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• A novel strategy of suppressing battery 
thermal runaway is demonstrated.

• Without current modulation Al-Anode 
ISC and Al-Cu ISC triggered thermal 
runaway.

• With proper current modulation thermal 
runaway was prevented in both cases.

• In situ diagnosis, energy balance, and 
post-mortem analysis revealed the 
mechanism.

• The strategy works by minimizing local 
heating and promoting uniform heating.
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A B S T R A C T

We report a current modulation strategy that suppresses internal short circuit (ISC)-caused thermal runaway of 
Li-ion cells. The strategy works by guiding current flow outside a cell in the event of a serious ISC to reduce local 
internal heating. Using 4-Ah cells with NMC811 cathode and graphite anode, and a reliable ISC triggering and 
quantification method, we demonstrated that thermal runaway would start within a few seconds of Al-Anode ISC 
or Al-Cu ISC without current modulation. In comparison, thermal runaway was effectively suppressed with 
proper current modulation. Quantification through in situ diagnosis showed that current modulation reduced 
heat generation at the ISC location by an order of magnitude and reduced the maximum temperature dramat
ically. Further energy balance analysis and post-mortem analysis supported the hypothesis that the strategy of 
current modulation works by minimizing local heating and promoting uniform heating.
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1. Introduction

Thermal runaway of energy-dense batteries, particularly lithium-ion 
(Li-ion) batteries, has been a critical challenge for decades [1]. The 
challenge becomes increasingly urgent with the proliferation of 
large-format Li-ion batteries for electric vehicles (EVs) and grid-scale 
energy storage systems [2,3]. Thermal runaway can be caused not 
only by abuse conditions (thermal, electrical, and mechanical) but also 
by non-abuse internal short circuit (ISC) [4]. ISC-caused thermal 
runaway is especially concerning and intriguing because it can occur 
even when the batteries are in normal use or during open circuit [3,5]. 
Many high-profile and costly spontaneous Li-ion battery fires have been 
attributed to ISC-caused thermal runaway, involving various applica
tions such as smart phones [6], EVs [5,7], airplanes [8], and energy 
storage systems [9].

Tremendous efforts and progress have been made in suppressing 
thermal runaway [10,11], such as emergency cooling [12], phase 
change materials (PCM)-based cooling [13], polymer-substrate current 
collectors [14,15], temperature-responsive switching materials between 
electrodes and current collectors [16–18], fire retardant additives in 
electrolyte [19], and solid state electrolytes [20]. However, each strat
egy has its drawbacks due to the competing requirements for safety, 
energy density, power performance, durability, and cost of batteries [2,
21–24]. For example, emergency cooling and PCM-based cooling could 
lower the energy density of battery packs [2]. Polymer-substrate current 
collectors made of thin metal layers coated on polymer substrate could 
reduce power performance during normal operation. Fire retardant 
additives in electrolyte could influence the performance and durability. 
Even all-solid-state batteries with nonflammable solid electrolytes, 
which are generally expected to be fundamentally safe, can still expe
rience ISC or thermal runaway according to recent calculations of the 
adiabatic temperature [2,21] and experimental reports [22,24]. There
fore, alternative strategies for the prevention and suppression of battery 
thermal runaway are still needed.

Inspired by the ancient wisdom in flood control, dredging and guiding 
rather than blocking the water [25], here we report a novel strategy for 
suppressing ISC-caused thermal runaway based on current modulation. 
Moreover, through quantification of ISC behaviors, we not only 
demonstrate the effectiveness of the strategy, but also explain why it 
works. The strategy is schematically shown in Fig. 1a–c. In a normal 
Li-ion cell without ISC (Fig. 1a), no electronic current flows through the 
separator and the risk of thermal runaway is low. If a serious ISC hap
pens in a Li-ion cell (Fig. 1b), a large electronic current can flow through 
the separator, concentrated at the ISC location, and cause rapid local 
heating. The local heating can then cause rapid temperature rise and 
side reactions [26], leading to more heating and temperature rise with a 
high risk of thermal runaway. If the Li-ion cell with ISC is forced to be 
externally discharged through current modulation (Fig. 1c), the majority 
of the electronic current can be guided outside of the cell. 

