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ABSTRACT: Single-layer internal shorting in a multilayer
battery is widely considered among the “worst-case” failure
scenarios leading to thermal runaway and fires. We report a
highly reproducible method to quantify the onset of fire/smoke
during internal short circuiting (ISC) of lithium-ion batteries
(LiBs) and anode-free batteries. We unveil that lithium metal
batteries (LMBs) with or without liquid electrolytes are more
dangerous than LiBs upon internal shorting, igniting fires
within a time scale of 1−3 s followed by similar or larger
combustion heat release. This implies that all solid state
batteries (ASSBs) with lithium anodes will have safety concerns,
and much research is needed to scrutinize ASSB safety. Also,
there exists a threshold in the shorting current to trigger a fire in LMBs, and its precise control is key to reproducing ISC
behaviors. Finally, we unravel the profound role of oxygen in fire/smoke formation and present new suggestions for
developing safe ASSBs.

The safety of lithium-ion and lithium metal batteries is a
critical barrier for electric vehicles to go mainstream
for transportation decarbonization.1−4 Thermal run-

away (TR) and fires caused by internally shorting battery cells
have been examined through several abuse tests such as nail
penetration,5−7 embedding low-melting point materials,8 patch
heaters,9 crush, external short circuit,10 and calorimetry,11 in
accordance with many standards and regulations developed by
International Electrotechnical Commission (IEC), the Interna-
tional Organization for Standardization (ISO), and the Society
of Automotive Engineers International (SAE).12 Unfortu-
nately, quantitative and reproducible experimental studies of
battery fires are still absent, which makes it difficult to probe
the fundamental science of lithium battery fires and impossible
to quantitatively compare the effects of dominant factors and,
hence, the effectiveness of mitigation strategies.13 However,
general discussions of battery safety abound in the literature,
e.g. refs 10, 14, and 15.

The occurrence of single-layer internal shorting in a
multilayer battery is widely considered to be among the
“worst-case” failure scenarios.16 As illustrated in Figure 1a, all
energy from the neighboring intact layers is discharged through
the small spot of the ISC layer, thus generating a huge amount
of heat locally. Combustion ensues if there is a combination of
heat input, fuel, and oxidizer. Complete combustion is
observed as a fire, whereas incomplete combustion resulting

from insufficient oxidizer manifests as smoke. Here, we report a
new experimental method to quantitatively study the onset of
fire or smoke during single-layer internal shorting of lithium-
ion batteries (LiBs) and anode-free batteries (AFBs). We show
that lithium metal AFBs with and without liquid electrolytes
are more dangerous than LiBs upon internal shorting,
generating fires within a time scale of 1−3 s. This implies
that all solid-state batteries with a lithium metal anode are not
immune from safety concerns. Also, there exists a threshold in
the shorting current or heating power to trigger a fire. Finally,
we reveal a profound effect of oxygen by employing layered
oxide cathodes charged at various states of charge (SOC) as
well as contrasting with a lithium iron phosphate (LFP)
cathode.

Figure 1a (left) schematically depicts the physical problem
of single-layer internal shorting in a multilayer battery, and
Figure 1a (right) displays an experimental apparatus designed
to replicate it. A single-layer cell is developed with two thin
metal chips embedded to induce internal shorting (Figure
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Figure 1. Single-layer internal shorting of lithium metal batteries. a, Illustration of the physical problem and corresponding experimental
setup. b, Reproducibility tests of an anode-free cell with NMC 811 cathode where shaded areas represent errors of ±1 σ. All four cells catch
fire around 2.6 s (marked by the vertical dashed line) after the start of internal shorting. c, Photos of the four cells in b at t = 3.6 s after ISC.
d, Reproducibility tests of anode-free cells with LFP cathode where shaded areas represent errors of ±1 σ. There is no fire in all three cells.
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S1a). An aluminum chip is placed against the cathode current
collector by removing the porous cathode coating for direct
contact. A nickel chip is pressed against the anode current
collector in an anode-free configuration. The two chips are
connected externally by a switch and a shunt resistor. When
the switch is on, the single-layer cell is internally shorted with
the shorting current measured over the shunt. Neighboring
unshorted layers are lumped together and represented by an
external power source of a 2.6 Ah battery, which is then
connected in parallel with the single-layer cell to be shorted.
An extra resistor is added to the circuit to systematically adjust
the shorting current and, hence, heating power. Other details
of the experimental apparatus, cell materials, instrumentation,
and test procedures can be found in the Methods section of the
Supporting Information. All videos related to the experiments
reported in this paper can also be found therein.

