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HIGHLIGHTS

o Plated lithium with electrolyte can trigger early venting during thermal runaway.
o Side reactions cause consistent heat and gas generation during and after charging.
e Rapid gassing leads to direct venting after unreasonable fast charging.

e CO,, CO and CzH, account for most of the generated gases at early venting stage.

ARTICLE INFO ABSTRACT

Keywords:
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Fast charging

Lithium-ion batteries pose high risks of failure when subjected to fast charging due to accumulated degradation
from side reactions. Venting is a common failure behaviour that results in the release of gases and depressur-
ization. However, the connection between fast-charging degradation and venting characteristics remains unclear.
In this study, fast-charging experiments are conducted on LiNig¢Mng 2Cop 202 (NMC622)/graphite prismatic
cells (51 Ah) with controlled cooling, followed by adiabatic thermal runaway tests. The degraded cell, after 4C
charging, shows venting at a temperature 34.4 °C lower than a fresh cell. Gas analysis of the degraded anode-
electrolyte partially reactive system in hot-box tests reveals that the reaction between plated lithium and elec-
trolyte was a primary contributor to the additional gases. The fast-charging protocols are conducted under
natural convection with less heat dissipation, causing battery swelling and venting without thermal runaway
when subjected to excessive cycling at off-limit charge rates (5C and 5.6C). The temperature decreasing rates
during rest after each charging process slow down or stabilize for a certain period, highlighting the role of
exothermic side reactions. This experimentally demonstrates that venting failures can be directly triggered by the
exothermic, gas generating reaction during fast charging. These findings inform future designs for safe and rapid
battery charging.

Lithium plating
Venting
Thermal runaway

1. Introduction compromise battery safety [4]. Hence, it is crucial to understand the
impact of degradation caused by fast charging on battery safety.

Fast charging of lithium-ion batteries (LIBs) is essential for reducing The degradation of fast-charged LIBs has been extensively studied.

electric vehicle charging times and promoting road transport electrifi-
cation [1,2]. However, fast charging leads to significant degradation,
compromising the electrochemical performance of LIBs, including ca-
pacity and power output [3]. In extreme cases, fast charging can even

Lithium (Li) plating has been identified as the dominant side reaction
due to mismatched charge transfer with limited Li" intercalation during
fast charging [5-8]. Tomaszewska et al. [6] provided an overview of fast
charging physics as well as the associated degradation mechanisms and
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Fig. 1. Flow chart of the experiments and corresponding observations in this study.

mitigation strategies. The interplay between the primary and secondary
degradation mechanisms was further reviewed by Edge et al. [9].
Despite the complex nature of battery degradation, key degradation
mechanisms during fast charging can be identified using various char-
acterization techniques. Xie et al. [3] conducted a cycle aging study on
commercial 2.5 Ah 18650 cylindrical cells with LiNigpgCog 1Mng 102
(NCM811) as cathodes and graphite as anodes. Post-mortem analyses
showed that Li plating and solid electrolyte interphase (SEI) growth
dominated the anode degradation, whereas secondary particle cracking
and transition metal dissolution dominated the cathode degradation
during fast-charge cycling. Mussa et al. [10] studied the ageing of a 25
Ah NCM/graphite prismatic cell under fast charging. They revealed that
the cracking of NCM particles was not the dominant factor, while Li
plating mainly accounts for the irreversible capacity loss under 3C
charging. Besides, cell swelling was observed under 4C charging with
the activation of current interruption device (CID). Chen et al. also re-
ported in-operando optical observation of Li plating during high C-rate
charging and proposed a strong correlation between incremental ca-
pacity (IC) peak with the onset of Li plating [11]. In addition, Xu and
coworkers proposed a dynamic capacitance measurement method to
detect Li plating in-operando based on the understanding of interfacial
evolution along with Li plating, which facilitate the online diagnosis of
fast charging degradation [12].

As an equally important metric to capacity and power, battery safety
after fast charging has attracted growing attention [13-19]. Ren et al.
[13] compared the thermal runaway (TR) behaviours of 24 Ah
NCM111/graphite pouch cells under different aging conditions. Con-
ventional characteristic temperatures in adiabatic TR tests in an accel-
erating rate calorimetry (ARC) were utilized to measure thermal
stability. They found that the anode-electrolyte partial system with
obvious Li plating substantially undermined the TR performance, while
the cathode degradation only had negligible effects on battery safety. Li
et al. [20] investigated the TR behaviours of NCM523/graphite pouch
cells after fast charging. The cells after fast charging were found to have
a shortened TR process with decreased self-heating and TR onset tem-
peratures compared to fresh cells, which can be attributed to the reac-
tion heat between plated Li and electrolyte. Another study by Li et al.
[21] showed that the gas products from the reaction between plated Li
and electrolyte led to an early eruption of pouch cells after fast charging.