Correspondingly, heating at the ISC location can be significantly 
reduced. Furthermore, the guided discharge can lower the 
state-of-charge (SOC) of the Li-ion cell. Therefore, the risk of thermal 
runaway can be dramatically reduced through current modulation.

To test the effectiveness of the proposed current modulation strategy, 
we first need to trigger and quantify ISC and thermal runaway of Li-ion 
cells reliably. Note that various methods have been developed to create 
ISC in Li-ion cells and advanced the understanding of their behaviors 
[27–33], but many of these methods are unable to precisely control and 
quantify critical ISC parameters. Consequently, the test results are usu
ally limited to pass-fail statements or qualitative descriptions [34]. Such 
a lack of quantification hinders the fundamental understanding of ISC 
behaviors and the development of safer battery technologies. Moreover, 
repeatability of testing results is a challenge for some methods [18,35]. 
Our group recently reported a novel method for simultaneous triggering 
and in situ sensing of ISC in Li-ion cells with good repeatability [36]. 
However, the Li-ion cells in that study did not go to thermal runaway 
during ISC due to the small ISC current and the small capacity of the 
cells. The method was improved in this work by using larger ISC pads 
and higher capacity Li-ion cells with NMC 811 cathode (less stable than 
NMC622 in the previous study). Based on the improved method, the 
strategy of suppressing thermal runaway by current modulation is 
demonstrated and investigated herein using 4-Ah pouch format Li-ion 
cells with a NMC811 cathode and an artificial graphite anode.

Details of the ISC triggering method, experimental cell fabrication, 
ISC and current modulation test protocol, and experimental setup are 
described in Section 2. Then, the experimental results of ISC tests 
without and with current modulations are presented and discussed in 
Section 3. Future work is also proposed. Finally, based on the results and 
discussion, conclusions are made and presented in Section 4.

2. Experimental methods

2.1. Working principles of ISC pad method

As schematically shown in Fig. 2a and b, a pair of Cu pad and Al pad 
are inserted into a Li-ion cell and then connected outside the cell through 
a switch and a current sensor. When the switch is closed, electrons flow 
from the anode (negative electrode) to the cathode (positive electrode), 
through the Cu pad, the switch, the current sensor, and the Al pad. 
Meanwhile, lithium ions flow from the anode to the cathode through the 
separator. The created ISC current and heat generation at the pad 
location behave similarly to those in Fig. 1b, thus enabling investigation 
of ISC-caused thermal runaway. Note that the method enables creation 
of four different types of ISC, as schematically shown in Fig. 2c, by 
removing part of the cathode coating, the anode coating, or both the 
cathode and the anode coatings at the ISC location. Supplementary Fig. 
S1 shows pictures of ISC pads and electrodes in experimental Li-ion cells 
with different types of ISC. As schematically shown in Fig. 2b and d, the 

Fig. 1. Strategy of suppressing thermal runaway through current modulation. Schematics of current flows in: a, A normal cell without ISC, b, A cell with a 
serious ISC, and c, A cell with a serious Al-Cu ISC and current modulation (guided discharge to an external load).
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method allows simultaneous measurement of ISC parameters. ISC tem
perature (TISC) is measured by embedding a micro temperature sensor 
between the Cu pad and the Al pad. ISC current (IISC) is measured 
directly by the current sensor. ISC resistance on the anode side (RNE) and 
cathode side (RPE) are obtained by measuring the voltage drops between 
the cell tabs and the pads (VNE and VPE) and dividing them by the ISC 
current. With ISC current and ISC resistance known, the ISC heat gen
eration rate can be calculated from I2ISC•(RNE + RPE). Fig. 2e depicts the 
experimental connections of a 4-Ah cell with a pair of Cu and Al pads 
inserted.

