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H I G H L I G H T S

• A test protocol is proposed that can evaluate the aging of batteries on-board
• Two large-format commercial LTO batteries are tested with unique performance.
• Different aging mechanisms are uncovered in the two LTO batteries.
• A single-particle model is developed to predict battery aging behavior.
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A B S T R A C T

Li4Ti5O12 (LTO) is a promising anode material for lithium-ion batteries (LIBs) due to its good cycle stability, rate 
capability, and safety. The relatively high Li+ intercalation plateau of about 1.55 V prevents the occurrence of 
lithium plating even at extremely high C-rates. In this study, we introduce a test protocol that can accurately 
evaluate the high-rate cycling performance of LTO-based LIBs. Two types of large-format commercial batteries 
are investigated, one with a capacity of 13 Ah (battery-A) and one with 3 Ah (battery-B). By incorporating two 
low-C-rate cycles every 50 high-C-rate cycles, we identify not only the overall capacity degradation but also the 
shifting state-of-charge range that the two types of batteries go through during cycling tests at various high C- 
rates (from 5C to 20C). Based on the uncovered mechanisms, a single-particle model is developed that can 
predict the aging behavior of the tested batteries at different C-rates. The study provides a simple onboard testing 
protocol to accurately evaluate the performance of LTO-based batteries.

1. Introduction

Lithium-ion batteries (LIBs) have become indispensable across 
various applications, including electric vehicles, mobile electronic de
vices, and grid energy storage systems. [1–3] Graphite dominates the 
anode market due to its low cost and solid overall electrochemical 
performance. However, LIBs with graphite anode cannot meet the re
quirements for specific applications, such as drones that require high 
power density to lift heavy loads. [4] Despite strategies such as struc
tural engineering [5] and surface modification [6] have been developed 
to promote the fast-charging capability of a graphite anode, the high cost 

and difficulty in large-scale production limit their practical application. 
Compared to the state-of-the-art graphite anode and the high-energy 
density Si anode, Li4Ti5O12 (LTO) has unique advantages in the aspect 
of cycle life, safety, and rate capability. [7]

The excellent cycle life of LTO comes from its “zero-strain” charac
teristic, with minimal volume change (~2 %) during Li+ insertion/ 
extraction due to the strong covalent bonding between Ti and O atoms. 
[8,9] This contrasts with silicon composites, which experience signifi
cant volume expansion (~300 %), leading to structural degradation over 
time. While graphite offers good cycle life under moderate conditions, 
its performance deteriorates rapidly under fast charging due to issues 
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such as lithium plating. Moreover, LTO has a high Li+ ion intercalation 
plateau of about 1.55 V (vs. Li/Li+) that prevents electrolyte decompo
sition and Li dendrite formation, which is crucial for the safety of LIBs. 
[10] By comparison, graphite and silicon anodes have low operation 
voltage and suffer from Li dendrite formation under fast-charging or 
low-temperature operation. Additionally, strategies such as morpho
logical regulation and hetero-atom doping have been developed to 
improve the ionic and electronic conductivity of LTO anode materials, 
[11–13] which promote the development of LTO-based LIBs with high- 
rate capabilities. [14]

Despite materials development suggesting that LTO is a very prom
ising candidate for high-rate LIBs, the degradation of large-format 
commercial LTO-based batteries is yet to be fully investigated. [15] 
Moreover, the degradation mechanisms of LTO-based batteries are still 
debated in the literature. For example, Takami et al. tested a 3 Ah-class 
LTO/LiMn2O4 (LMO) battery for high-power applications at 10C for 
30,000 cycles. [15] They found that the degradation of the LMO cathode 
is the major reason for the aging of LTO/LMO batteries, while the film 
growth on the surface of LTO is negligible during cycling. They also 
reported that the capacity fade of the battery is mainly dependent on the 
calendar life rather than the stress of charge/discharge cycling. Similar 
conclusions were made by Pasquier et al. who suggested the major cause 
of capacity fade of LTO/LMO battery is the impedance increase on the 
cathode caused by the formation of a resistive layer. [16] Svens et al. 
also found that the loss of positive electrode active material and loss of 
cyclable lithium are the major contributors to cycling capacity fading by 
studying a 3.1 Ah commercial LTO-based battery. [17] The tested bat
tery also showed excellent calendar aging qualities with stable capacity 
and impedance over time. However, Belharouak et al. found a contra
dictory conclusion in a 2 Ah-class LTO/LMO battery during a storage test 
at high temperatures. [18] They found a coating on the LTO particles 
comprised of phosphorous, fluorine, and manganese that is primarily 
responsible for the capacity fading and impedance increase of the bat
tery. It is, therefore, necessary to further investigate the aging behavior 
of LTO-based commercial batteries.

