ca-
pacity. And LAM,, will lead to the same amount of degradation in the
battery capacity.

As mentioned above, the method of OCV reconstruction can quan-
titatively analyze the degradation modes occurring during cyclic aging.
The evolution of the trajectories for the three degradation modes under
different SOC intervals is summarized in Fig. 8. The LAMy for the
batteries cycled at 0-20 % SOC exhibits a nearly linear increasing decay
rate in Fig. 8(a). On the contrary, for all other operating points with
higher SOC intervals, the cathode material will enter a stable aging stage
with a low degradation rate at about 2000 EFCs. At lower SOCs, the first-
order phase transition between the insulating Li 94C0oO2 phase and the
metallic Lip75C00, phase causes a larger volume change, possibly
fragmenting the material and reducing the cathode capacity [35,36].
While at higher SOCs, the volume change of the material is smaller. For
batteries cycled between 80-100 % SOC, the cathode material degrades
rapidly in the first 1000 cycles. This may be due to the lattice distortion
and inter-slab lithium/vacancy ordering caused by the transformation
between the metallic and monoclinic phases [37]. After 1000 cycles, the
formation of the cathode electrolyte interphase (CEI) protects the
cathode material from further degradation [38,39].

Fig. 8(b) shows the evolution of LAM,, during cyclic aging. LAMa,
decreases with increased SOC and even decreases to below zero when
cycled above 60 % SOC. The capacity of the anode increases in the high
SOC interval, probably due to the gassing behavior that increases the
pressure within the LTO material and causes cracking. This cracking



H. Chen et al.

@) 5 —r . . : . . .
LLI for
0% — 5% — 10% — 15% —20%  __—
> ‘ .
=3k Capacity degradation 225 26 27 284
§ 0% — 1.2% — 3% — 6.6% — 11.1%:7-""!
2 - -
L . " . N
0 S 10 15 20 35
Capacity [Ah]
(©) 5 — . . . . . @ 02
LAM  for
cat
0% — 2.5% — 5% — 10% — 15%
4t e —] 015
. ,' 262 g
> i :
S 3F i i1 Capacity degradation 2'; 256258 264 = 0.1
< 0% — 0% — 2.1% — 8.4% — 14.7% i_-' g
o1 | Zo0s
'
A R 0
0 5 10 15 20 25 30 35
Capacity [Ah]
©s ; . T ® o2
LAMan for
20% < 15% + 10% < 5% < 0% — s
T
<
> 01
g
o | Zo0s
L - D—
A
1 L L L L L ! L 0

0 5 10 15 20
Capacity [Ah]

eTransportation 21 (2024) 100340

0.2

——Cathode
—Anode
Full Cell

19 —BOL

----- LLI=5%

----- LLI=10%
----- LLI=15%
—--LLI =20%

5 10 15 20 25 30
Capacity [Ah]

——Cathode
——Anode
Full Cell

0.15
0.1

0.05

—BOL
..... LAM =2.5%
cat

..... LAM _=5%
cat

..... LAM _=10%
cat

—--LAM _=15%
cat

P1

10 15 20 25 30
Capacity [Ah]

——Cathode
——Anode

P2 Full Cell

-—
18 20 22 24 26

—BOL
..... LAM_ =5%
an

..... LAMan =10%

..... LAM_=15%
an

—--LAM_ =20%
an

3 10 15 20 25 30
Capacity [Ah]

Fig. 7. Evolution of electrode balancing under (a) LLI, (¢) LAM, (€) LAM,,. Evolution of DVA curve under (b) LLIL, (d) LAM,, (f) LAM,p.

may approximate the phenomenon of electrochemical milling, which
would increase the active area of the LTO material [11,40]. On the
contrary, the anode capacity decreases more significantly at lower SOC
intervals. However, the reason for this behavior is not clear. In the
literature, the solid electrolyte interphase (SEI) was generated at high
SOC, which may protect anode materials from degradation [41,42].
However, the results in Section 3.2 show that no SEI was detected.
Further investigations will attempt to analyze the side reactions of LTO
material at lower SOC intervals and thus find the cause of the aging
behavior.