Reproducibility and accuracy of the new measurement
system were first verified for a set of four single-layer AFB cells
of 0.15 Ah with LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode
under identical conditions. As shown in Figure 1b, the
measured variations of cell voltage, shorting current, and
shorting resistance are found to be within 5%, whereas that of
internal temperature is within 20% since the local temperature
is most difficult to reproduce due to steep spatial gradients.
Moreover, all four cases catch fire, marked by the vertical
dashed line in Figure 1b, at 2.6 s with variations of ±0.18 s,
which is less than 10%. Large scattering of internal temperature
after the onset of fire is ignored in data analysis because once
the violent fires breaks out, the test cells get disintegrated and
lose their structural integrity with the thermocouple. Figure 1c
displays images of Cases 1−4 at 3.6 s, shortly after fire ignition.
Similarly, reproducibility tests were performed for a set of 3
AFBs with a lithium iron phosphate (LFP) cathode under
identical conditions. Figure 1d again shows that the measure-
ment variations of cell voltage, shorting current, and shorting
resistance are within 5%, whereas internal temperature is
within 20%. Notably, there was no fire in all three LFP cases
due to the absence of oxygen. The high degree of
reproducibility displayed in Figure 1b− d is satisfactory for
performing parametric experiments in order to quantitatively
identify dominant factors for battery fires.

■ EFFECT OF FUELS
Fuel sources for battery fires include carbonate electrolytes in
conventional LiBs, lithium metal and liquid solvents/diluents
in AFBs with localized high-concentration electrolytes

(LHCE), and lithium metal only in solvent-free AFB cells.
The latter is developed as a mockup for all solid state batteries
(ASSBs) with lithium metal anodes. Table 1 lists the heat of
combustion of the above fuels. Clearly, the heating values of
fuels in the four types of batteries, LiBs, AFBs with solvents/
diluents, solvent-free AFBs, and all solid ASSBs, are
comparable. Notably, ASSBs merely replace flammable
electrolyte in LiBs with more reactive lithium metal as the
fuel with comparable heat release from combustion (91.85 vs
93.69 J/cm2). The mock solid cell, a solvent-free AFB with
only 45.92 J/cm2 combustion heat, represents the lower bound
in combustion energy of ASSB cells.

Figure 2a compares the internal shorting of an AFB with
LHCE to a LiB (see Table S1 for their cell design
specifications), both having the same NMC811 cathode.
From a combustion point of view, the two cells differ in fuel
sources, with the AFB having a heating value of 156.81 J/cm2

and the presence of highly reactive lithium metal versus the
LiB having 93.69 J/cm2 and without lithium metal. It is clearly
seen that the internal shorting of the AFB cell is much more
violent, catching fire at 2.6 s, whereas the LiB only ejects
smoke around 4 s (Figure 2b). Both cells have similar shorting
resistance and current, indicating similar heating power during
ISC. The internal temperature in the AFB rises to ∼400 °C,
where a fire is already triggered due to the high reactivity of
molten lithium. In contrast, the internal temperature in the LiB
can rise to 800 °C before smoke formation, implying that
complete combustion of carbonate electrolytes with oxygen
released from the NMC cathode is more difficult to occur.
Indeed, the theoretical amount of oxygen needed for complete
combustion of carbonate solvents largely exceeds that
releasable from the NMC cathode.