In this study, we developed a testing protocol that can help investi
gate the high C-rate cycling performance of large-format commercial 
LTO-based batteries. Two types of batteries were tested at various rates 
(from 5C to 20C) for up to 8000 cycles at 20 ◦C. The high-rate perfor
mance of the two types of batteries was compared and discussed. The 
incremental capacity analysis (ICA) method was applied to the cycling 
curves at a relatively slow C-rate, which could be used to uncover their 
aging mechanisms. A single-particle aging model was developed based 
on the obtained aging mechanism that could accurately predict the 
degradation behavior of these batteries. By shedding light on the high- 
rate performance and aging mechanisms of commercial LTO batteries, 
this work provides critical insights into their limitations and guides the 
evaluation and onboard testing of high-power LTO batteries.

2. Experiment

2.1. Battery information

Table 1 lists the information of the two commercial batteries inves
tigated in this study, which were provided by an industry partner. The 
battery-A has a 13 Ah nominal capacity, and the battery-B has a 3 Ah 

nominal capacity, which was used to determine the currents at different 
C-rates for both rate tests and cycling tests. The anode material for both 
types is LTO. The cathode material for battery-A is LMO, while that for 
battery-B is protected from disclosure. The most possible cathode ma
terial for battery-B is a transition metal layered oxide such as LiNixM
nyCozO2 (NMC) according to its charge and discharge curves and their 
ICA curves, which will be explained in the later section of the paper. The 
voltage ranges were chosen based on the information provided by 
vendors. Other information about the two types of batteries such as 
electrode thickness and battery structure are protected from disclosure, 
although they have a significant impact on the electrochemical perfor
mance of the battery.

2.2. Cycling tests

A cycling protocol was developed in this study to evaluate the per
formance of the two LTO-based batteries during cycling at high rates. 
For the high-rate long-term cycling testing, batteries were cycled at a 
standard constant current charge/discharge (CC/CC) using Arin HC-5 in 
an environmental chamber (SPX model TJR-A-F4). Batteries were 
charged at a constant current until they reached the charge cut-off 
voltages, followed by a constant current discharge process to the 
discharge cut-off voltages. The cut-off voltages are listed in Table 1 for 
the two types of batteries. Three different cycling C-rates were applied 
for both types of batteries, including 5C/5C, 10C/10C, 15C/15C for 
battery-A, and 5C/5C, 10C/10C, 20C/20C for battery-B.

After every 50 cycles, two 1C/1C cycles were implemented to help 
evaluate the electrochemical performance of the two types of batteries. 
The relatively slow C-rate can diminish the capacity loss due to dynamic 
effects such as concentration depletion occurring at the microscopic 
level. The actual cycling state-of-charge (SOC) ranges during high-rate 
cycling can be derived with the help of these 1C/1C cycling. More
over, the degradation mechanisms of batteries can also be analyzed from 
the 1C/1C cycling curves.

Fig. 1a shows an example of the test profile of battery-A being tested 
at 5C/5C. The ambient temperature was controlled to 20 ◦C by a tem
perature chamber during the experiment, and the surface temperature of 
the batteries was recorded by a thermocouple. The decision to maintain 
temperature control at 20 ◦C is based on its relevance to real-world 
operating conditions, where ambient room temperature is a common 
baseline for evaluating battery performance. This temperature mini
mizes external thermal effects, ensuring that the observed performance 
and degradation behaviors are intrinsic to the batteries and not influ
enced by extreme thermal conditions. Fig. 1b shows that the tempera
ture increase for battery-A at the 5C/5C test was up to 7 ◦C. The 
temperature increase could be even higher at a higher testing C-rate. 
Thus, a six-minute relaxation step was introduced after each charge and 
discharge step to avoid the continuous accumulation of heat inside the 
battery.

3. Results and discussion

3.1. The rate performance and actual SOC ranges of batteries during 
cycling

Fig. 2a, b compares the charge and discharge curves at different C- 
rates of the two types of batteries. These curves show different shapes, 
especially at the end of charge/discharge, which could be from different 
cathode materials used in these two batteries. The rate test results sug
gest that battery-A is affected more by the cycling rate. The capacities 
that the battery-A can output are 84 %, 56 %, and 19 % of the 1C 
nominal capacity at 5C, 10C, and 15C, respectively. By comparison, the 
battery-B retains 89 %, 80 %, and 73 % of its 1C nominal capacity at 5C, 
10C, and 20C, respectively. Thus, the high-rate performance of battery-B 
is better than battery-A.