In addition, many abuse tests have been reported in the literature using
various triggering methods such as overcharging, external heating and
external short-circuit. There has been a consensus that cells after
fast-charging degradation exhibit lower energy release but are easier to
enter TR [22-24]. In addition, Waldman mentioned that the relaxation
time after fast charging also has certain effects on TR behaviours, which
can be associated with the re-intercalation of metallic Li into graphite
anode [25]. Despite some changes in characteristic temperatures, the
damage patterns of fast-charged cells with longer relaxation time are
similar to those with shorter relaxation.

Less severe than TR, battery venting or CID activation is considered
as moderate failure by which LIBs completely lose their functionality.
Venting characteristics are also essential for assessing battery safety.
Current studies on gassing mechanisms have mostly focused on over-
charge and high-temperature cycling [26-33]. Michalak et al. [26]
proposed that the electrochemical cross-talk can lead to gas evolution
and capacity fade, which can be attributed to the SEI destruction process
when anode potential increases above 0.9 V during discharging. Lu et al.
[27] investigated the swelling mechanisms of a lithium iron phosphate
battery under high-temperature storage with a state of charge (SOC) of
0%, and the SEI was found to decompose drastically at > 50 °C at high
voltages, which facilitated the SEI reformation and gas generation.
Wang et al. [29] performed high temperature 1C cycling tests on lithium
titanate batteries at 55 °C, and their gas analysis showed that carbon
dioxide (CO2) and hydrogen (Hy) are the major gaseous products which
can be attributed to water and solvent decomposition at high tempera-
tures. Mattinen et al. [30] used on-line mass spectrometry to investigate
gas evolution during cycling at different charge rates. Their results
showed that the amount of ethylene (C2H4) gas was positively related to
C-rates, and CO; and Hy were reported to be the main gaseous species at
high voltages (>4.15 V) and low voltages (<2.8 V). Aiming at Li plating,
Gordon et al. reported a cycling protocol with high charge rate over-
charge and high SOC window to induce Li plating as internal cell error
and successfully trigger swelling and TR in different types of cells [33].
There lacks a systematic study on venting characteristics and gassing
mechanisms during fast charging.

This study therefore focuses on battery venting during fast charging
by addressing the following research questions: (1) How will the
degradation induced by fast charging affect battery venting behaviours?
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Table 1

Battery specifications.
Battery type Prismatic
Operation Voltage (V) 2.8-4.2
Capacity (Ah) 51
Standard charge rate 0.33C
Maximum charge rate 2C
Energy density (Wh/kg) 204
Mass (g) 925
Cathode active material NMC622
Anode active material Graphite

Electrolyte
Separator

LiPF¢/EC, DMC, EMC
Polyethylene (PE)/Ceramic

(2) What are the major side reactions responsible for the rapid internal
pressure build-up during fast charging? (3) What operating conditions
can trigger venting during fast charging? A series of experiments were
designed with a flowchart illustrated in Fig. 1. Fast-charge cycling ex-
periments at different C-rates under controlled cooling were first con-
ducted to study the electrochemical-thermal characteristics and
degradation mechanisms during fast charging as well as to identify the
limiting C-rate can cause observable effects on battery venting behav-
iours in terms of thermal safety during TR tests. The fast-charge cycling
experiments were followed by adiabatic TR tests and hot-box tests with
gas analysis to study the effects of fast-charging degradation on TR and
venting behaviours. To investigate how heat removal rate will affect
fast-charge degradation and battery safety failure behaviours, the fast-
charge cycling tests were conducted under forced and natural convec-
tion conditions. Based on the findings from the fast-charge cycling and
TR experiments, off-limit charging tests were designed, which success-
fully triggered non-TR venting failure during fast charging. Post-mortem
analyses were conducted after the off-limit charging tests. The study
provides valuable insights into battery venting caused by fast charging,
informing future designs for safe and rapid battery charging.
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2. Experimental
2.1. Fast charging and excessive cycling tests