Figure 2c compares ISC experiments of the AFB with LHCE
to another identical AFB cell but with liquid solvents/diluents
evaporated under vacuum overnight. Such a solvent-free AFB
reduces the fuel source’s heating value from 156.81 to 45.92 J/
cm2, with the latter attributed only to lithium metal. All other
properties remain virtually the same; for example, the cell
voltage and shorting resistance are the same between the two
cells, as shown in Figure 2c. The total shorting current is
slightly lower in the solvent-free AFB layer as that layer
without electrolyte does not produce ionic current during short
circuiting. The solvent-free AFB is seen to catch fire at 1.6 s,
even earlier than 2.6 s of the AFB with liquid LHCE. This can
be explained by the more facile transport of oxygen gas
released from the NMC cathode into the lithium metal anode

Table 1. Heat of Combustion of Fuels per cm2 of Electrode in Various Batteries

fuel sources thickness (m) heat of combustion (J/kg) mass (kg/cm2) heat (J/cm2)

In LiBs
ethylene carbonate (30 wt %) 1.214 × 100717 1.697 × 10−06 20.60
ethyl methyl carbonate (70 wt %) 1.841 × 100718 3.959 × 10−06 72.89
total 93.49

In AFBs
20 μm Li metal deposited at 100% SOC 2.000 × 10−05 4.300 × 100719 1.068 × 10−06 45.92
DME in electrolyte 3.169 × 100720 1.116 × 10−06 35.37
TTE in electrolyte 1.051 × 100721 7.186 × 10−06 75.52
total (AFB with LHCE) 156.81
total (solvent-free AFB) 45.92

In ASSBs w/20 μm Li Foil
20 μm Li foil + 20 μm deposited at 100% SOC 4.000 × 10−05 4.300 × 100719 2.136 × 10−06 91.85
total 91.85
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through open pores of a dry separator without liquid
electrolyte. It can also be noted from Figure 2c that at the
onset of fire, the solvent-free AFB has an internal temperature
rising to only ∼200 °C, whereas the normal AFB with liquid
LHCE rises to ∼400 °C. This difference in ignition
temperature may be related to lithium metal in contact with
gaseous O2 in the solvent-free AFB or O2 dissolved in the

liquid electrolyte in the baseline AFB. Figure 2d displays fire
images of AFB and solvent-free AFB. Both fires are violent,
with the one in the AFB lasting much longer than in the
solvent-free AFB, consistent with almost 3.5× heating release
from the AFB versus the solvent-free AFB, as calculated in
Table 1.

Figure 2. Effect of fuels on lithium battery safety. a, AFB with LHCE vs LiB. b, Photos of AFB at 3.60 s and LiB at 4.75 s. c, AFB cells with
and without liquid solvents. d, photos of the AFB at 3.6 s and solvent-free AFB at 2.25 s. See the heating values of fuels in various types of
batteries in Table 1.
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■ EFFECT OF SHORTING CURRENT (AND HEATING
POWER)

Another critical factor that triggers battery combustion is heat
input, which is proportional to the square of the shorting
current. We systematically vary the shorting current by adding
extra resistors in our measurement loop, as displayed in Figure
1a (right). Figure 3a shows three experiments of the AFB with
the extra resistor of 6, 12, and 16 mΩ, respectively. It is seen
that the initial shorting current drops from 81 to 67 A
correspondingly. Both 6 and 12 mΩ cases, having the initial
shorting current of 81 and 78 A, catch fires at 2.4 and 3.0 s
upon short circuiting, respectively. However, when the initial
shorting current drops to 67 A in the case of 16 mΩ, there is
no fire. This demonstrates that there exists a threshold of
shorting current (and hence heating power), around ∼70A, to
trigger battery fires. Converted into C-rate, this threshold is
equivalent to ∼27C of the 2.6Ah battery. Note also that the
internal temperature plot in Figure 3a shows a clear bump at
the onset of fire for both 6 and 12 mΩ cases. Figure 3b displays
relationships between the shorting current and shorting
resistance for two groups of batteries, AFBs and LiBs. Within
the AFB group, although the experimental data are obtained
from cells with different cathodes (NMC vs LFP) and
electrolytes (LHCE vs solvent-free), they all merge into a
single relationship between the shorting current and shorting
resistance. The same goes for the LiB group. Such a trend
could be explained by an equivalent circuit diagram of the ISC
experimental setup, as depicted in Figure S9. Indeed, Figure 3b

shows that the predicted results (solid lines) are in good
agreement with the experimental data.