Fig. 8(c) shows the LLI evolution for each operating point. Except for
the batteries cycled at 0-20 % SOC, the LLI of all other batteries is
increased at a reduced rate, which is similar to the LAM,;. Here, several
factors could play an important role. First, for batteries cycled at 80-100
% SOC, LAM,: might accumulate to a thicker CEI during cycling,
consuming lithium ions during cycling [38,39]. Second, for batteries
cycled at SOCs below 80 %, the SOC dependence of LLI mainly correlates
to the passive electrode effect [11,43]. Considering that the SOC of the
battery was approximately 80 % before cycling and the anode geometry
of this battery is larger than the cathode (shown in Note S4, Supple-
mentary material), an anode overhang would cause additional LLI
during cycling at SOCs above 80 % while cycling below 80 % should

increase the lithium inventory. Hence, this can describe the increasing
LLI at cycling SOC between 80-100 % and the proportionally lower
amount of LLI for cells cycled between 40-60 % SOC and 60-80 % SOC.
However, the batteries cycled in the lower SOC intervals of 0-20 % and
20-40 % show different characteristics, which may be caused by the
other side reactions during the two-phase transition region of the Li,.
Co0O3 at 0.75 < x < 0.93.

Fig. 8(d) illustrates the evolution of the N/P ratio during cyclic aging.
For the batteries cycled in the intermediate SOC interval, the N/P ratio is
always below 0.8 after aging. In contrast, for the batteries cycled in the
80-100 % SOC interval, the N/P ratio rises rapidly in the first 1000
cycles. This is due to the combined effect of a rapid decrease in the ca-
pacity of the cathode and a recovery of the capacity of the anode. The N/
P ratio reaches around 0.82 before gradually entering a stage of more
stable change. Interestingly, despite the different initial capacities and
aging rates, the batteries cycled in the 80-100 % SOC interval and the
0-20 % SOC interval exhibit a convergence of their N/P ratios after 7000
cycles. This suggests that the ratio of the positive and negative capacity
decline rates in these two SOC intervals becomes the same at this later
stage of cycling.

Additionally, OCV reconstruction analysis was performed on batte-
ries cycled with 100 % DOD at different cut-off voltages. As shown in
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Fig. 9, lowering the discharge cut-off voltage will accelerate the bat-
tery’s aging process and all degradation modes. By comparing Fig. 9(a
and b), we can see that by lowering the cut-off voltage from 1.8 V to
below 1.5 V, LAM,,; increases from 20 % to more than 30 %, while
LAM,, decreases from 10 % to less than 7 %. This shows that reducing
the cut-off voltage has a stronger impact on the degradation of cathode
material than on anode material. Moreover, when the LAM 4 is domi-
nating, the cathode will become the main limitation of the battery
discharge cut-off as shown in Fig. 7(c). Lower cut-off voltages will lead
the cathode to an over-lithiated state or even convert to Li;O and Co
metal, which will cause irreversible damage to the cathode material and
further accelerate battery degradation [44].

Compared to batteries cycled at 20 % DOD, the batteries cycled at
100 % DOD (1.5 V cut-off) suffered severe degradation after fewer EFCs.
This demonstrates that higher cycle depths lead to higher stresses, which

may contain multiple aging mechanisms. Cathode materials will un-
dergo more phase changes when working in a larger working range,
resulting in a larger volume change and more severe material frag-
mentation. In addition, the CEI formed at high SOC will dissolve at low
SOC, which fails to generate a stable passivation layer to protect the
cathode material and consumes many lithium ions, leading to LLI. For
anode materials, higher stresses will trigger more severe gas behavior,
which will consume electrolytes and lead to kinetic degradation of the
battery.