A battery is under-charged and under-discharged when being tested 

Table 1 
Basic information of the two types of tested LTO-based batteries.

Battery Type Chemistry Capacity Voltage range (V)

Anode Cathode (Ah)

battery-A Li4Ti5O12 LiMn2O4 13 1.5–2.8
battery-B Li4Ti5O12 LiNixMnyCozO2* 3 1.8–2.8

*Note: The cathode material of battery-B is not provided by the vendor, and the 
composition is based on our understanding from tested data.
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Fig. 1. The test protocol for commercial LTO-based batteries. (a) The current and voltage profiles of battery-A during a cycling test. Two 1C/1C cycles were 
conducted for every 50 cycles. (b) The current and temperature profiles of the battery during testing. The temperature is maintained at around 20 ◦C during the 1C/ 
1C cycles.

Fig. 2. Analysis of the cycling test at different C-rates. (a, b) Charge and discharge curves at different cycling rates for (a) battery-A and (b) battery-B. (c) A schematic 
that shows the actual SOC ranges at different C-rates during cycling. (d, e) The calculated SOC intervals at different C-rates during testing for (d) battery-A and (e) 
battery-B.
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at a high C-rate because of the large overpotential generated within the 
battery. In this study, we define that the battery reaches 100 % SOC 
during charging at 1C and returns to 0 % SOC during discharge at 1C. At 
a high C-rate, the battery is cycling within the SOC interval of [a, b], 
where 0 % < a < b < 100 %. The exact values of a and b depend on the 
battery type, cycling rate, and the status of the battery. Fig. 2c shows a 
schematic of the SOC ranges that a battery went through during testing 
at a high C-rate. Four different discharge capacities (D1, D2, D3, and D4) 
are labeled out in Fig. 2c, and the values of a and b can be calculated 
based on the formula (1) and (2). 

a =
D3 − D4

D3
= b −

D1

D3
(1) 

b = 1 −
D3 − D2

D3
(2) 

Fig. 2d compares SOC intervals at different cycling rates of the 
battery-A. The results suggest that the battery was under-charge and 
under-discharge at high C-rates. The degree of under-charge and under- 
discharge levels increased dramatically with the C-rate. At the 15C/15C 
test, the battery-A was cycled only between 45 % - 65 % SOC. By 
comparison, the SOC interval profile in Fig. 2e suggests that battery-B 
had much better capacity retention at a high C-rate. The battery could 
always reach ~0 % SOC regardless of the cycling C-rate. However, the C- 
rate affected the degree of under-charge. Thus, the source that limits the 
high-rate performance of battery-B is the charging process.

The results can be related to the charge and discharge curves as 
shown in Fig. 2a, b. When a battery is near to being fully charged or 
discharged, a very steep curve that is almost perpendicular to the x-axis, 
would appear. This phenomenon is not fully understood, which could be 
from the lack of Li+ ion in one of the electrodes, causing high diffusion 
resistance and leading to high overpotential. Fig. 2a shows both the 

charge and discharge curves change to be vertical at the end of cycling in 
the 1C/1C test. At high C-rates, the vertical parts disappear for both 
charge and discharge curves, indicating the under-charge and under- 
discharge states of battery-A. By comparison, Fig. 2b displays that the 
vertical parts of the discharge curves remain, while they disappear in the 
charge curves at high C-rates, indicating that battery-B could be fully 
discharged but could not be fully charged at high C-rates.

The different SOC ranges for the two types of batteries under high C- 
rates could be attributable to multiple factors, including their material 
and design features. While the cathode material is a significant 
contributor to the SOC range, other factors, such as the electrolyte 
formulation, electrode architecture, and overall cell design, also play 
critical roles. Specifically, battery-B may utilize cathode material with 
higher ionic conductivity or a more robust structure that allows for 
efficient Li+ intercalation and de-intercalation over a wider SOC range. 
Additionally, the electrolyte composition in battery-B could be opti
mized to reduce resistance and enhance Li+ transport at high C-rates. 
Differences in electrode porosity, thickness, and the ratio of binder to 
conductive agent could also affect ionic and electronic pathways, 
enabling more uniform utilization of the active materials.