The existence of a threshold shorting current to trigger fire
suggests that there may be neither fire nor smoke in cases of
soft shorting where the shorting resistance is sufficiently high
and the shorting current is low. Thus, it is of paramount
importance to control the shorting resistance precisely in
quantitative studies of ISC consequences. The importance of
shorting resistance may also explain the seemingly stochastic
nature of ISC behaviors in the field and prior laboratory studies
that have failed to report and precisely control this key
experimental parameter. A technological implication of the
threshold shorting current discovered here is that lithium metal
batteries may avoid fires by designing and engineering cells
with larger internal resistance, e.g. by employing polymer−
metal composite current collectors.

■ EFFECT OF OXIDIZER
Oxygen is needed for lithium metal combustion, and hence,
battery fires commonly originate from layered oxide cathodes.
To confirm this hypothesis, two AFBs, one with the NMC811
cathode as the baseline and the other with the LFP cathode,
are internally shorted. Figure 4a clearly shows that the NMC-
based AFB catches fire, whereas the LFP-based AFB has
neither fire nor smoke. Despite the two cells having a disparity
in open circuit voltage, the cell voltage becomes quickly similar
once short circuiting, and the shorting resistance and current
are similar. The internal temperature in the NMC-based AFB

Figure 3. Effect of shorting current, as varied by adding extra resistors. a, cell voltage, shorting current, shorting resistance, and internal
temperature after single-layer ISC. b, Shorting current is controlled primarily by shorting resistance in various AFB cells and LiB cells,
respectively.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c02564
ACS Energy Lett. 2024, 9, 5747−5755

5751

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c02564/suppl_file/nz4c02564_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c02564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rises to ∼400 °C shortly after the start of fire, whereas that in
the LFP-based AFB also rises to a similar level but fails to
ignite fire or smoke. Figure 4b further compares four AFBs
with the NMC cathode charged to various states of charge
(SOC). The higher the SOC, the more oxygen is released
upon heating during short circuiting. Both 120% and 100%
SOC cases catch fire around the same time (∼2.6 s) upon
internal shorting, whereas the 75% SOC case has a delayed
smoke formation around 12 s, and the 50% SOC case incurs
neither fire nor smoke. The results in Figure 4 demonstrate the
profound importance of oxidizer in fire formation, pointing out
that the separation of O2 from lithium metal should be an
important direction to suppress or eliminate fire/smoke for
lithium metal battery safety.

Based on the fundamental theory of combustion, we have
elucidated lithium battery fires by considering heat input, fuel,
and oxidizer. Using a newly developed experimental method
for single-layer internal shorting, quantitatively reproducible
results have been obtained to study a range of parameters
affecting fire/smoke formation and, hence, battery safety under

the “worst-case” scenario. It is found that all batteries
containing lithium metal have sufficient conditions to catch
fires in a time scale of 1−3 s, irrespective of liquid electrolytes.
Such a short time scale of the fire onset makes pack-level safety
measures virtually impossible, and we must seek viable
solutions inside battery cells, including chemistry, materials
and internal structure. Otherwise, lithium metal batteries are
intrinsically unsafe, both in terms of the kinetic potency to
catch fire and the large heat release thereafter.