The N/P ratio behavior in Fig. 9(d) also reveals distinct differences
between the 100 % DOD and 20 % DOD cycling conditions. For the
battery cycled with a 1.8 V cut-off voltage, the final N/P ratio is similar
to the batteries cycled in the 80-100 % and 0-20 % SOC intervals,
remaining around 0.85. In contrast, the N/P ratios for the batteries
cycled with 1.5 V and 1.2 V cut-off voltages continued to rise due to
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severe LAM,. In these cases, the N/P ratio eventually exceeded 1.0,
indicating that the positive electrode capacity had become less than the
negative electrode capacity. This divergent N/P ratio behavior high-
lights the significant impact of the discharge cut-off voltage. The higher
1.8 V cut-off was able to maintain a balanced N/P ratio of around 0.85,
even under the more demanding 100 % DOD cycling. However, the
lower 1.5 V and 1.2 V cut-offs accelerated the degradation of the positive
electrode to the point where it became the limiting factor, causing the
N/P ratio to exceed 1.0.

Another observation is that cells cycled at a lower cut-off voltage
showed accelerated capacity fade. To investigate this phenomenon, the
identified cathode and anode capacities are compared to the full cell
capacity in Fig. 10 for cells cycled at cut-off voltages less than 1.5 V. The
cathode has experienced severe degradation, and its capacity is even less
than that of the anode after aging, as shown in Fig. 10(a and b). In the
initial stage of aging, the full-cell capacity shows the same trend as the
anode capacity, indicating that the anode limits the full-cell capacity at
this time. With the aging process, the cathode gradually becomes the
limiting factor for the full cell capacity due to its rapid capacity fade. At
this time, the full cell exhibits a similar degradation trend with the
cathode, which is faster than at the initial state. However, the cathode
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capacity fades much more slowly for batteries cycled at the cut-off
voltage of 1.8 V, as shown in Fig. 10(c). Under this condition, the
cathode capacity is always larger than the anode capacity. Furthermore,
the full battery capacity is limited by the anode and does not show
accelerated capacity fade.

Batteries cycled at lower SOC intervals showed pronounced LLI,
LAMcqt, and LAM,, compared to higher SOC intervals. However, cells
cycled between 80-100 % SOC were subject to an initial significant
amount of LLI and LAM,; before reaching a stable state, which could be
attributed to the passive electrode effect and the formation of a CEL
Additionally, the anode capacity showed a capacity increase, leading to
an initial capacity increase in the full cell. The analyzed degradation
mechanisms under all other operating conditions between 20-80 % SOC
showed a converging behavior, while all degradation modes increased
with decreasing SOCs. This opposite phenomenon compared to graphite
cells could be mainly due to the different aging properties of the elec-
trode materials. For graphite cells, the fast degradation is mainly due to
the structural damage caused by the intense volume change of graphite
anode at high SOC [9,46]. However, in LTO cells, the anode LTO ma-
terial degrades much slower compared to the cathode. Therefore, the
cathode material, which degrades faster at low SOC, dominates the
degradation of LTO cells.

Cycling at 100 % DOD with different cut-off voltages revealed that
lowering the discharge cut-off voltage accelerated the degradation
across all aging modes, leading to faster battery aging. This is an
important finding, as LTO batteries typically have an N/P ratio of less
than 1.0. This allows the degradation of the cathode material during
early aging to have a reduced impact on the overall battery capacity.
However, the data shows that at lower discharge cut-off voltages, the
degradation of the positive electrode material becomes more severe
compared to the negative electrode. As a result, the final N/P ratio ends
up greater than 1.0. Although the capacities at the different cut-off
voltages differ by only 0.3 % (0.07 Ah), the impact on cycle life is
substantial. Lowering the discharge cut-off voltage to 1.2 V reduced the
cycle life by more than half while increasing the cut-off to 1.8 V more
than tripled the cycle life.

3.2.3. Contribution of different aging modes to thermodynamic losses
According to the results of the analysis in the previous section,
different aging modes can impact battery capacity in four main ways:

1) LLI causes the full cell capacity to fade due to the early anode cut-off
during discharge.

2) LLI extends the voltage range of the cathode at the charging cut-off,
leading to an increase in battery capacity.

3) LAM,,; decreases the full cell capacity due to the early cathode cut-
off during discharge.

4) LAM,, decreases the full cell capacity due to the early anode cut-off
during charging.