The batteries used in this study are 51 Ah commercial prismatic
batteries with NCM622 and graphite as cathode and anode active ma-
terials respectively. Lithium hexafluorophosphate (LiPFg) solution in
ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate is used as the electrolyte. Specifications of the prismatic
battery were summarized in Table 1. The standard and maximum charge
rates recommended by the battery manufacturer are 0.33C and 2C,
respectively. Hence, charging at C-rates > 2C can be considered as fast
charging. This prismatic battery is equipped with passive protection
designs including a CID and venting valve to cut off the current and
release the gases inside the battery when the internal pressure exceeds a
certain safety threshold. The fresh batteries were first operated with
capacity check-up procedures including three cycles of 1/3C constant
current constant voltage (CC-CV) charging and 1C constant current (CC)
discharging. Each charging and discharging process was followed by a 1-
h rest period to stabilize the batteries. Then, the batteries were cycled
with CC fast charging at different C-rates (1C, 2C and 4C) to 4.2 Vand 1C
CC discharging to 2.8 V. The capacity check-up produces were per-
formed every 10 fast-charge cycles to record the capacity retention.
Cycling was terminated when the checked capacity retention dropped
below 80% for 4C charged cell, which is a common indicator for ca-
pacity failure. Note that the rest period after fast charging was also
performed with differential voltage analyses to identify the degradation
mechanisms. All these tests were conducted in forced convection ther-
mal chambers at 25 °C with voltage and cell surface temperature
recorded at the time interval of 1 s throughout the tests using NEWARE
battery cycler (CT-8004-5V200Q-NTFA). Additional fast-charge cycling
tests at 4C, 5C and 5.6C were conducted in thermal chambers under
natural convection using Arbin’s battery cycler (Laboratory Battery Test
Series, maximum current < 300 A) to study the effects of cooling con-
ditions and deliberately trigger venting failure. Images were taken 2 h
after the end of rest period, and then post-mortem analyses were per-
formed accordingly after the cell cooled down for one day.
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Fig. 2. Electrochemical-thermal characteristics during fast-charge cycling under forced convection: (a) voltage and average temperature profiles for the 1st charging-
rest period at different C-rates, (b) charge capacity versus cycle number at different C-rates, (c) differential voltages during rest after the 1st charging at different C-
rates, and (d) differential voltages after cycle numbers from 1 to 4 at a 4C charge rate.
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2.2. ARC tests

The adiabatic TR tests were performed with fresh and fast-charged
batteries in an Extended-Volume ARC (EV + ARC) produced by Ther-
mal Hazard Technology. All TR tests for the fast-charged batteries were
conducted within 1 h after the 2nd fast-charge cycle. In the TR tests, the
batteries were placed at the bottom centre of the ARC chamber with the
voltage and temperature recorded at a time interval of 1 s. The heat-
wait-seek (HWS) mode was operated for the ARC before switching to
the adiabatic mode with the procedures detailed elsewhere [34]. Adia-
batic environments were simulated in the ARC chamber to fully capture
the heat generation without any heat dissipation. Therefore, any
exothermic reactions can be identified by characterizing the peaks in
temperature rise rate curves. In addition, the sudden drop of tempera-
ture rise rate curve can be used to indicate the occurrence of battery
venting due to the sudden energy release through the venting valve [35].

2.3. Hot-box tests and post-mortem analyses

Partially reactive systems were used to separate a full battery cell
into anode-electrolyte, cathode-electrolyte, or cathode-anode systems
for further analyses with experimental procedures detailed in our pre-
vious study [21]. After the capacity check-up, a battery after 10 cycles of
4C fast-charge cycling under forced convection was dissembled in an
argon-filled glove box. The degraded anode was taken out of the jellyroll
and soaked in DMC to wash off the residual electrolyte. After 24 h of
storage in the glove box, the anode powders were scratched off the
current collector. The dry powders were then loaded into an aluminium
plastic bag with a volume of 1.2 L. The same electrolyte (1 M LiPF¢ in
EC-DMC-EMC) was added into the bag following the same mass ratio of
anode to electrolyte as the full cell detailed in our previous study [21].
After sealing the aluminium plastic bag with the anode-electrolyte
mixture, the partially reactive system was placed into a hot-box and
gradually heated up to 120 °C. The bag underwent massive expansion
due to rapid gas generation and pressure build-up. After cooling down
the hot-box, the bag shrank because of condensation of electrolyte vapor
and the remaining gases were collected and analysed using gas chro-
matography. As for those batteries cycled under natural convection,
they were dissembled in a glove box after any of failure events such as
low capacity retention, swelling and venting occurred. It is noted that
the jellyroll of the 4C battery under natural convection was resealed in
an aluminium plastic bag and put under storage for one month before
further gas analyses, whereas the 5C and 5.6C batteries under natural
convection were disposed immediately after disassembly for safety
reasons.