2.2. Fabrication of Li-ion cells with embedded ISC triggering pads

Commercially available customized 4-Ah pouch-format dry cells 
from Li-FUN Technologies (model 7651A0) are used to fabricate 
experimental cells. Each cell is a full cell and consists of 23 layers of 
double-side-coated anodes (66 μm in coating thickness of each side) and 
22 layers of double-side-coated cathodes (44 μm in coating thickness of 
each side). The anode active material is artificial graphite (9.5 mg/cm2, 
95.7 % active material) and the cathode active material is NMC811 
(14.7 mg/cm2, 95.5 % active material). The anode and cathode current 
collectors are copper (8 μm in thickness) and aluminum (12 μm in 
thickness), respectively. The separator (12 μm in thickness) is poly
ethylene (PE, 9 μm in thickness) with a special ceramic coating (3 μm in 
thickness). The area of the anode is 88 mm by 47 mm, and the area of the 
cathode is 85 mm by 44 mm. The overall thickness of the cell with pouch 
is ~6.4 mm. The tabs are 12 mm wide and 0.25 mm thick. The mass of 
the anode layers including copper current collector is ~25 g. The mass of 
the cathode layers including aluminum current collector is ~27 g. The 
mass of all of the separator layers is ~2.5 g. The mass of the Al and Cu 
pads are ~1 g total. The mass of the cell packaging, including tabs, is 
~8.5 g.

Each Al pad is made from an Al strip (8 mm wide and 0.09 mm thick, 
PLiB-ATC8, MTI Corporation). Each Cu pad is made from a Cu strip (8 
mm wide and 0.15 mm thick, Amazon). These strips are wider than 
those in our previous study [36] to enable passage of higher ISC current. 
To avoid piercing the separators or electrodes by the Al pad and the Cu 
pad, the corners of the pads at the ISC location are rounded. Additional 
layers of 0.5-mm Kapton tape is added to the ISC region of each of the 
pads to ensure stable contact between the pads and electrodes during ISC 
tests [36]. A K-type micro thermocouple (40 AWG, 

5TC-TT-K-40-36-ROHS, Omega Engineering) is taped to a small piece of 
separator and placed between the ISC pads. Details of how the ther
mocouples are placed can be seen from Supplementary Fig. S1–3, 
especially Supplementary Fig. S3b–d.

After inserting the ISC pads and the thermocouple into a dry cell, the 
cell is partially sealed and then dried in a vacuum oven for at least 8 h. 
Then, 12 g of electrolyte (1 M LiPF6 in EC + EMC, 3:7 in volume, MTI 
Corporation) is added to the cell in an argon-filled glovebox (Labstar 
Pro, MBRAUN) before the cell is completely sealed. An additional K-type 
thermocouple (5TC-TT-K-40-36-ROHS, Omega Engineering) is attached 
to the cell surface above the ISC location with a piece of Kapton tape. 
The total mass of the fabricated cell is ~76 g. Finally, the cell is placed 
between two layers of ceramic fiber insulation sheet (alumina silica with 
binder, 1.6 mm thick, McMASTER CARR) and then compressed by a pair 
of aluminum alloy plates (6061, 6.4-mm thick, McMASTER CARR) with 
four bolts tightened to 2-Nm torque each. The compression force applied 
to the cell is ~1200 N as calibrated by a load cell (DYMH-102, 500 kg, 
CALT). The compression is necessary to ensure good contact between 
the ISC pads and electrodes/current collectors during ISC tests. The 
ceramic fiber insulation sheet is used to reduce out-of-plane heat 
transfer from the cell to the Al alloy compression plates. Supplementary 
Fig. S2–S3 show details of fabricating Li-ion cells with Al-Cu and Al- 
Anode ISC, respectively.

2.3. Cell formation and ISC test protocol

After each experimental cell is assembled, the cell goes through a 
formation process. The cells are held at 1.5 V for 12 h, then charged and 
discharged at C/20 rate (4.2 V max and 2.8 V min) for one cycle, fol
lowed by two more cycles at C/10 rate. Then, the cell is tested at 
different C rates (C/3, 1C, and 2C) to check its performance. 1C rate 
refers to the current of 4 A based on the theoretical capacity of 4 Ah.