However, the contribution of multiple aging modes to the thermo-
dynamic losses in the full cell capacity fade cannot be obtained by simple
superposition. Instead, it needs to be analyzed according to the different
phase transition regions. Together with the results of DVA and OCV
reconstruction analyses, the following insights were obtained:

@ Qa corresponding to the P1 region is affected by both LAM ¢, and LLI.
@ Qg corresponding to the P2 region is affected by LAM_4¢ only.
@ Qc corresponding to the P3 region is affected by both LAM,, and LLIL.

Eq. (3) describes the effect of different aging modes on the regional
capacity contributions.
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AQ = AQMe + AQY
AQp =
AQC — AQLAMan 4 AQLLI

QLAMcal

3)

AQqa, AQp and AQc are the capacity loss in Qa, Qp, and Qc, respec-
tively, due to the thermodynamic degradation. Within the capacity loss
AQa, AQY™ represents the loss due to the LAM_,;, and AQ: represents
the loss due to the LLI In contrast, Qg is only affected by the LAM_,¢ and
can be obtained directly from the DVA. To decouple the individual ef-
fects of the two aging modes in Qa and Qc, the capacity loss was
simulated for each aging mode separately as well as their combined
effect, as shown in Fig. 11.

The impact of LAM,¢ and LLI on Qy is shown in Fig. 11(a). When
only LAMc,¢ occurs, the cathode OCP curve shrinks to the right (red solid
line). Combining this aged cathode curve with the pristine anode curve
yields the full-cell curve under the influence of LAMc,¢ only (red dashed
line). This allows us to calculate the loss in Qs due to LAM,; only,

denoted as AQﬁAlfr’l[{;’.

(blue solid line) when only LLI occurs. Combining this shifted anode
curve with the pristine cathode curve yields the full-cell curve under the
influence of LLI only (blue dashed line). And calculate the loss in Qa due
to LLI only, denoted as AQ} -

combined effect of LAM.;; and LLI, denoted as AQf;AM‘“‘*L“, is not
directly related to either AQY: On“” or AQL .-

Egs. (4) and (5) are used to approximate the individual contributions of
LAM_, and LLI to the total capacity loss in Qa.

Similarly, the anode OCP curve shrinks to the right

However, the total loss in Q4 under the

Therefore, in this paper,
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Fig. 11. (a) The effects of LAM,,; and LLI in Qu, and (b) the effects of LAM,,
and LLI in Qc.
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The impact of LAM,,, and LLI on Q¢ is shown in Fig. 11(b). Similarly,

the losses when LAM,, or LLI alone occur are denoted as AQLAM;‘; and

AQF4,,» respectively. It is worth noting that the anode OCP curve (blue
solid line) is shifted to the right due to LLI, which delays the anode cut-
off at the end of charging. This allows more material at the cathode to
participate in the cell reaction and increases the full cell capacity. This is
consistent with the results verified on graphite cells in the literature, and
the LTO anode makes this phenomenon more pronounced due to the
extremely flat voltage plateau [45]. The contributions of LAM,, and LLI
in Qc are calculated by using Egs. (6) and (7).

Qe — Q. AQCu ©
¢ T AQd,, + AQ
LLI éLénl

AQ AQC'AQéFénly T Aizé‘.‘o”ﬁf; @

The individual contributions of the different aging modes to the
overall thermodynamic capacity losses can be obtained by super-
imposing the capacity losses caused by each aging mode when simulated
separately:

Q{-;;:E/lcat — AQE\AMW + AQEAMW
Qt;:sMan — AQLAMan (8)
Q{.g.,sls — AQLLI + AQELI

The contributions of the different aging modes to the total thermo-
dynamic losses of the cells at their respective end-of-life, which are the
same as the states in Table 1, are shown in Table 2. The percentage of
LAM_,¢ and LAM,, is calculated without considering the capacity re-
covery due to LLI. The result shows that the LAM,; accounts for a sig-
nificant portion of the total thermodynamic capacity losses.
Furthermore, the percentage of capacity loss attributed to LAMcy in-
creases as the cell’s cut-off voltage decreases. This trend may be due to
the faster degradation of the cathode material at lower cut-off voltages,
leading to a more rapid progression of the LAM, compared to the
LAM,,. Additionally, for the cells with LTO anodes, the recovery effect
of the LLI is highly significant. In fact, LLI does not lead to a decrease in
the full cell capacity, but rather results in an increase in capacity under
all the cycle conditions.