3. Results and discussion
3.1. Capacity fade and Li plating

Fig. 2 shows the electrochemical-thermal characteristics during fast-
charge cycling. Since the tests were conducted in thermal chambers with
a constant temperature of 25 °C under forced convection, the battery
temperature remained within 50 °C even for 4C charging. For the first
cycle, charge capacities of 44.06 Ah and 41.59 Ah were respectively
obtained at 2C and 4C before reaching the cut-off voltage of 4.2 V. Fig. 2
(a) shows that the 4C-charged battery gave a higher peak temperature
(47 °C) compared to the 2C-charged battery (36 °C) due to the larger
heat generation at a higher C-rate. Fig. 2(b) shows accelerated capacity
fade for check-up points at a higher C-rate. The capacity retention
dropped to 67.3% after 10 cycles for 4C fast-charge cycling, while 2C
cycling only caused 2.1% of capacity fade after 20 cycles. Additional 1C
cycling for the same number of cycles to 20 cycles were conducted,
which only caused 0.003% of capacity loss, showing negligible degra-
dation within 20 cycles. As shown in Figs. S1(a) and (b), the discharge
capacity during cycling also decreased with a higher C-rate, and 4C
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Fig. 3. Adiabatic TR tests for fresh and 4C fast charged (after the 2nd cycle)
cells. (a) Temperature and voltage changes versus time; (b) Temperature rise
rate versus temperature (bl) with an enlarged view for temperatures
<180 °C (b2).

cycling showed a tremendous drop in discharge capacity from 39.3 Ah to
17.5 Ah. Fig. S2 shows the incremental capacity curves of fresh, 1C, 2C
and 4C cells, respectively. Compared to fresh cells, 1C and 2C charged
cells show similar IC curves of 0.05C discharge, indicating no obvious
LAM or LLI occurred for 1C and 2C charged cell, while 4C charged cell
shows weakened and shifted peaks due to massive degradation
compared to 1C and 2C cells, which is consistent with poor capacity
retention of 67.3% after 10 cycles of 4C fast-charge.

The capacity fade increase with increasing C-rate was further
examined with differential voltage during rest after charging process,
which is commonly utilized as auxiliary evidence for Li plating/
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Table 2
Characteristic temperatures and failure events during adiabatic TR tests.
Fresh after 4C charging
Self-heating temperature, T; (°C) 101 50
Temperature at which CID activated, Tcip (°C) 139.3 -
Venting temperature, Tyen: (°C) 152.4 118
TR triggering temperature, T (°C) 185.9 197.3
Maximum temperature, T3 (°C) 654.8 635.3

stripping [36-38]. Although some may argue that absence of voltage
plateau does not mean the absence of Li plating, the rest voltage plateau
evidence can still be valid because capacity fade under 2C was negligible
compared to that under 4C. To rule out the possibility of unobservable Li
plating under 2C, scanning electron microscopy (SEM) images of fresh
cell and 2C-charged cell are shown in Fig. S3 and Fig. 54, respectively.
Comparing to the fresh cell, the 2C-charged cell showed no obvious
change in surface morphology for both anode and cathode sides, con-
firming that Li plating can be negligible in degradation analysis under
2C charging under forced convection. In the meantime, 4C cycling led to
an obvious voltage plateau whereas 2C cycling led to no plateau, as
shown in Fig. 2(c), indicating the occurrence of Li plating under 4C
charging. To study the amount of plated Li during 4C cycling, differ-
ential voltages after cycle numbers from 1 to 4 are compared in Fig. 2(d).
It can be observed that the first rest stage exhibited a later voltage
plateau while the following three cycles exhibited similar voltage pla-
teaus. This is consistent with the findings in the literature which showed
the first cycle produced a larger amount of plated Li [38]. The analyses
above confirm that Li plating dominated the rapid capacity fade during
fast-charge cycling at 4C.

3.2. TR and gassing characteristics after fast charging

TR characteristics of fresh and 4C fast-charged batteries are

(a) Partially reactive system — hot-box test

Degraded anode
after 4C charging

Electrolyte

4C-charged anode with
massive deposition

&»