There exists a threshold of shorting current and, hence,
heating power to trigger a fire in lithium metal batteries. Thus,
it is crucial to control and quantify the shorting resistance in
reproducible studies of ISC behaviors. Hard or soft internal
shorting in the field, characterized by disparate orders of
magnitude in shorting resistance, will lead to vastly different
ISC consequences that have appeared statistical in nature.
Deterministic predictions from ISC computer modeling shall
identify the shorting resistance as the key input parameter and
give the shorting current as the key output in order to properly
characterize ISC behaviors. Also, intentionally increasing the

Figure 4. Effect of oxidizer on lithium battery safety after single-layer ISC. a, NMC vs LFP cathode. b, NMC cathodes charged to varying
states of charge (SOC).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c02564
ACS Energy Lett. 2024, 9, 5747−5755

5752

https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c02564?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c02564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


internal resistance of lithium metal batteries, including ASSBs,
and hence decreasing the shorting current may prove effective
in avoiding fires and realizing safety, but such a measure will
curb ASSBs’ ambition to achieve fast charge and high-power
discharge. Additionally, shorting current control by use of
positive-temperature-coefficient (PTC) materials may be
effective. Oxygen released from layered oxide cathodes and
its transport into the lithium metal anode plays a major role in
fire/smoke formation; as such, fire/smoke suppression
seemingly lies in ways to block or isolate oxygen released in
cathodes from direct contact with lithium metal.

Finally, the results presented herein clearly show that ASSBs
with lithium metal anodes are bound to catch fire or even
explode so long as lithium metal has access to oxygen evolving
from a cathode. There are multiple pathways for fire formation
in ASSBs with lithium metal. The most generic one prevailing
is molten lithium combustion:22

H4Li O 2Li O 4.3 10 J/kg2 2
7+ = ×

This reaction requires a theoretical oxygen-fuel (OF) molar
ratio of 0.25, whereas a delithiated NMC cathode can release
0.5 OF oxygen theoretically. Thus, there is sufficient oxygen
supply in NMC-based ASSBs. Other pathways may involve:

(a) exothermic reactions between solid electrolytes, such as
argyrodite type LPSCl, and delithiated NMC cathodes
triggering fires at 150 °C and subsequent thermal runaway;23

and (b) highly exothermic reactions between molten lithium
and oxygen released from inorganic solid electrolytes such as
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) and Li1.4Al0.4Ti1.6(PO4)3
(LATP).24 The present work only addresses the above-
mentioned most generic pathway, which is irrespective of
electrolyte, and hence, our mock solid cell without an
electrolyte is appropriate.

There are numerous abuse conditions under which oxygen
released from cathode active materials may come in contact
with lithium metal on the anode side, as schematically
illustrated in Figure 5. Examples are that (a) oxygen from
the cathode diffuses through open pores, cracks and defects of
<100% dense solid electrolyte separators placed between the
anode and cathode (Figure 5a), (b) the solid separator is
pierced during nail penetration or broken by mechanical
impact (Figure 5b), (c) lithium dendrites grow through
inorganic solid separators (e.g., along grain boundaries) to
reach the cathode (Figure 5c), and (d) molten lithium metal at
180 °C and above is squeezed out of the cell edge by ultrahigh
stack pressure of a few MPa to arrive at the oxygen-releasing

Figure 5. Sketches of lithium metal coming in contact with oxygen in ASSBs under hypothetical abuse conditions. a, O2 diffusion through
pores, cracks and defects of solid separator. b, O2 permeated into anode in nail penetration. c, Lithium dendrites grows into O2-evolving
cathode. d, Molten lithium droplets squeezed or oozed out by cell clamping pressure.
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cathode (Figure 5d). An example of the scenario depicted in
Figure 5a is the connected cracks formed across a ceramic
separator, as discovered by the Bruce group25 in ASSBs. The
ISC result of the solvent-free cell presented in this study is thus
directly relevant to this type of ASSBs.

It can be seen from Figure 2 that all batteries containing
lithium metal, including ASSBs, have sufficient conditions to
catch fire in a short time scale of 1 to 3 s. Although the
thermodynamic prediction of unsafe ASSBs with lithium metal
anode was made by Longchamps et al.15 and later
independently by Bates et al.26 in the prior literature, the
present study provides such experimental evidence for the first
time. The short time scale of triggering fires in lithium metal
batteries, including ASSBs, is a grave concern as it makes pack-
level safety measures virtually in vain. Therefore, addressing
the safety issue should be among the highest R&D priorities
for ASSBs, if not the most important one.
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