3.3. Kinetic degradation

The kinetic degradation of the battery is mainly indicated by the
increase of the polarization resistance, which is compared for different
degradation conditions, as shown in Fig. 12. EIS and DRT have also been
used to analyze the mechanism of kinetic degradation in typical cells.
However, the DRT problem is inherently ill-posed, which means that the
solution may not be unique or may be very unstable [47]. To
double-check the results of the DRT analysis, an equivalent circuit (EC)
was subsequently developed to model the battery impedance.

Table 2
Contribution of different aging modes to thermodynamic losses.

Cycle Loss by Loss by Loss by Thermodynamic total
condition LAM at LAMa, LLI loss
0-20 % 2.12 Ah 1.22 Ah —-1.98 1.36 Ah
/63.3 % /36.7 % Ah

0-100 % 3.04 Ah 2.68 Ah -2.69 3.03 Ah

1.8Vv) /53.1 % /46.9 % Ah
0-100 % 1.38 Ah 0.69 Ah —0.56 1.51 Ah

a.sv) /66.7 % /33.3 % Ah
0-100 % 1.53 Ah 0.35 Ah —0.94 0.94 Ah

1.2v) /81.2 % /18.8 % Ah
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Fig. 12. The ohmic and polarization resistance over equivalent full cycle (EFC) for cells cycled at (a, b) different SOC intervals and (c, d) different discharge cut-

off voltages.
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The calculation of the resistance from the HPPC experiments is given
in Eq. (9). The response time of the ohmic resistance is very fast and
almost instantaneous, whereas the polarization response appears after a
few seconds. Therefore, we used the voltage change over 10 ms divided
by the current to calculate the ohmic resistance, while the effect of the
ohmic resistance was excluded from the calculation of the polarization
resistance. All the resistance values are calculated by averaging the
values obtained from different SOCs and different charging and dis-
charging directions.

Fig. 12(a) and (b) show that the increase of polarization resistance
with cells cycled in the 0-20 % SOC interval is slightly larger than the
remaining four SOC intervals. However, the increase in polarization
resistance is not significant compared to ohmic resistance. Combined
with the results of Fig. 4(c), it shows that the kinetic degradation of the
cells cycled at 20 % DOD is not significant. While cycling in the 0-20 %
SOC interval slightly accelerates the kinetic degradation.

Fig. 12(c) and (d) show that the resistance increases badly when the
cut-off voltage is less than 1.5 V. Furthermore, the increase in resistance
is more severe with 1.2 V as the cut-off voltage than with 1.5 V as the
cut-off voltage, and this applies to both ohmic resistance and polariza-
tion resistance. In contrast, the increase in resistance at a cut-off voltage
of 1.8 V is minimal. Combined with the results of Fig. 4(d), it can be
concluded that for cells cycled at 100 % DOD, using a cut-off voltage of
lower than 1.5 V would result in significant kinetic degradation. It is
worth noting that although the final ohmic resistance values are similar
for the cells with 1.5 V and 1.2 V cut-off voltages, the cell with 1.2 V cut-
off voltage has a lower polarization internal resistance. This indicates
that the ohmic resistance is more sensitive to lower cut-off voltages than
the polarization resistance in kinetic degradation.

To analyze the mechanism of kinetic degradation at low cut-off
voltages, we investigated the EIS for these two cells with cut-off volt-
ages less than 1.5 V. The impedance spectra and calculated DRT for the

pristine and aged cells are given in Fig. 13(a—f), respectively. It can be
seen that the ohmic resistance of the battery remains unchanged after
aging, while the increase in impedance is mainly due to the increase in
the semicircle diameter of the intermediate-frequency part and the in-
crease in the diffusive resistance of the low-frequency part. Since the
frequency range of the experiment is 0.01 Hz-1000 Hz, corresponding to
a time domain range of 10~ - 102 s, the DRT values outside this range
(grey parts) are inaccurate and, therefore, not evaluated.