3.2. Capacity fading of LTO-based batteries during high-rate cycling

The two types of batteries were continuously cycled at three different 
C-rates for thousands of cycles. Fig. 3 compares the cycling performance 
at all the tested conditions. Fig. 3a compares the cycling performance of 
battery-A at three different C-rates. The capacity degradation of battery- 
A fluctuates at 5C and 10C, which could be from the temperature vari
ations during cycling. Although batteries were tested in an environ
mental chamber, the temperature of a battery still increases during 
cycling, which can influence electrolyte conductivity, reaction kinetics, 
and overall cell performance. Localized heating may temporarily 

Fig. 3. The cycling performance of two LTO-based commercial batteries at various C-rates. (a, b) The evolution of capacity retention with respect to cycle number for 
(a) battery-A and (b) battery-B. (c, d) The evolution of capacity retention of the two types of batteries with respect to the effective cycle number (Neff) which is 
defined in this study for a fair comparison among different C-rates.
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enhance ion transport, while cooling periods could reduce capacity, 
leading to fluctuations. In addition, variations in lithium-ion diffusion 
and migration within the electrolyte can lead to intermittent changes in 
capacity, particularly at high charge/discharge rates. Localized con
centration gradients may result in non-uniform lithiation/de-lithiation, 
causing fluctuations in capacity retention, which has been reported in 
the literature. [19] Nevertheless, these factors do not impact the overall 
trend of capacity degradation of battery-A. The result suggests that 
battery-A has better capacity retention when being cycled at a higher C- 
rate. The capacity fading rate is the slowest at 15C/15C, while is the 
fastest at 5C/5C. Such a finding is contradictory to our conventional 
understanding that a higher current generally leads to faster capacity 
fading of a battery. [3] The reason for such phenomena is that battery-A 
went through different SOC ranges when being tested at different C-rates 
(Fig. 2d). Thus, the cycle number is not an appropriate index for 
comparing the aging of the battery at different C-rates.

Other indexes such as Ah-throughput and energy-throughput have 
been used. [20] However, the nominal capacity of battery-A (13 Ah) is 
much larger than battery-B (3 Ah), and these indexes cannot be used 
directly to have a fair comparison of the two batteries. We proposed an 
index Neff, namely “effective cycle number”, to normalize the Ah- 
throughput of a battery by its normal capacity. The value of Neff can 
be calculated from Eq. (3). The obtained Neff represents the number of 
full charge/discharge cycles that a battery goes through during cycling. 
Fig. 3c compares the capacity fading of battery-A at the three cycling C- 
rates using Neff as the index. The result suggests that the capacity fading 
rate is not significantly affected by the testing C-rate. More than 90 % of 
capacity is retained after over 8000 cycles for all the testing C-rates. 

Neff =
Ahthroughput

2⋅Capnominal
(3) 

where Ahthroughput is the capacity (in the unit of Ah) that a battery has 
gone through, and Capnominal is the nominal capacity, which is 13 Ah for 
the battery-A and 3 Ah for the battery-B.

Fig. 3b displays the cycling performance of battery-B at different C- 
rates. It should be mentioned that there are some abnormal issues during 
the tests for battery-B. At the 10C/10C test, the battery was uninten
tionally stopped and rested at room temperature for four weeks after the 
2391st cycle. After the rest period, the battery showed a much higher 
capacity in the beginning when it was back to the cycling test. A similar 
capacity recovery phenomenon after resting has been reported in the 
literature. [21] For the 20C/20C test, the battery was over-charged to 
3.6 V (instead of the normal 2.8 V) at the 340th cycle due to the software 
malfunction. The over-charging may lead to side reactions, such as 
electrolyte decomposition, gas evolution, or structural changes in the 
electrode materials, which could affect long-term battery performance. 
These mechanisms can be correlated to the much lower capacity after 
the happening of overcharging. A self-healing process was discovered 
for battery-B after the unexpected over-charge, which warrants further 
investigation. Thus, only the initial section without the unexpected 
resting or overcharging of the cycling profiles of the 10C/10 and the 
20C/20C cycling tests were used to evaluate the performance of battery- 
B at these C-rates. Fig. 3d applied the Neff as the index to compare the 
capacity fading of battery-B at the three cycling C-rates. Different from 
the performance of the battery-A shown in Fig. 3c, the C-rate has a 
significant impact on the capacity fading rate of the battery-B, and a 
higher C-rate leads to faster capacity fading. A linear extrapolation of the 
cycling curves suggests that the battery-B can be cycled for around 
22,000, 8000, and 3000 times, respectively, at the 5C/5C, 10C/10C, and 
20C/20C when its capacity decreases to 80 % of its nominal capacity.

