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Herein, we report high-temperature aging behavior of commercial Li-ion batteries (LIBs) after heating
at 100 °C in which environment. After thermal aging, the results reveal a capacity drop of 61.1% during
initial 2 charge/discharge cycles, however, the capacity started to recover after the 2" cycle and became
stable after 24" cycle. In 16 charge/discharge cycles, we have observed a capacity recovery rate of 94.5%.
The recovery rate linearly increased during initial four charge/discharge cycles, followed by an
exponential decrease. The present report demonstrates that thermal aging can be accelerated by
increasing the aging temperature, which is an efficient and fast route for performance evaluation of LIBs.
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1. INTRODUCTION

Commercial lithium-ion batteries (LIBs), first developed in 1990, have been become essential
for our daily life for a wide range of applications, including laptops, cellular phones and household
appliances. Moreover, LIBs are promising candidates for large-scale applications, such as electric
vehicles and grid energy storage. However, the decline in battery capacity over time determines the cell
performance, cyclic life and calendar life [1-4]. Therefore, the actual storage and working conditions
should be considered for performance evaluation. For instance, the operating temperature significantly
influences the battery aging and failure. The elevated temperature leads to electrolyte decomposition and
increases the impedance of interface [3, 5-8], leading to rapid capacity decay. The aging behavior of
LIBs has been studied in the temperature range of 30 to 60 °C [7-17], however, the aging experiments
at >70 °C have not been attempted yet.

Herein, we tried to establish the upper-temperature limit for aging experiments, where higher cell
stability and lesser time are employed as fundamental criteria. Consequently, a new method is presented
to estimate the cell performance in shorter times.
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2. EXPERIMENTAL SECTION

2.1. Cell fabrication and characterization

Commercial 16 Ah NCM (LiNi13Mni3Co1/302) pouch cells were characterized by using a LAND
Battery Testing System (CT2001B, Wuhan LANHE Co. Ltd., China).

The batteries were activated by carrying out the charge/discharge process at 0.2 C for 3 cycles.
The cells were rested for 1 h after the activation to minimize the polarization. Then, the cells are charged
at 1 C to SOC100% using CC (constant current)-CV (constant voltage) method. SOC 100% was defined
by the cut-off voltage of 4.2 V and current limit of 3%lI (I = 16 A). Again, the cells were rested for 1 h
to ensure the stability of SOC.

The 100% charged cells were soaked in a thermostat (Zhongxing Weiye Co., Ltd) at 100 °C for
1.5 h, followed by natural cooling for 5 h. Then, the charge/discharge cycling was carried out by using
LAND Battery Testing System. The data collection scheme is illustrated in Fig. 1.
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Figure 1. The data collection scheme utilized in current experiments.

3. RESULTS AND DISCUSSION

3.1. Capacity decay

The capacity, capacity retention and capacity loss after aging at 100 °C for 1.5 h are shown in
Fig. 2. The capacity retention and capacity loss were calculated by using the given relationships:

Capacity retention = C1/Co*100% (1)

Capacity recovery = Co/Co*100% (2)
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Capacity loss = (Co-Cn)/Co*100% (3)

where C; refers to the 1% discharge capacity after heating at 100 °C; C, represents the n cycle
capacity after heating at 100 °C; and C, corresponds to the original capacity. After aging at 100 °C, the
commercial LIB delivered the 1% discharge capacity of 11.5 Ah, which corresponds to a capacity
retention of 71.86% and capacity loss of 28.14%. Moreover, the 2" discharge capacity was found to be
9.8 Ah, which corresponds to the capacity retention of 61.1%. Obviously, the high-temperature aging
influenced the LIBs and (de)insertion of Li-ions between cathode and anode was hindered during initial
two charge/discharge cycles. However, the capacity started to recover from the 3™ charge/discharge cycle
and the LIB delivered a capacity of 15.1Ah after 24" charge/discharge cycle, which corresponds to a
capacity retention of 94.5%. Moreover, the capacity remained stable during subsequent charge/discharge
cycles.
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Figure 2. Capacity, capacity retention and capacity loss after storage in 100 °C for 1 h.

Previously, the aging behavior of LIBs is reported in the temperature range of 30 to 60 °C [7-17]
and rare studies have been carried out at >70 °C. However, high-temperature stability is usually
investigated at >100 °C [6, 18-20]. It has been reported that the reactions begin around 60 °C in the
charged state, leading to battery failure due to temperature-induced irreversible decomposition of solid
electrolyte interface (SEI) and LiPFs electrolyte [21-24]. These results indicate the occurrence of two
types of changes, reversible and irreversible, at 100 °C. Owing to the reversible nature of some changes,
95% of the cell capacity has been recovered during initial 24 charge/discharge cycles. The proposed

research strategy is an efficient way of accelerating the aging process, which facilitates the performance
evaluation of LIBs.
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3.2 Capacity recovery rate
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Figure 3. Capacity recovery rate after storage at 100 °C.

The capacity recovery rate (CRR) can be defined as:

CRR = (Cy+1-Cn)/(Cyclen+1 - Cyclen) (4)

where C, 1is the capacity of battery at the cycle n.

Fig. 3 shows that the capacity recovery started from the 2" charge/discharge cycle. The recovery
rate linearly increased during initial 4 charge/discharge cycles, which can be given as:

y = 0.24x —0.09

where the change in capacity was found to be 0.38 Ah, which is 2.38% of the original capacity.
y is the capacity of battery at the cycle x. After 4" charge/discharge cycle, the capacity recovery rate
started to decrease, which can be given as:

Iny =1In10.1 — 0.43x

After 9 charge/discharge cycle, the capacity recovery rate has been decreased to 0.13 Ah per
cycle and became stable 24™ charge/discharge cycle. Hence, the thermally-aged cells, at 100 °C,
recovered the initial capacity after 24 charge/discharge cycles, confirming the occurrence of reversible
changes during high-temperature storage.

4. CONCLUSIONS

In summary, we have studied the thermal aging of commercial Li-ion batteries (LIBs) at 100 °C.
After thermal aging, the cell capacity was dropped to 61.1% during initial 2 charge/discharge cycles,
indicating the hindered (de)insertion of Li-ions in active electrode materials due to thermal aging.
However, the capacity started to recover after 2" charge/discharge cycle and became stable after 24™
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charge/discharge cycle, corresponding to a capacity recover rate of 94.5%. The capacity recovery rate
linearly increased during initial 4 charge/discharge cycles, followed by an exponential decrease. The
excellent recovery rate indicates the occurrence of both reversible and irreversible reactions during high-
temperature aging, however, further work is required to identify the reaction mechanisms during aging
process. The current work demonstrates an excellent strategy to accelerate the aging process, increase
the upper-temperature limit and reduce the experimental time for performance evaluation of LIBs.
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