There is only one semicircle is visible at the intermediate frequency
of the EIS, while there are three peaks in the corresponding DRT space,
which are labeled F1-3 as the time constant increases. In the literature,
with increasing time constants, the DRT peaks can be attributed to the
contact impedance, lithium-ion transport processes at the SEI/CEI, the
charge transfer processes, and the diffusion processes [48-50]. Since the
contact impedance is independent of SOC and its time constant is usually
less than 103 s, this process is not included in our DRT plot. Considering
that the time constant of the SEI/CEI process is independent of SOC, we
attribute the peak F1 to the charge transfer process. Its time constant is
too small to be the diffusion process and is highly correlated with the
SOC. The peak F2 has a negligible dependence on SOC, but since the
time constant of the SEI/CEI is typically less than 107! s and the time
constant of the diffusion process is strongly correlated with SOC, F2 can
be attributed to another charge transfer process. Compared to F1, F2 has
a larger time constant. Therefore, we attribute F1 to the charge transfer
process at the cathode LCO and F2 to the charge transfer process at the
anode LTO [51]. F3 has the largest time constant, which can be linked to
the diffusion process of the positive or negative electrode, and its exact
time constant cannot be identified due to the limitation of the experi-
mental frequency.

Comparing Fig. 13(c) and (d) shows that the impedance at the end of
aging for the cell aged at the 1.2 V cut-off voltage is less than that of the
1.5 V cell. This is consistent with the results in Fig. 12(d) and suggests
that while a lower cut-off voltage accelerates the cell kinetic degrada-
tion, the kinetic performance at the end of aging also depends on the
length of the aging process experienced.

It can be observed that the height of F1 in Fig. 13(d-f) is higher than
thatin Fig. 13(b), indicating an increase in the charge transfer resistance

12
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Fig. 13. Impedance spectra and DRT of the pristine and aged cell at 25 °C. Notice: Impedance spectra are shifted in the y-direction for visualization purposes. Grey

parts in the DRT plot have not been evaluated.

at the cathode after aging. Nevertheless, the height of F2 is basically
unchanged, which means that the resistance at the LTO/electrolyte
interphase has not changed significantly over aging, again proving the
previously mentioned advantage of no SEI formation for LTO anodes
[52].

For the pristine cell, the height of F1 decreases as the SOC increases.
However, for the aged battery, the height of F1 decreases with
increasing SOC up until 60 % SOC. Afterward, the height of F1 starts to
increase between 70-100 % SOC. Therefore, the minimum value of the
impedance was found at 60 % SOC in the aged battery. This behavior can
be attributed to the fact that the charge transfer impedance of Li,CoO,
shows a minimum at the two-phase transition region where x = 0.9 and
maxima at high and low SOC [48,49]. Generally, Li,CoO, materials are
designed to work in the range of x > 0.5 to ensure a long cycle life [53].
During the charging process corresponding to x from 1 to 0.5, the Li,.
Co0, material undergoes a continuous phase transition between the
insulating, metallic and monoclinic phases [35]. Where charge transfer

13

impedance of Li,CoOy shows a minimum at the insulating/metal tran-
sition region. Usually, the capacity of the cathode material is oversized
for batteries with LTO anode. As a result, the cathode of a pristine bat-
tery remains within the two-phase transition region when the full cell is
fully discharged. However, the positive active material decreases during
aging, accompanied by changes in the lattice structure, resulting in an
operating range outside the two-phase transition region. Therefore, the
observed semicircle in the impedance measurements increases at low
SOCs.

Furthermore, the low-frequency part of the impedance spectrum is
approximately a straight line for the aged cell at high SOC intervals.
Meanwhile, in low SOC intervals, the low-frequency part of the
impedance spectrum gets bent toward the x-axis. This is because the
anode charge transfer impedance and the diffusion impedance have
similar frequencies and substantially the same magnitude at low SOCs,
which makes the shape of the low-frequency impedance similar to a half
circle. At high SOCs, the diffusion impedance is much larger than the
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impedance of the anode charge transfer process. Therefore, the low-
frequency part of the impedance spectrum converges into a straight
line with an angle of 45° relative to the x-axis.