3.3. Capacity fading mechanisms of LTO-based batteries

The different degradation behavior of battery-A and battery-B sug
gests that they have different capacity fading mechanisms. However, the 

vendors did not permit us to disassemble these batteries for materials 
characterizations of the electrodes or harvest the electrodes to fabricate 
Li metal half cells for electrochemical testing. To uncover the mecha
nism without opening these batteries, the discharge curves at 1C rate 
during the calibration process were investigated through ICA, which is a 
powerful technique that has been developed to study the degradation 
mechanisms of batteries. [22,23] It can convert plateaus in a cycle curve 
to ICA peaks by dividing the capacity by voltage (dQ/dV), and each ICA 
peak represents a phase transition process of the two electrodes during 
lithiation/de-lithiation. Generally, a slow C-rate such as C/25 is required 
for ICA analysis to eliminate the kinetic impact. However, this extremely 
low C-rate test is hard to implement with an onboard battery manage
ment system for electric vehicles. In this study, we nonetheless adopt 
this method but use a relatively higher current at 1C during the cali
bration test.

Fig. 4 shows the analysis of the capacity fading of battery-A during 
cycling. As all the batteries show similar aging modes at the three C-rates 
(5C, 10C, and 15C), the battery under the 5C/5C cycling test was chosen 
for the ICA analysis because it went through the longest cycle (Fig. 3c). 
Fig. 4a displays the ICA curves of the battery-A after various cycles. Two 
peaks can be distinguished from the curve, and they are labeled as 1 and 
2. We assume the LTO anode has a steady voltage profile during the 
cycling, [24] and thus the ICA peaks contain the information of the 
cathode evolution during cycling. The area under each ICA peak is 
related to the amount of cathode active material (CAM) that is involved 
in a lithiation process causing a two-phase coexistence. When one phase 
of the CAM is converted to the other phase during lithiation, the po
tential of the cathode will change dramatically, leading to the disap
pearance of an ICA peak. Thus, the two ICA peaks suggest that there are 
two two-phase transition regions for the CAM during its lithiation.

Here, we assume the LTO anode does not degrade during cycling, 
[15–17] and the capacity fading is mainly caused by the degradation of 
the CAM during cycling. Based on such assumption, the evolution of the 
two ICA peaks and their areas can be correlated to the two major 
degradation mechanisms, which are the loss of lithium inventory (LLI) 
and the loss of active materials (LAM) of the cathode. The LLI could be 
from the side reactions between electrolytes and electrodes that 
consume the total amount of available active Li+ used to store energy. 
The LAM of the cathode can cause the decrease of areas of both peak 1 
and peak 2. By comparison, the LLI only affects the area of peak 1 
because the battery is under-charged at the fully charged status when 
the amount of Li+ ion is not sufficient. If the LLI is the only degradation 
mechanism, the area of peak 2 will be affected after peak 1 disappears. 
To quantify the area under each ICA peak, the membership function 
(MF) is used by reference to fuzzy logic, as shown in Fig. 4b. [25,26] A 
linear function was chosen within the overlap region between the two 
ICA peaks to simplify the calculation, which is caused by the non-steady 
state of the cathode during discharging. The area under each ICA peak 
can be calculated from the formula (4) and (5). 

Q1 =

∫Vmax

Vmin

μ1⋅
dQ
dV

dV (4) 

Q2 =

∫Vmax

Vmin

μ2⋅
dQ
dV

dV (5) 

The discharge curve at cycle 50 was considered as the initial con
dition, and the two peaks at cycle 50 were used to normalize the peak 
areas in other cycles to highlight the change of the peak areas during 
cycling. Fig. 4c compares the evolution of the normalized peak areas for 
both peak 1 (Q1) and peak 2 (Q2). Overall, the peak area under the 
second peak (Q2) shows much less change compared to Q1 during 
cycling. In the first 3000 cycles, Q1 gradually decreases while there is 
negligible change in Q2, suggesting that the capacity fading is mainly 
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caused by the LLI in this period. The LLI can be from the formation of 
passivating films on the surface of both electrodes. [16] After 4600 cy
cles, Q2 shows around 3 % decrease that can be attributed to the LAM. 
The degradation mechanisms are schematically summarized in Fig. 4d, 
where the LLI leads to a reduced SOC level when a battery is fully 
charged, while the LAM leads to a shrinkage of the discharge curve.