Surface powder,
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Swelling at the highest temperature, T o' QT
e . oL0
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compared in Fig. 3. The 4C fast charging under room temperature is
selected for comparisons and for the analyses in the rest of the paper
because 4C was identified as the limiting C-rate that can trigger
observable effects on venting behaviours in terms of thermal safety as
detailed in the Supplementary Information. The characteristic temper-
atures and failure events during the adiabatic TR tests are summarized in
Table 2. In Fig. 3(a), the fast-charged battery gives a shorter TR process
than the fresh battery. TR test results for a 3C-charged battery and the
corresponding features are given in Table S1 and Fig. S5 in the Sup-
plementary Information. It also can be found that the fast-charged bat-
tery experienced earlier self-heating compared to the fresh battery, with
self-heating temperatures (T7) of 62 °C and 50 °C, respectively. This can
be mainly attributed to the exothermic reaction between the plated Li
and electrolyte. In contrast, the triggering temperature (T2) and the
maximum temperature (T3) of the fast charged batteries are close or only
slightly higher than those of the fresh battery as shown in Table 2.
Although the fast-charged battery has accumulated a certain amount of
plated Li after 2 cycles of fast charging, the degradation was not com-
parable to a typical fast charging aging study which can last for months.
Therefore, the total energy released during TR of the fast-charged bat-
tery showed a slight difference from that of the fresh battery. The CID
was successfully activated for the fresh battery, resulting in an imme-
diate voltage drop to 0 V and a temporary pause in the temperature rise.
However, the CID failed to be activated for the fast-charged battery.
Fig. 3(b) shows the temperature rise rate during the TR tests, which
increased slowly until reaching T, and rapidly increased to the
maximum temperature rise rate before cooling down. The enlarged
figure shown in the inset of Fig. 3(c) indicates that venting occurred for
both the fresh and fast-charged batteries. The fast-charged battery
showed much earlier venting at a temperature of 118 °C compared to the
fresh battery (which exhibited a venting temperature of 152.4 °C). Fast
charging process promotes Li plating and releases some additional gases
along with Li plating, both the heat and additional gases can increase the

(b) 4
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Fig. 4. Gas analysis of 120 °C hot-box tests for anode-electrolyte partially reactive system after 4C fast charging. (a) Preparation of hot-box tests; (b) Gas com-
positions of 4C-charged anode with electrolyte (this study, b1) and fast-charged anode (surface layer powder, mainly plated Li, b2) with electrolyte [21].
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internal pressure during fast charging. But when the cell cools down,
thermal expansion can be neglected, the remaining gases inside the
battery will maintain the internal pressure at a certain level which is
potentially not high enough to trigger battery venting directly. How-
ever, when the battery cell was abused, more gases are generated from
the decomposition reactions. Hence the battery will potentially go
through an earlier venting when abused with certain pressure level
accumulated from fast charging process. Additionally, the plated Li from
the same fast charging has shown to react with electrolyte with elevated
temperature, which is another gas source that contributes to total
pressure build-up during abuse tests. Interestingly, the fast-charged
battery exhibited an extra exothermic peak below 60 °C, which was
due to the reaction of the plated Li with electrolyte and fell within the
temperature range for fast charging. This can compromise safety per-
formance during fast-charge cycling because of the considerable heat
generation and gas evolution as a result of the exothermic side reaction.

As the ARC test showed that venting occurred at 118 °C for the 4C
fast-charged battery, 120 °C hot-box tests for the anode-electrolyte
partially reactive system were conducted to identify the composition
of the vented gas as described in Fig. 4(a). Fig. 4(b1) shows the gas
composition of the anode-electrolyte partially reactive system acquired
from the 4C-charged battery. CO,, CoH4 and carbon monoxide (CO)
account for the majority of the generated gas with volume fractions of
31.4%, 26.7% and 23.4%, respectively. The main gas sources include the
SEI decomposition, the reaction between the plated Li and electrolyte as

well as the reaction between the intercalated Li within the anode and
electrolyte [21,29,39]. The gas composition in this study is similar to
that obtained from a 120 °C hot-box test in our previous study where
surface powders of a highly degraded anode (mostly plated Li) was
mixed with the electrolyte (Fig. 4(b2)) [9]. This also indicates that
metallic Li was plated on the anode surface for the fast-charged battery
at 4C, and the exothermic reaction between the plated Li and electrolyte
produced the extra gas contributing to the earlier pressure build-up
compared to a fresh battery.