The DRT analysis results for the impedance spectra of pristine and
aged batteries at different temperatures are shown in Fig. 14. For both
pristine and aged batteries, the height and the time constants of F1 and
F2 increase with decreasing temperature. This reflects that the charge
transfer process is decelerated at low temperatures, which is equivalent
to an increase in the charge transfer impedance. Since the anode LTO
material is less affected by temperature than the cathode LCO material,
the height and time constant of F2 change less with temperature
compared to F1, further confirming our previous analysis. In addition,
the small height of F3 at 0 °C may be because its time constant at this
temperature is much larger than 102 s. Only part of its peak is identified,
and the maximum of its height is not reached. In contrast, F3 at 25 °C has
a shorter time constant, making it closer to its maximum height at 102 s.
Therefore, the height of F3 at 25 °C is greater than the height at 0 °C.

To double-check the DRT results, we chose three circuits with a
parallel connection of resistor R and constant phase element (CPE) to fit
the EIS results since there are three peaks in Fig. 13(a). In addition, an
inductive circuit consisting of R and L in parallel was added to fit the
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Fig. 14. DRT of pristine aged cells at 50 % SOC under different temperatures.
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Notices: Grey parts in the DRT plot have not been evaluated.
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high-frequency (>1000 Hz) part of the EIS. Ry represents the ohmic
resistance of the battery. R; and CPE; represent the cathode charge
transfer process corresponding to F1 in the DRT, whereas R, and CPE,
represent the anode charge transfer process corresponding to F2 in the
DRT. Furthermore, R3 and CPEs; represent the diffusion process.
Considering that the inductive part of the impedance is too small and
that the diffusion part is only partly identified. The comparative analysis
was performed only for the charge transfer process at the cathode and
anode.

The time constant of each process obtained from the equivalent
circuit can be calculated by Eq. (10)

T, = Ry -CPE, (10)
Where 7, is the time constant, R, and CPE, are the impedance of the
corresponding process and the capacitance of the constant-phase
element, respectively. The comparison between the fitted model
parameter values of 7, and the time constants of F1 and F2 obtained
from the DRT are shown in Fig. 15. The time constants obtained from the
EC and DRT are shown in Fig. 15(b and c). To verify the accuracy of the
double-check, the error metrics used are defined as follows: where y and
y are the actual and estimated values, respectively, and n denotes the
different SOCs. We select the value obtained from EC as the actual value
and the value obtained from DRT as the estimated value. There are two
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Fig. 15. (a) The equivalent circuit models used to fit the impedance spectra.
Comparison plots for time constants obtained from EC and DRT at different
SOCs at 25 °C for (b) 7; and (¢) 5.



H. Chen et al.

important evaluation metrics, which are the mean absolute error (MAE)
score and the mean absolute percentage error (MAPE) score. The for-
mulas for calculating the MAE and MAPE scores are given in Egs. (11)
and (12), respectively.

MAE — Zi:lli’li - il an

Vi — Vi

sl
n

12
MAPE = a2

Both scores indicate better accuracy with lower values, and the re-
sults are shown in Table 3, where the mean value is calculated by Eq.
(13) below.

)

As shown in Table 3, the MAPE for all time constants is less than 5 %,
except for 7; for the pristine cell. This is due to the small value of the
pristine 7;. Even though the absolute error is small, it still results in a
large MAPE compared to the original value.

After the double validation of EC and DRT, the obtained time con-
stants can be quantitatively analyzed to understand the kinetic degra-
dation mechanisms of the battery. Compared to the pristine cell, the
aged 7; increased by 887 % and 791 % for 1.5 V and 1.2 V cut-off
voltages, respectively. The rapid increase of 7; may be due to the dete-
rioration of the aged LCO electrode structure, such as particle cracking,
thickening of the CEI, etc., which makes the charge transfer more
difficult [54,55]. It is worth noting that z; is smaller for cells witha 1.2V
cut-off voltage than that with a 1.5 V cut-off voltage. This is consistent
with the previous conclusion that polarization resistance is less sensitive
to the lower cut-off voltages than ohmic resistance.