The degradation mechanisms of LAM could be from (1) cathode 
degradation: the cathode material undergoes phase changes and 
microstructural deterioration over thousands of cycles. These changes 
reduce the number of active lithium storage sites, directly contributing 
to the loss of active material. (2) LTO anode aging: while the LTO anode 
is known for its structural stability, prolonged high-rate cycling can lead 
to minor mechanical stress and gradual detachment of the electrode 
particles from the conductive network. This results in reduced utiliza
tion of active material. However, the exact mechanisms for the LAM are 
hard to obtain without material characterizations, which is beyond the 

scope of this study.
To uncover the degradation mechanisms of battery-B during high C- 

rate cycling, a similar ICA analysis was conducted. The 10C/10C cycling 
test result was selected for analysis because the battery showed a greater 
degree of capacity fading than the one with the 5C/5C cycling test. The 
battery under 20C/20C had an abnormal over-charge which may affect 
the following degradation mechanisms and thus was not suitable for the 
ICA analysis.

Fig. 5a shows the ICA curves of battery-B at different numbers of 
cycles. Three ICA peaks can be identified that are labeled as 1, 2, 3 in the 
figure. During cycling, the locations of the three peaks shift to lower 
voltages, indicating a gradually increased impedance within the battery 
that leads to increased overpotential. Moreover, the intensities of all 
three peaks decrease simultaneously during cycling. We did not apply 
the Fuzzy logic MF to quantify the area under each peak. A simple linear 
MF may lead to misleading conclusions due to the increased number of 

Fig. 4. Analysis of capacity fading mechanisms of the battery-A during cycling. (a) The ICA analysis of the 1C discharge curves of the battery after various cycles. (b) 
Quantifying the area under each ICA peak using the fuzzy logic method. (c) The evolution of the ICA peak area normalized to cycle 50 (Q1 and Q2). (d) A schematic 
to demonstrate the two fading mechanisms and how they affect the voltage profile of the cathode electrode.

Fig. 5. Analysis of capacity fading mechanisms of the battery-B during cycling. (a) The ICA analysis of the 1C discharge curves of the battery after various cycles. (b) 
A schematic to demonstrate the major fading mechanism of LAM and how it affects the voltage profile of the cathode electrode.
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peaks (three instead of two for the battery-A) and the significant over
lapping among them. A qualitative analysis of the ICA curve suggests 
that LAM is the major capacity fading mechanism, which can lead to a 
proportional decrease in the areas of all the ICA peaks. Fig. 5b displays 
the proposed degradation mechanism of battery-B. The LTO anode does 
not change much during cycling, while the length of the charge curve 
from the cathode gradually decreases due to the LAM.

The two different degradation mechanisms for the two types of 
batteries obtained from the ICA analysis can be correlated to their 
different cathode materials. Battery-A, which utilizes LMO as the cath
ode, primarily suffers from LLI (Fig. 4). This degradation mechanism is 
often linked to side reactions at the electrolyte-electrode interface, such 
as electrolyte decomposition and the formation of a thick SEI on the 
anode, which trap lithium ions and reduce the amount available for 
intercalation/de-intercalation. Additionally, manganese dissolution 
from LMO into the electrolyte can accelerate LLI by inducing irreversible 
capacity loss. In contrast, battery-B, which employs an NMC cathode, 
experiences LAM as the dominant degradation mechanism (Fig. 5). This 
is likely due to structural degradation of the NMC particles, including 
microcracking, transition metal dissolution, and phase transformations, 
which progressively reduce the amount of electrochemically active 
material contributing to capacity. The more pronounced LAM in battery- 
B suggests that cathode degradation plays a more critical role in its 
performance fading compared to lithium inventory loss. These findings 
emphasize the importance of tailoring electrode materials and cell de
signs to mitigate specific degradation mechanisms for long-term battery 
performance.

3.4. Single-particle aging model to predict battery aging behavior

The capacity fading mechanism of the battery-A is dominated by the 
LLI, which could be from the formation of passivation layers on the 
surface of both the cathode and anode. The theory of SEI formation has 
been extensively studied and different models have been proposed for 
graphite anode. [27–29] However, little modeling work has been done 
for LTO-based batteries to predict their capacity fading. Here, we 
developed a single particle model based on a few assumptions to study 
the capacity fading of the battery-A.

Despite the passivation layers form on both sides of the electrodes, 
we assume that the solid-electrolyte interphase (SEI) formed on the LTO 
anode side is the dominant factor because the cathode-electrolyte 
interphase layer is usually very thin. [30] The evolution of the thick
ness of SEI (s) can be described by Eq. (6). [28] 

ds
dt

=
Jm
ρA

(6) 

where J is the rate of side reactions, m is the mass of SEI formed by a 
single reaction, ρ is the density of SEI, and A is the surface area of anode 
material that side reaction could occur. The side reaction rate can be 
described by Eq. (7) based on the first-order reaction assumption. 