In each ISC test, the Cu pad and the Al pad were connected outside 
the cell through a 0.75-mΩ shunt resistor (SHD1-100C075DE, Ohmite) 
and a relay switch (LEV200A4ANA, Tyco), which was manually 
controlled through a power supply. To ensure safety, all of the ISC tests 
were conducted in a safety chamber for battery abuse testing (MSK- 
TE905, MTI Corporation). Voltage was recorded between the cell- 
voltage tabs, between the positive voltage tab and the Al pad, between 
the negative voltage tab and the Cu pad, and between the two pads. 
Internal and surface temperatures were also recorded. All the data were 

Fig. 2. Method for triggering and quantifying ISC. a, 3D schematic of a cell with embedded ISC pads. b, Schematic for on-demand ISC triggering method. c, 
Schematic of different types of ISC. d, Schematic of experimental setup. e, A picture of experimental setup.

S. Liu et al.                                                                                                                                                                                                                                       Journal of Power Sources 660 (2025) 238544 

3 



recorded by a data acquisition unit (34980A, Keysight Technologies) at 
the frequency of 5 Hz. Before each ISC test, the Li-ion cells were fully 
charged by a battery tester (LBT21084, Arbin) at room temperature (23 
± 2 ◦C) using a constant current constant voltage (CCCV) protocol (4 A 
charging until the cell voltage reached 4.2 V, then 4.2 V charging until 
the current dropped to 0.02 A). For ISC tests with current modulation, 
the external discharge is implemented by the battery tester and starts 
when the cell voltage drops to below 4.0 V. For the case of ISC test with 
simultaneous external short circuit, the external short circuit is imple
mented by a relay switch (LEV200A4ANA, Tyco) and the external short 
current is measured by a 0.75-mΩ shunt resistor (SHD1-100C075DE, 
Ohmite). The total resistance of external short circuit is ~6 mΩ as 
measured by a high frequency resistance meter (3561, HIOKI). Fig. 2d 
schematically illustrates these connections and Fig. 2e depicts an image 
of a cell with all of the connections. Supplementary Fig. S4 compares the 
C/3 and 2C discharge performance of ISC cells to that of a baseline cell, 
which is similar. The similarity suggests that the embedded ISC pads 
have minimum effects on the performance of the experimental Li-ion 
cells.

2.4. Cell disassembly and SEM imaging

One Li-ion cell with Al-Anode ISC was disassembled for postmortem 
analysis of the separators after current modulation testing. The cell was 
fully discharged and then disassembled in an argon-filled glovebox for 
samples of separators. The separators were washed three times using 
dimethyl carbonate (DMC, 99 %, Thermo Scientific) and dried before 
moving out of the glovebox for further examination. Fresh separators 
from a dry cell were also examined for comparison. The samples were 
examined using a Thermo Scientific™ Apreo scanning electron micro
scope (SEM) at The University of Alabama Core Analytical Facility. The 
separator samples were gold coated using a sputter coater prior to the 
SEM imaging.

3. Results and discussion

3.1. Triggering and quantification of ISC and thermal runaway

Fig. 3 shows the results of three cells with Al-Anode ISC 

configuration to demonstrate that this method has good repeatability. 
Al-Anode ISC is first chosen because an earlier modeling study [37] 
suggested that Al-Anode ISC has the highest risk of thermal runaway. It 
can be seen that all the cells went to thermal runaway and behaved very 
similarly, suggesting that the method has very good repeatability and 
reliability in triggering ISC and thermal runaway.