The time constant 7, of the anode increased by only 17 % and 14 %
for the 1.5 V and 1.2 V cut-off voltages. Compared to the large increase
in cathode 73, the change in time constant 7, for the anode is much
smaller. This suggests that the increase in polarization resistance trig-
gered by the lower cut-off voltage in the kinetic degradation of the LTO
battery mainly originates from the slowing down of the cathode charge
transfer process.

In general, the kinetic degradation of the cells cycled at 20 % DOD
was not significant, and only a slight increase in polarization resistance
was observed for the cell cycle in the 0-20 % SOC interval. In contrast,
cells cycling at 100 % DOD showed a significant kinetic degradation if
the cut-off voltage was less than 1.5 V. The main mechanism for the
kinetic degradation of the LTO cells is the slowing down of the charge
transfer process and the diffusion process of the cathode. The LTO anode
remains essentially unchanged during cyclic aging and does not affect
the kinetic performance of the battery.

M=

i

I
—

Mean value = (13)

4. Conclusion

This work presents and discusses the cyclic aging behavior of LTO
cells cycled at five different SOC intervals at 20 % DOD and three
different discharge cut-off conditions at 100 % DOD. The aging mech-
anisms of the cells under different conditions can be divided into ther-
modynamic degradation and kinetic degradation. The thermodynamic
degradation was analyzed using DVA and OCV reconstruction methods.
Kinetic degradation was analyzed using EIS combined with DRT. The
main conclusions are summarized:

1) The thermodynamic and kinetic performance of LTO batteries ex-
hibits slower degradation when cycled at 20 % DOD compared to
cycling at 100 % DOD. Cycling at 20 % DOD shows that the best
battery life is achieved during high SOC intervals. Additionally,
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Table 3
Validation results.
Pristine Aged 1; Aged 7; Pristine Aged 7, Aged 7,
77 a.sv) (1.2v) T2 (1.5v) (1.2V)
Mean 0.011 0.107 0.087 6.382 7.465 7.251
value
[s]
MAE [s] 0.002 0.005 0.003 0.215 0.247 0.189
MAPE 18.2 4.3 3.6 3.7 3.2 2.6

[%]

maintaining a cut-off voltage above 1.8 V during 100 % DOD cycling

can significantly enhance the battery’s lifespan.
2) Lowering the discharge cut-off voltage accelerates both thermody-
namic and kinetic degradation, with a more pronounced effect on
kinetic degradation. For batteries with different cut-off voltages
reaching the end-of-life, the reduction of cut-off voltage from 1.8 V to
1.2 V resulted in an increase in the percentage of kinetic loss from
16.7 % to 73.4 %.
LAM_,¢ is the degradation mode that has the most significant impact
on thermodynamic performance, contributing to over 50 % of the
total thermodynamic losses. Moreover, the percentage of thermo-
dynamic losses attributed to LAMc,; increases as the cut-off voltage
decreases.
The capacity recovery effect caused by LLI is highly significant in
cells with LTO anodes. For the investigated cells, LLI extends the
operating range of the cathode and partially recovers the capacity
loss caused by other degradation modes.
In contrast to graphite cells, the primary cause of kinetic degradation
in LTO cells is attributed to the cathode, specifically the deceleration
of the charge transfer and diffusion processes. Conversely, the LTO
anode experiences minimal changes during cyclic aging and has a
negligible effect on the overall kinetic performance of the cell.

3

-

4)

5

—~

Our results suggest that when applying LTO batteries as power
sources, it is better to maintain their operating range in the higher SOC
interval. This not only allows more energy due to the higher voltage but
also extends the lifespan of the battery. Moreover, it is necessary to
ensure that the LTO battery voltage is maintained above 1.8 V, other-
wise, accelerated degradation may be triggered.

Our future research will investigate the internal linkage of LTO
battery degradation between the five SOC intervals with 20 % DOD and
the complete SOC interval with 100 % DOD. Based on the results of that
study, we will establish a rapid test method for LTO batteries by using
more test channels to perform cyclic aging under the partitioned small
SOC intervals to reduce the life test time.
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