3.3. Fast-charge cycling under different cooling conditions

The ARC test results indicate that the plated Li induced by fast-
charge cycling can compromise battery safety under 60 °C even with
sufficient cooling. To emphasize the importance of sufficient cooling in
preventing battery safety failure especially under fast-charge scenarios,
two different cooling conditions, forced convection and natural con-
vection, were applied for fast-charge cycling at 4C to study the effect of
heat removal rate on fast-charging safety. Fig. 5(a)-(d) show the voltage
and temperature profiles of the fast-charging process for 9 cycles under
the two different cooling conditions. The 10th cycle could not be
finished because of a sudden capacity drop and highly misshaped
voltage for both cooling conditions. The charge capacity during the CC
stage under forced convection dropped from 41.1 Ah to 11.4 Ah,
whereas that under natural convection dropped from 43.2 Ah to 29.1
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Ah. This agrees with the findings in other studies [40,41] that higher
temperatures are favoured by fast charging as higher temperatures can
alleviate Li plating and thus capacity fade. However, the voltage curves
under natural convection (Fig. 5(b)) tended to misshape and even
exhibited a voltage valley during the charge process of the 9th cycle,
while the voltage curves under forced convection did not show this
variation trend. A possible reason is the sudden internal resistance drop
due to the higher cell temperature induced by fast charging under nat-
ural convection. It also can be seen that differential voltage plateau
during rest period only appeared for the first few cycles, indicating more
plated Li were accumulated during those cycles (Fig. S6, Supplementary
Information).

The corresponding temperature profiles under forced and natural
convection are respectively shown in Fig. 5(b) and (d). Table S2 shows
temperature rise during the 1st charging process at different C-rates and
cooling conditions. It is noticeable that with 4C charging under forced
convection, a temperature rise of 20.1 °C was obtained, while 1C
charging only led to 1 °C of temperature rise. Key data points of the
temperature profiles with C-rate of 4C are listed in Table S3 and Table S4
in the Supplementary Information. Due to less heat dissipation, natural
convection yielded higher temperatures than forced convection. The
maximum temperature during fast-charge cycling under natural con-
vection reached up to 88.3 °C in the first cycle and decreased to 80.7 °C
in the last cycle. Under forced convection, the maximum temperatures in
the first and last cycles were 48.8 °C-38.1 °C, respectively. Interestingly,
the maximum temperature appeared after the end of each fast-charging
process for all cycles under both cooling conditions. Based on the ana-
lyses in previous sections, the exothermic reaction between the plated Li
and electrolyte was preferably triggered under 60 °C, therefore, it can
contribute to heat generation even during rest after charging. This can
be further proved by the temperature change during rest for the battery
under natural convection in Fig. 5(d). The rate of temperature decrease
was slowed with continuous heat generation and dissipation, and the
temperature remained around the maximum value during rest for the
last two cycles.

To assess the heat-generation contribution of the reaction between
the plated Li and electrolyte, time intervals from charge-end to
temperature-peak of each cycle and a parameter, TOC (TempOver-
Charge), defined as the maximum temperature rise divided by charge
capacity (TOC = ATmax/Qcharge) are plotted in Fig. 5(e) and (f),

respectively. The time interval serves as an indicator of the intensity of
exothermic side reactions following the charging process. Meanwhile,
TOC reflects the average temperature increase associated with the input
of 1 Ah of capacity into the battery, also indicating the heat contribution
from side reactions during charging. In conditions of forced convection,
the peak temperature typically manifested approximately 100 s after
charging, with TOC values observed to gradually rise from 0.49 to 0.89,
as depicted in Fig. 5(f). This observation suggests that the ongoing re-
action between the plated lithium and the electrolyte continued to
produce heat subsequent to the charging phase, with the heat contri-
bution from side reactions showing an increasing trend alongside the
progressive accumulation of degradation. In contrast, under natural
convection where heat dissipation is less efficient, cell temperatures
were noted to reach as high as 90 °C, undeniably exacerbating the
exothermic reactions. Since it has been reported in the literature that the
reaction of metallic Li with electrolyte can be quite active at ~100 °C
[20,21], the Li-electrolyte reaction can become more active at high
temperatures despite less plated Li accumulated. The maximum tem-
perature occurred at 400 s later than the end of charging at the first
cycle, indicating a continuous and fierce reaction heat when the plated
Li was firstly generated and consumed at 80 °C. Compared to forced
convection, the TOC under natural convection had higher values
ranging from 1.25 to 2 but exhibited a similar variation trend. Therefore,
it can be preliminarily concluded that the contribution of the side re-
action heat kept increasing as degradation accumulated until the battery
capacity dropped below the failure point of state of health. Regarding
the difference between normal and fast charging, no temperature peak
delay can be found in 1C and 2C charged cell as opposed to 4C
fast-charged cell. In addition, corresponding TOC curves versus cycle
number under different C-rates are shown in Fig. S7. Cells under rela-
tively low C-rates exhibit consistent TOC thermal behaviours instead of
increasing, which can be attributed to less degradation under low
C-rates. TOC values for 1C and 2C charged cycles under forced con-
vection are 0.015 and 0.25 respectively, which are much lower than that
under 4C fast-charged cell, indicating limited heat accumulation during
charge process and negligible heat contribution from side reactions.
Fig. 6 presents images of a 4C fast-charged battery, post-disassembly,
elucidating the effects of fast charging under natural convection on its
structural integrity and surface morphology. As shown in Fig. 6(al) and
(a2), there was observable yet moderate deformation on the battery
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Fig. 7. Voltage and temperature profiles during the 1st cycle for off-limit fast
charging at (a) 5C and (b) 5.6C under natural convection; (b) Comparisons of
voltage and temperature under 0.2C charging between fresh and post-
5C batteries.