Note that the results not only include commonly monitored cell 
surface temperature and cell voltage, but they also include the ISC 
temperature, the ISC current, the ISC resistance, and the ISC heat gen
eration rate which are not available in most ISC experimental studies. 
These additional parameters are helpful in understanding the behaviors 
of ISC and thermal runaway. For example, the ISC temperature was 
much more responsive than cell surface temperature. As shown in 
Fig. 3a, the ISC temperature was nearly 300 ◦C when thermal runaway 
started and reached peak values of ~800 ◦C. In comparison, the surface 
temperature was only ~50 ◦C when thermal runaway started, did not 
indicate thermal runaway until ~2 s later, and reached peak values of 
less than 600 ◦C. Unlike the cells in our previous study [36] which did 
not go to thermal runaway, all three cells in this study went to thermal 
runaway. Comparison of the results indicated much higher ISC current 
and ISC heat generation rate for cells in this study. In particular, the ISC 
current and ISC heat generation rate quickly dropped to less than 30 A in 
the previous study of 1.5-Ah cells due to mass transport limitation and 
the rapid decrease of local SOC. In comparison, the 4-Ah cells in this 
study are able to sustain the large ISC current of ~90A until triggering 
thermal runaway. This comparison suggests that the Li-ion cell capacity 
significantly influences the risks of thermal runaway during ISC. 
Therefore, caution must be exerted when extrapolating findings from 
small-capacity cells to large-capacity cells in the evaluation of Li-ion cell 
thermal runaway risk.

It is interesting to note that the ISC current was ~90 A, and took ~10 
s to trigger thermal runaway. The total discharged electrochemical en
ergy (Eec) during this period of time would be ~3600 J as determined 
from Eq. (1): 

Eec =

∫ tTR

0
IISCU0dt (1) 

where tTR is the time when thermal runaway starts, and U0 is the open 
circuit voltage (assumed to decrease linearly during ISC). If Eec is 

Fig. 3. Reliable triggering of Al-Anode ISC and thermal runaway. a, ISC and cell surface temperature. b, Cell voltage. c, ISC current. d, ISC resistance. e, ISC heat 
generation rate. f, Snapshots of cells before and during the tests.
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completely converted to thermal energy (assuming no heat loss to the 
ambient) and heats the cell uniformly, the average temperature rise of 
the cell (ΔTad) can be estimated from Eq. (2) [2,23]: 

ΔTad =
Eec

mcellcp
(2) 

where mcell is the cell mass (0.076 kg), and cp is the specific heat of the 
cell (assuming 1000 J kg− 1 K− 1 [38]). The average temperature rise 
would only be 48 ◦C, which is not high enough to trigger thermal 
runaway. However, the heating in the ISC cells is not uniform and highly 
concentrated at the ISC location, making the local temperature at the ISC 
location much higher than the rest of the cell to trigger thermal 
runaway. This non-uniform heating behavior can be quantified from the 
following energy balance analysis.

As implied in Fig. 2b, the discharged electrochemical energy during 
an ISC test (Eec), as defined in Eq. (1) above, is converted into three 
components. The first is heating associated with the flow of lithium ions 
and electrochemical reactions (Qec), which is distributed across the 
entire cell. The second is ohmic heating at the ISC location due to the 
electronic current flowing through the ISC pads (QISC). The third is 
ohmic heating due to the electronic current flowing through the con
nections outside the cell (Qconn), including the switch, the current sensor, 
and the connecting wires. Therefore, the energy balance can be 
described by Eq. (3): 

Eec no modulation =Qec + QISC + Qconn (3) 

Eec_no_modulation can be estimated from Eq. (1). Qec can be estimated 
from Eq. (4) by neglecting reversible heat generation: 

Qec =

∫ tTR

0
IISC(U0 − Vcell)dt (4) 

QISC can be estimated from Eq. (5): 

QISC =

∫ tTR

0
I2
ISCRISCdt (5) 

Qconn can be estimated from Eq. (6): 

Qconn =

∫ tTR

0
I2
ISCRconndt (6) 

Note that tTR is the time when thermal runaway started. Supple
mentary Table S1 shows the results of the energy balance analysis in the 
three tests. A significant component of heat generation, ~56 % on 
average, is concentrated at the ISC location, which would cause the ISC 
temperature to be much higher than the rest of the cell, consistent with 
the results in Fig. 3a. Such quantification of local heating clearly reveals 
the danger of ISC-caused thermal runaway.