J = kA(c − Δc) (7) 

where Δc is the concentration difference of reaction species between the 
outside and the inside of the SEI. The Δc can be solved based on Fick’s 
first law. 

Δc =
Js
AD

(8) 

where D is the diffusivity through the SEI of the species that reacts with 
lithium to form SEI. From Eqs. (6)–(8), the increase rate of the thickness 
of SEI can be derived 

ds
dt

=
kcDm

ρ(D + ks)
(9) 

The capacity loss of a battery is proportional to SEI thickness which 

can be correlated to the loss of lithium inventory within the battery. 

Qloss =
sAρ
m

⋅
Ne
t0

(10) 

where N is Avogadro’s number (6.02 × 1023 mol− 1), e is the electronic 
charge on an electron (1.602 × 10− 19C), and t0 is the constant that 
equals 3600 s⋅h− 1. The capacity fade rate can be calculated from Eqs. (9) 
and (10)

dQ
dt

= −
kcDA2ρg2

ρDAg + km(Q0 − Q)
(11) 

where g=Ne/t0, and the value of g is 26.79 Ah mol− 1.
In Eq. (11), k and D need to be fitted in our model. Since the species 

of SEI is unclear, we assume that c is 1 M, which is an arbitrary value 
because we do not have the information on electrolytes used in the 
battery. A is calculated based on battery capacity and coating parame
ters. ρ and m are two SEI characteristics, lithium fluoride is chosen as a 
typical SEI component, and its molar mass is 26 g mol− 1 and density is 
2.6 g⋅cm− 3.

The diffusion coefficient D depends on temperature, and follows the 
Arrhenius law, as shown in Eq. (12). [28] Although the temperature of 
the battery is not constant during cycling, we included a rest step to 
minimize the change. As the variation of the temperature is much 
smaller than Ea/kB, the Eq. (12) can be simplified to Eq. (13), where the 
derivation process is shown in Appendix A for reference. 

D∝exp
(

−
Ea

kBT

)

(12) 

D = D0exp(αI) (13) 

Fig. 6a fits the single-particle model with tested results in the 5C/5C 
and the 15C/15C cycling tests. The parameter k is 1.0 × 10− 11 s− 1 for 
both conditions. The value is lower than the reaction rate on the surface 
of graphite reported in some research, such as 10− 3 - 10− 7 s− 1. [31] The 
small k value explains the long lifespan of LTO-based batteries. The 
parameter D is 5.0 × 10− 21 m2 s− 1 for the 5C/5C condition, while is 2 ×
10− 20 m2 s− 1 for the 15C/15C condition. The general Li+ diffusion co
efficient values for the SEI formed on graphite anode is 10− 11 - 10− 18 m2 

s− 1. [31] However, the parameter D calculated here represents the 
diffusion coefficient of electrolyte solvents or reactive species through 
SEI, which is usually not reported in the literature. Moreover, the exact 
composition of the electrolyte of battery-A is not disclosed by the 
vendor. Thus, it is hard to evaluate the accuracy of the D values fitted 
from the experimental data.

Combining the formula (13) with the D values at the 5C/5C and the 
15C/15C tests, we calculated the D value at the 10C/10C test to be 1.0 ×
10− 20 m2 s− 1. The k value is the same for all the test conditions. Based on 
these parameters, the capacity fading of battery-An under 10C/10C 
cycling was predicted. Fig. 6b compares the predicted capacity fading 
that shows a good match with the measured performance, indicating the 
applicability of the developed single-particle model in predicting the 
degradation of battery-A at other cycling conditions.

It is worth noting that the single-particle aging model developed in 
this study effectively captures the observed degradation trends of LTO- 
based batteries under high C-rate cycling. While the model supports 
the hypothesis that SEI formation significantly contributes to the 
observed capacity fading, it remains an indirect method of assessing 
degradation mechanisms. Direct material characterization, such as post- 
mortem analysis of the electrode surfaces and SEI composition, would be 
necessary to validate the model’s assumptions and provide definitive 
evidence of the role of SEI formation. Future studies could integrate 
techniques such as X-ray photoelectron spectroscopy, transmission 
electron microscopy, or nuclear magnetic resonance spectroscopy to 
confirm the relationship between SEI properties and battery aging. 
Including material analysis would strengthen the understanding of 
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degradation mechanisms and further enhance the predictive capability 
of the model.