casing, indicating that the gases generated from the exothermic re-
actions under this circumstance were insufficient in magnitude to exert
enough internal pressure that would result in extensive swelling of the
battery. And the jellyroll remained intact from the bottom view ac-
cording to Fig. 6(a3) despite of some minor swelling. In contrast, Fig. 6
(b) and (c) reveal more pronounced internal damage. Here, bubble-like
defects and delamination can be observed on the cathode surface and
the cathode side of the separator, which can account for less utilization
of cathode and loss of active materials. However, according to the SEM
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images of the cathode side after disassembly (Figs. S8(c) and (d)), no
obvious particle cracking or morphology change can be found. Addi-
tionally, cathode samples were taken from the disassembled jellyroll
with 0 SOC of locations as shown in Fig. S9, and the corresponding
cathode potentials versus Li/Li" are shown in Table S5. Compared to the
fully-lithiated fresh cathode potential of 3.02 V, the aged cathode
showed a much higher potential from 3.55 V to 3.77 V, indicating severe
over-lithiation for cathode after 10 cycles of 4C fast-charge cycling
under natural convection. Location #2 and #5 gave higher potentials of
3.75 V and 3.77 V among all the locations, showing potential in-
homogeneity with more electrode damage around the centre of cathode.

Additionally, a substantial accumulation of mud-like deposits is
visible on the anode surface and its side of the separator. This degra-
dation can be ascribed to a combination of severe Li plating, SEI
decomposition, and electrolyte dry-out. Figs. S8(c) and (d) further show
the surface morphology from the anode side, and massive plated Li was
observed after 4C-charge cycling, covering all round the anode particles.
Therefore, these observations confirmed that the internal structures of
the battery have undergone significant damage, which can be predom-
inantly attributed to the fast-charge cycling and elevated temperature
conditions.

3.4. Fast charge cycling to venting

Poor heat removal rate will jeopardize battery safety by promoting
the exothermic and gas-releasing reaction between plated Li with elec-
trolyte within favourable temperature range from 60 °C to 120 °C. In
order to investigate what conditions can directly trigger battery safety
failure. We further increased the C-rate to 5C under natural convection
to deliberately trigger failure during cycling. Fig. 7 (a) show the voltage
and temperature profiles of the first cycle at 5C. It can be seen in the
figure that CC charging lasted for 579 s until the cut-off voltage of 4.2 V
was reached and a total capacity of 40.1 Ah was charged to the battery.
As shown in Fig. S10, the differential voltage plateau during the
following rest period indicated the occurrence of Li plating. The tem-
perature reached its maximum value at > 100 °C at around 300 s after
the end of charging. Battery swelling was also observed for this cell due
to high internal pressure built-up as a result of more gas generation from
side reactions according to Fig. 8 (a). After one cycle of 5C charging, the
battery could not be charged under a normal C-rate due to severe
degradation. Fig. 7 (c) compares the voltage and temperature profiles of
the battery after 5C charging with a fresh battery under 0.2C charging.
The voltage after 5C charging was misshaped with less chargeable ca-
pacity. Due to the relatively low C-rate of 0.2C, the voltage curve
roughly reflected the pseudo-open circuit voltage, apparently, the bat-
tery was damaged after the off-limit fast charging. Regarding the ther-
mal characteristics, the 0.2C charging to the fresh battery generated
little heat, while the post-5C battery exhibited an abnormally high
temperature rise up to 70 °C at the later stage during charging. This
phenomenon can be caused by the combination of increased polariza-
tion heat and residual heat resulting from the exothermic side reaction
between plated Li with electrolyte even after the end of fast charging.