Quantification of ISC behaviors is further demonstrated by triggering 
different types of ISC. As shown in Fig. 4, Al-Cu ISC also led to thermal 
runaway, while Cathode-Anode ISC and Cathode-Cu ISC did not. The 
interesting phenomena of Cathode-Anode ISC and Cathode-Cu ISC not 
triggering thermal runaway can be clearly explained by the quantitative 
results. Fig. 4d shows that the cathode side ISC resistance is more than 
200 times higher than the anode side resistance. Correspondingly, the 
ISC current is very small, less than 2 A. The small ISC current leads to 
dramatically smaller heat generation rate and ISC temperature in cells 
with Cathode-Anode ISC or Cathode-Cu ISC than those with Al-Anode 
ISC or Al-Cu ISC. In fact, the ISC current and temperature rise are so 
small that no obvious damage was caused to the cells. As shown in 
Supplementary Fig. S5 and S6, the Li-ion cells with Cathode-Anode ISC 
and Cathode-Cu ISC have similar discharge performance before and 
after the ISC test. In comparison, the ISC currents are much higher in 
cells with Al-Anode ISC or Al-Cu ISC, which can be attributed to the 
much lower resistance of Al foil as compared to the cathode.

The lower risk of Cathode-Anode ISC and Cathode-Cu ISC as 
compared to Al-Anode ISC and Al-Cu ISC has been reported in earlier 
work through modeling [37] or experiments [39]. However, this work is 
the first experimental study that directly compares the thermal runaway 
risk of different types of ISC through quantification of ISC resistance, ISC 
current, ISC heat generation, and ISC temperature.

The results in Fig. 4 and their comparison with previous studies show 
that the behaviors and consequences of ISC can be very different 
depending on the ISC type, ISC resistance, cell capacity, materials, etc. 
and therefore must be thoroughly examined through quantitative 
experiments.

3.2. Suppression of thermal runaway through current modulation

After establishing the reliability of triggering thermal runaway by Al- 

Fig. 4. Results of Li-ion cells with four different types of ISC. a, ISC temperature. b, Cell voltage. c, ISC current. d, ISC resistance. e, ISC heat generation rate. f, 
Snapshots of cells during ISC tests.
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Anode ISC and Al-Cu ISC, we investigated the effects of the current 
modulation strategy in suppressing thermal runaway.

The strategy is first applied to cells with Al-Anode ISC using different 
levels of current modulation: 60 A, 120 A, and external short circuit 
(ESC). Note that in the 120 A case, the external current is set to be a 
maximum of 120 A and cell voltage varies between 0.5 V and 0.75 V. As 
shown in Fig. 5, current modulation using 120 A or ESC successfully 
prevented thermal runway, with the cells remaining intact after ISC tests 
as shown in Fig. 5f. Although the 60 A current modulation did not 
prevent thermal runaway, it postponed the thermal runaway onset time 
from 10 s to 30 s, which would still be beneficial in practice to activate 
battery thermal management systems.

As shown in Fig. 5c–e, the effectiveness of the current modulation 
strategy can be attributed to the dramatically reduced ISC current and 
heat generation. With 120 A current modulation, the ISC current quickly 
decreased to ~20 A, much lower than that in the baseline case (~90 A). 
The decrease of the heat generation rate is even more dramatic, from 
~200 W to ~10 W. Consequently, the ISC temperature stayed below 
150 ◦C. These results support the hypothesis schematically shown in 
Fig. 1c that external current modulation can reduce the ISC current, heat 
generation, and maximum temperature to suppress thermal runaway.

The effectiveness of the current modulation strategy can be further 
understood from an energy balance analysis in Eq. (7): 

Eec with modulation =Qec + QISC + Qconn + Edis (7) 

QISC and Qconn have the same meaning as in Eq. (3) and can be 
estimated by Eqs. (5) and (6).