4. Conclusion

In this study, we developed a simple test protocol that can be used to 
evaluate the degradation behavior of LTO-based batteries during high- 
rate cycling tests. By applying such a test protocol, we uncovered the 
rate capability and degradation behavior of two large-format commer
cial LTO-based LIBs under high C-rate cycling. Despite battery-A and 
battery-B having the same LTO anode, their rate performance and 
cycling stability are quite different. The battery-B can always be fully 
discharged to almost 0 % SOC even at 20C, while the battery-A is 
running within a limited SOC range of around 45 % - 65 % at 15C/15C. 
These differences can be attributed to many other factors such as cath
ode material, electrode composition (ratio of binder and conductive 
agent), electrode thickness and porosity, and electrolyte composition.

Both LTO-based batteries showed excellent cycling stability with 
thousands of cycles with less than 10 % capacity fading. However, 
different degradation patterns are found for the two types of batteries. 
The capacity fading rate of the battery-A is not affected by the C-rate. All 
the batteries can reach over 10,000 effective cycles with over 90 % of 
capacity retention. However, the C-rate significantly affects the capacity 
fading rate of battery-B, with a higher C-rate leading to faster capacity 
fading. The different degradation behaviors can be correlated to their 
different aging mechanisms that are uncovered based on the analysis of 
1C/1C cycling curves. The degradation mechanisms of battery-A are 
dominated by the LLI, while they are dominated by the LAM for battery- 
B. The different aging mechanisms could be from many factors such as 
cathode material, electrode composition, electrode thickness and 
porosity, and electrolyte composition. We further developed a single- 
particle model that can predict their degradation behavior at different 
cycling conditions.

In summary, we obtain plenty of information on the electrochemical 

performance and aging mechanisms of LTO-based batteries by imple
menting two continuous 1C/1C cycling tests in between high-rate 
testing. Such a test protocol can be implemented onboard in practical 
applications to help understand the status of these LTO-based batteries. 
In addition, the method presented in this study can also be extended to 
commercial LIBs with anodes such as widely used graphite and silicon. 
The approach can provide valuable insights into the intercalation and 
de-intercalation dynamics, as well as the evolution of SEI under varying 
cycling conditions. This could lead to a better understanding of the 
mechanisms of capacity fading and the impact of high-rate cycling on 
the electrochemical performance of commercial batteries.

CRediT authorship contribution statement

Laisuo Su: Writing – review & editing, Writing – original draft, 
Visualization, Investigation, Formal analysis. Martin Z. Bazant: Writing 
– review & editing, Supervision, Resources, Project administration, 
Methodology, Investigation, Funding acquisition, Conceptualization. 
Alan Millner: Supervision, Resources, Methodology. Peng Bai: Writing 
– review & editing, Validation, Supervision, Methodology, Investiga
tion, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work was partially supported by the MIT Lincoln Laboratory. L. 
S. acknowledges the New Faculty startup funding provided by the Uni
versity of Texas at Dallas. P.B. acknowledges the support of an NSF grant 
(No. 2044932).

Appendix A. Appendix

Relation between diffusion coefficient (D) and current (I).
The temperature of the tested battery is increased during cycling, which can be correlated to the current through Eq. (14). 

ΔT = β⋅I (14) 

We assume the temperature increase is much smaller than room temperature, which is itself much smaller than Ea/kB 

ΔT≪T≪Ea/kB (15) 

D follows the Arrhenius’s law 

Fig. 6. Validation of the single particle model to predict the capacity fading of the battery-A. (a) Fitted results of the battery under the 5C/5C and the 15C/15C 
cycling tests. (b) Predicted results of the battery under the 10C/10C cycling test.
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D = Aexp
(

−
Ea

kBT

)

= Aexp
(

−
B

T0 + ΔT

)

= Aexp
(

−
B
T0

⋅
1

1 + (ΔT/T0)

)

(16) 

where B = Ea/kB, T = T0 + ΔT.
The eq. (16) can be simplified with the following approximation. 

1
1 + ΔT/T0

=
ΔT≪T01 − ΔT

/

T0 (17) 

D = Aexp

(

−
B
T0

+
B
T2

0
ΔT

)

= Aexp
(

−
B
T0

)

⋅exp

(
B
T2

0
ΔT

)

=
ΔT=β⋅ID0⋅exp(αI) (18) 

where D0 = Aexp
(

− B
T0

)

, α = B
T2

0
⋅β.
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