The C-rate was further increased to 5.6C to explore the safety limit of
the battery as shown in Fig. 7(b). The charging was cut off at 4.2 V after
460 s as expected with an end-of-charge temperature of 96 °C. Under
5.6C fast charging, the internal pressure exceeded both the thresholds
for the CID and safety valve activation. During the rest period, the
temperature of battery continued to climb up to 119 °C after 78 s when
the CID was activated due to rapid gas generation and the voltage
dropped to 0 V. The safety valve was also activated 36 s later than the
CID activation with obvious noise and fierce venting. After that, the
temperature continued to increase to 140 °C, which is almost 40 °C
higher than the self-heating temperature of the fresh battery in ARC
tests. Due to the passive protection designs of the CID and venting valve,
the temperature of the 5.6C battery did not continue to rise so that
irreversible TR was not triggered. However, the battery remained in
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Fig. 8. Disassembly of the 5C and 5.6C charged batteries. Battery cases after (a) 5C and (b) 5.6C charging; (c) Opened battery case after 5.6C charging; (d) Melting of
the outer insulation film of the jellyroll and delaminated active material after 5.6C; (e) Opened jellyroll of the 5.6C battery.

unstable status and could be considered as failure. In this test, direct
venting failure was successfully triggered by off-limit fast charging with
poor heat dissipation, which can happen in real-life applications if a
battery exceeds a certain charge rate with insufficient thermal man-
agement. In this study, with dynamic pressure build-up and rapid tem-
perature rise rate caused by fast charging, a relatively low venting
temperature of 119 °C was obtained during the off-limit charging tests,
which further confirmed that there were additional gases generated
before venting below 120 °C. This is also consistent with our findings
that plated Li can react with electrolyte and produce additional gases
even during fast charging. Regarding the gas generation from cathode,
NMC cathode can release oxygen when the layered structure begins to
decompose with elevated temperatures, which can promote further heat
and gas generation. However, according to some relevant studies
[42-45], the thermal decomposition temperature range of cathode
during TR is generally above 150-200 °C, before that the cathode re-
mains stable while the main gas and heat sources come from the re-
actions of anode side, including SEI decomposition, the reaction
between intercalated Li with electrolyte as well as the reaction between
plated Li with electrolyte. Hence, the gas generation from cathode side
can be negligible compared to that from anode side in this study.

Fig. 8(a) and (b) show the images of the 5C and 5.6C batteries after
swelling and venting, respectively. Both battery cases swelled up, and
small part of jellyroll of the 5.6C battery was pushed out of safety valve
due to severe venting. Images taken after the removal of the battery case
are shown in Fig. 8(c) and (d). The jellyroll deformed significantly due to
the gas accumulation between the layers. In Fig. 8(d), distinct delami-
nation of the active materials on the electrodes and the occurrence of
melting in the outer insulation film can be observed, suggesting massive
loss of active materials induced by 5.6C charging. Fig. 8(e) shows the
bottom view of the opened jellyroll, and the inner structure was dis-
torted due to the severe degradation. Therefore, it can be concluded that
fast charging can cause considerable damage to battery internal struc-
tures and even directly induce venting in a non-adiabatic environment.
In a sense, passive protection design of safety valve plays an essential
role in delaying TR especially under fast charging conditions.

4. Conclusions

This study conducted a series of experiments to investigate fast-
charging degradation effects on battery safety especially venting char-
acteristics. Main degradation mechanisms during fast-charge cycling
were identified and their effects on safety behaviours were discussed.
The operating conditions that can trigger battery venting during fast
charging were demonstrated.

The results demonstrated significant capacity fade of over 30% in the
battery after 10 cycles of 4C fast charging and 1C discharging under
forced convection, whereas 2C charged batteries exhibited negligible
capacity fade. Li plating/stripping was evidenced by differential voltage
plateaus during rest post-fast charging. Adiabatic TR tests revealed that
4C fast charging compromised battery safety, reducing the onset tem-
peratures for both self-heating and venting, and introduced extra
exothermic reactions between plated Li and electrolyte below 60 °C.
Early venting of the 4C charged battery during the TR test indicated that
the extra exothermic reaction not only contributed to heat generation
but also gas generation.

Comparative studies under different cooling conditions showed that
the 4C-charged battery under natural convection experienced higher
heat accumulation from side reactions during fast charging, peaking at
over 80 °C and maintaining high temperatures even after charging
process, indicating additional exothermic side reactions and insufficient
heat dissipation. Disassembly and gas analysis further verified Li plating
and the reaction between plated Li and electrolyte, identifying CO, CO»,
and CyHy4 as primary gases produced during early venting.

Battery swelling and venting were triggered under fast charging at
5C and 5.6C under natural convection. However, TR was prevented due
to the activation of the CID and venting valve, highlighting the impor-
tance of the passive protection designs. This study experimentally
demonstrated that venting failure can be directly triggered by the
exothermic, gas generating reaction between plated lithium and elec-
trolyte during fast charging. These findings provide valuable insights
into battery venting caused by fast charging, informing future designs
for safe and rapid battery charging.
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