Eec_with_modulation in the case of current modulation can be estimated 
from Eq. (8): 

Eec with modulation =

∫ t

0
(IISC + Iext)U0dt (8) 

in which Iext is the modulated current flowing outside the cell through 
the battery tester. Note that in some cases with current modulation, the 
cells did not go to thermal runaway and therefore the upper time limit 
cannot be set as tTR. The upper time limit is set to 40 s based on data in 
Fig. 5.

Qec in the case of current modulation can be estimated in Eq. (9) by 

neglecting reversible heat generation: 

Qec =

∫ t

0
(IISC + Iext)(U0 − Vcell)dt (9) 

Edis refers to the electric energy discharged by the battery tester and 
can be estimated by Eq. (10): 

Edis =

∫ t

0
IextVcelldt (10) 

Supplementary Table S2 shows the energy balance analysis results of 
the different modulation currents. Fig. 6 compares details of the baseline 
case and the 120 A current modulation case. The ratio of ISC heat 
generation (QISC) to total energy consumption (Eec) is significantly 
reduced by current modulation. In the case of 120 A, the ratio (only ~5 
%), has dropped more than tenfold as compared to the baseline case 
(~56 %). Correspondently, Qec became dominant and was distributed 
throughout the entire cell, leading to uniform heating. This energy 
balance analysis suggests that the current modulation strategy works not 
only by reducing ISC heat generation, but also by promoting uniform 
heat generation.

The strategy of current modulation is then applied to a Li-ion cell 
with Al-Cu ISC and 120 A guided discharge. As shown in Supplementary 
Fig. S7, the current modulation also successfully prevented thermal 
runaway, further confirming the feasibility of suppressing ISC-caused 
thermal runaway through current modulation. The ISC current was 
reduced from ~120 A to ~25 A, and the ISC heat generation rate was 
reduced from ~250 W to ~10 W within 3 s. Energy balance analysis is 
also performed for the Al-Cu ISC cell. As shown in Supplementary Table 
S3, the ratio of QISC to Eec was reduced from ~54 % to ~6 %, consistent 
with the cases of Al-Anode ISC.

3.3. Postmortem analysis

Cells with 120 A current modulation were further tested to under
stand the mechanisms. As shown in Fig. 7a–b, Al-Anode ISC with 120 A 
current modulation was terminated at 1000 s. The cell voltage quickly 
recovered to above 3 V and then slowly decreased, indicating the exis
tence of additional minor ISC. Even with additional minor ISC, the cell 
did not experience thermal runaway. The cell with Al-Cu ISC and current 

Fig. 5. Effects of different current modulation on Li-ion cells with Al-Anode ISC. a, ISC temperature. b, Cell voltage. c, ISC current. d, External current. e, ISC 
heat generation rate. f, Pictures of cells after ISC tests.
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modulation showed similar behaviors (Supplementary Fig. S8). These 
results indicate that cells with 120 A current modulation failed safely in 
the events of serious ISC rather than going to thermal runaway as the 
baseline cell did.

Fig. 7c shows that the cell could not be charged/discharged, indi
cating that the cell’s internal resistance dramatically increased after the 
ISC and current modulation process. Based on this observation and 
earlier energy balance analysis, it was hypothesized that current mod
ulation enables uniform heating and safe shutdown of the separator to 
suppress thermal runaway. To test this hypothesis, a cell with Al-Anode 
ISC and 120 A current modulation was disassembled for examination of 
the separators. Fig. 7d–e shows the optical and SEM images of a sepa
rator from a fresh dry cell and a separator from the ISC cell, both facing 

the anode side. The separator pores can be seen in the fresh cell, but are 
not visible in the ISC cell. This comparison of the SEM images indicates 
that the separator from the Al-Anode ISC cell with current modulation 
indeed experienced melting and shutdown. Supplementary Fig. S9
shows separators of additional layers from the same ISC cell, which 
contain similar observations to Fig. 7e. Note that there are some small 
particles attached to some regions of the separators in the ISC cell. It 
would be interesting to determine the chemical composition of these 
particles and their sources in future work to better understand the 
melting process during ISC with current modulation. The separator in 
the cells was polyethylene (PE) based (according to the manufacturer), 
which has a melting point of ~140 ◦C [40]. This melting point lies be
tween the ISC and surface temperature (Fig. 7a), providing additional 

Fig. 6. Energy balance of Al-Anode ISC cells without and with current modulation.

Fig. 7. Characterization of a cell with Al-Anode ISC and 120 A current modulation. a-b, Results of temperature, cell voltage and currents during ISC test. c, Cell 
voltage and current during 1C charging/discharging after ISC test. d-e, Optical and SEM images (200x, 2,000x, and 20,000x) of a separator from a fresh dry cell and 
the Al-Anode ISC cell with current modulation.
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evidence of separator melting/shutdown. Supplementary Fig. S10 shows 
SEM images of the separators facing the cathode side. It can be seen that 
the cathode side of the separators from the ISC cell do not have any 
significant difference from the separator in the fresh dry cell due to the 
heat-resistant ceramic coating layer. This coating layer would prevent 
the separator from shrinking when the PE-based layer melts, thus pre
venting major ISC and allowing the separator to shutdown safely. These 
evidences support the hypothesis that current modulation enables uni
form heating of the cell and shutdown of the separator to suppress 
thermal runaway.

3.4. Future work

More work needs to be done on the strategy of suppressing thermal 
runaway through current modulation. First, cells in this study are 
thermally insulated and tested at 100 % SOC, and therefore represent 
worst-case scenarios as a proof of concept. Cells in actual applications 
are usually cooled and at various SOC, which could influence the be
haviors of ISC and risk of thermal runaway [41,42]. It is therefore 
helpful to determine and optimize the current modulation depending on 
cooling conditions and SOC. Second, pouch format 4-Ah single cells are 
used in this study to demonstrate the effectiveness of the proposed 
current modulation strategy. The method can be extended to different 
cell designs (e.g., cylindrical cells, prismatic cells, or cells with 
polymer-substrate current collectors), capacities, chemistries, and to the 
module or pack level to optimize the current modulation strategy. The 
ISC pads are located at the edge of the center layer in this study for the 
convenience of cell fabrication. They can also be placed at different 
locations of the cells to characterize ISC behaviors. Third, in this study 
the current modulation is implemented through a battery tester and 
starts when the cell voltage drops below 4.0 V due to the start of 
Al-Anode ISC or Al-Cu ISC as a proof of concept. In practical applica
tions, implementation of the current modulation strategy should be in
tegrated with battery management systems using more sophisticated 
control algorithm. Fourth, in situ characterization of current distribu
tion, temperature distribution, and separator porosity distribution in the 
cells with and without current modulation will help better understand 
and optimize the strategy. Ultimately, it is important to determine the 
critical conditions of thermal runaway during ISC for battery cells with 
specific designs and operating conditions, and to optimize the current 
modulation protocols to prevent the battery cells from reaching the 
critical conditions.

4. Conclusions

We reported a novel strategy for the suppression of ISC-caused 
thermal runaway of Li-ion cells by guiding electronic current flow 
outside of Li-ion cells during ISC. The following conclusions can be 
made. First, we demonstrated a method to reliably trigger and quantify 
ISC-caused thermal runaway in Li-ion cells. With this method, we 
showed that both Al-Anode ISC and Al-Cu ISC can trigger thermal 
runaway in 4-Ah cells, while Cathode-Anode ISC and Cathode-Cu ISC 
would not trigger thermal runaway due to the high resistance of the 
cathode. Second, we demonstrated that proper current modulation can 
suppress ISC-caused thermal runaway, although further optimization is 
needed. Energy balance analysis revealed that current modulation 
reduced the fraction of heat generation at the ISC location from above 
50 % to ~5 %, while uniform heating associated with electrochemical 
reactions throughout the cell became dominant. Lastly, post-mortem 
analysis supported the hypothesis that current modulation enables 
uniform heating and safe shutdown of the separator.
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